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Accurate long-read sequencing allows assembly
of the duplicated RHD and RHCE genes
harboring variants relevant to blood transfusion
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Summary

Next-generation sequencing (NGS) technologies have transformed medical genetics. However, short-read lengths pose a limitation on
identification of structural variants, sequencing repetitive regions, phasing of distant nucleotide changes, and distinguishing highly ho-
mologous genomic regions. Long-read sequencing technologies may offer improvements in the characterization of genes that are
currently difficult to assess. We used a combination of targeted DNA capture, long-read sequencing, and a customized bioinformatics
pipeline to fully assemble the RH region, which harbors variation relevant to red cell donor-recipient mismatch, particularly among pa-
tients with sickle cell disease. RHD and RHCE are a pair of duplicated genes located within an ~175 kb region on human chromosome 1
that have high sequence similarity and frequent structural variations. To achieve the assembly, we utilized palindrome repeats in PacBio
SMRT reads to obtain consensus sequences of 2.1 to 2.9 kb average length with over 99% accuracy. We used these long consensus se-
quences to identify 771 assembly markers and to phase the RHD-RHCE region with high confidence. The dataset enabled direct linkage
between coding and intronic variants, phasing of distant SNPs to determine RHD-RHCE haplotypes, and identification of known and
novel structural variations along with the breakpoints. A limiting factor in phasing is the frequency of heterozygous assembly markers
and therefore was most successful in samples from African Black individuals with increased heterogeneity at the RH locus. Overall, this
approach allows RH genotyping and de novo assembly in an unbiased and comprehensive manner that is necessary to expand applica-
tion of NGS technology to high-resolution RH typing.
Introduction of complex genomic regions such as the major histocom-
patibility complex.®’

Next-generation sequencing (NGS) technology has In the field of transfusion medicine, genetic character-

enabled expansion of genetic testing for numerous diag-
nostic applications, transforming many aspects of clinical
medicine. Despite these advances, NGS with short-read
lengths of ~150-300 base pairs (bp) hinders the ability to
accurately map or assemble reads from regions with struc-
tural variation, repetitive sequence, high guanine-cytosine
(GC) content, or duplicated and highly homologous
genes.'” Short-read NGS does not support direct variant
phasing, leaving analysis highly dependent on reference
genomes, which are known to be imperfect and problem-
atic for genes with a high degree of heterogeneity among
different populations.' Long-read sequencing (LRS) plat-
forms may be able to overcome specific limitations of
short-read NGS-based gene assembly for duplicated or
homologous genes with high degrees of variation.**
Third generation sequencing platforms are capable of
sequencing through traditionally difficult sequence tem-
plates with high GC content’ and enable direct phasing
of variants located multiple kilobases apart and assembly

ization of blood group systems has identified the associ-
ated polymorphisms responsible for most of the clinically
relevant red cell antigens that contribute to incompatibil-
ity in blood transfusions.® The Rh system is one of the
most diverse and complex and comprised of two linked ho-
mologous genes, RHD (MIM: 111680) and RHCE (MIM:
111700), that encode the common red-cell-specific Rh an-
tigens designated D, C, ¢, E, and e.” The two genes are prox-
imally located in reverse orientation and span ~175 kb
(chrl: 25,258,883-25,425,327) with ~30 Kb between
them. RHD is flanked by a pair of upstream and down-
stream 9.2 kb sequences that share >97% similarity and
are in identical orientation, termed Rhesus boxes.'” The
most common RhD-negative phenotype is due to deletion
of the RHD gene that occurred by an unequal cross-over be-
tween the Rhesus boxes leaving a single hybrid box.'%"!
RH genetic heterogeneity is not uncommon and is more
often found in individuals of African descent. For patients
with sickle cell disease (SCD [MIM: 603903]) who frequently
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require blood transfusion, RH genetic polymorphisms that
change the conformation of Rh proteins in the red cells of
both patients and healthy blood donors contribute to
incompatibility.'*'” This is demonstrated as production of
antibodies to Rh proteins following transfusion (termed al-
loimmunization) despite transfusions that are Rh matched
by traditional immunologic methodologies.'”"*

RH genotyping currently uses a combination of PCR-
based approaches and commercial DNA array-based testing
to target multiple regions of the RH locus. NGS-based map-
ping of complementary DNA (cDNA)-annotated red cell
and platelet antigens can provide accurate blood group
antigen typing for most blood groups via whole-genome
sequence (WGS) data.'>'® For RH, alignment of NGS
sequence reads is more difficult because of the high
homology between RHD and RHCE,'”'® and short-read
sequences do not allow for full-gene phasing for RHD-
RHCE haplotype assembly or allele assignment in samples
with multiple polymorphisms and distant nucleotide vari-
ations. This has made it difficult to establish a standard
reference sequence without artifact. Longer reads covering
a larger number of assembly markers would have the
advantage of reducing such ambiguity.

In this study, we combined our targeted DNA enrich-
ment method, region-specific enrichment (RSE), which
captures long DNA segments of up to 20 kb in length,"’
with long-read sequencing on the Pacific Biosciences
(PacBio) platform. Although PacBio single-molecule real-
time (SMRT) reads may allow for full assembly of the
RHD-RHCE region, they have much lower sequencing ac-
curacy (10% to 15% error rate) compared to [llumina short
reads (<1% error rate).” Thus, we hypothesized that palin-
drome sequences found within the same SMRT full reads
could be used for generation of a consensus sequence
with higher accuracy based on two assumptions. First,
the palindrome sequences in the same read originate
from an identical DNA fragment, which is duplicated dur-
ing whole-genome amplification. Second, sequencing
errors happen randomly; therefore, the consensus of mul-
tiple palindrome sequences would have higher accuracy
on the basis of the “wisdom of the crowd” principal. Using
a custom PAClindrome bioinformatics pipeline, we suc-
cessfully assembled the RHD-RHCE region with accurate
consensus sequences at high depth among Black subjects
who have a high frequency of RH genetic variation.

Material and methods

Sample selection and DNA preparation

We obtained samples from two White and nine Black individuals
to represent varied RH genotypes (Table 1) under a protocol
approved by the Children’s Hospital of Philadelphia Institutional
Review Board. RH genotyping had been performed as described
previously.'”'* Genomic DNA was isolated from fresh whole
blood on the EZ1 Advanced XL instrument with EZ1 DNA Blood
Kits and EZ1 Advanced XL DNA blood cards (QIAGEN, Maryland)
and stored at 4°C.

Targeted capture oligonucleotide primer design

RSE primers were designed for the capture of targeted regions with
a custom-designed software program RSE Antholigo as previously
described.'”* AnthOligo is available as a public web application
(see web resources). Forty-nine capture oligonucleotides were de-
signed to target the RHD-RHCE region including the 30 kb be-
tween the two genes with an average distance of ~3.3 kb between
primers (Table S1). We targeted additional genes simultaneously to
include a minimum amount of genomic material for capture effi-
ciency (data not shown)."”

Targeted DNA capture by RSE

We performed each RSE reaction by using 2 ug fresh genomic DNA
with 4.5 uM primers and the RSE Kit (Generation Biotech), as pre-
viously described.'? In brief, we denatured DNA at 95°C for 5 min
and incubated it at 64°C for 20 min to anneal primers and incor-
porate biotinylated dNTPs via the polymerase. Targeted DNA frag-
ments were purified with streptavidin-coated magnetic beads
(Generation Biotech) at 64°C for 30 min, followed by a wash
with dH,O. We eluted captured DNA from beads by incubating
the samples at 80°C for 20 min followed by magnetic separation.

Whole-genome amplification and sequencing

We amplified captured DNA with the REPLI-g Midi Kit (QIAGEN)
without denaturation by incubating the RSE sample with REPLI-g
master mix at 30°C for 4 h followed by polymerase inactivation
65°C for 5 min. DNA capture and amplification efficiencies were
assessed by quantitative PCR (QPCR) of targeted loci on the RSE
captured material and the amplified sample prior to PacBio
sequencing. See Table S2 for primers. Sequencing was performed
on the PacBio Sequel System with two SMRT cells per sample.

SNP arrays

To validate variants, we performed whole-genome SNP genotyp-
ing on Infinjum Omni2.5 SNP arrays (Illumina) by using standard
protocol. Raw data were processed by GenomeStudio V2011.1.
Genotyping calls with quality score less than 0.2 were ignored.
We used theta and R values to determine zygosity and copy num-
ber, respectively. All heterozygous calls had theta values between
0.25 and 0.75.

PAClindrome bioinformatics pipeline

We developed a custom bioinformatics pipeline to identify palin-
drome repeats from long PacBio SMRT reads and draw consensus
sequences from the repeats for higher sequence accuracy. The
pipeline was deployed on a computer cluster for parallel process-
ing of millions of SMRT reads through the following steps. For
each SMRT read 20 kb or longer, the full read was trimmed into
successive 400-base segments with 300-bases overlapping between
the two closest segments. All segments were aligned back to the
full reads to search for matches other than themselves. One sub-re-
gion within the full read matched by an unbroken set of segments
and having the highest total alignment score was selected as the
seed. The seed sequence was aligned again to the full read to iden-
tify its matches as palindrome repeats. Palindromes were then
aligned to each other via multiple sequence alignment (MSA).
We obtained the consensus sequences from an MSA matrix by us-
ing the simple majority rule at each base. The weighted majority
rule can be used as an alternative, but it did not significantly
improve the accuracy of consensus sequences in this dataset.
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Table 1.

Subject, race, and RHD and RHCE genotypes with presumed haplotypes (noted as allele 1 and allele 2) performed by conventional

methods and the red cell Rh phenotypes and presumed haplotypes determined by serologic typing

Serologic Rh
Subject Race RHD allele 1 RHCE allele 1 RHD allele 2 RHCE allele 2 phenotype/ haplotypes
UPID 10  Black RHD ¥ (RHD*08N.01) *ce48C (RHCE*01.01) deleted D (RHD*0IN.01) *ce254G (RHCE*01.06.01) D-C-c+E-e+ ce/ce
UPID 70  Black  *DIlla-CEVS (4-7)-D *c¢® (RHCE*01.20.03)  deleted D (RHD*0IN.01) *ce48C (RHCE*01.01) D-C+c+E-e+ Ce/ce
(RHD*03N.01)
UPID 83  Black  *weak partial D 4.0 *ce48C (RHCE*01.01) *DAUO (RHD*10.00) *ce48C (RHCE*01.01) D+C-c+E-e+ Dce/ce or
(RHD*09.03) Dce/Dce
UPID 164 Black *DAUO (RHD*10.00) *ce (RHCE*01) DAU3 (RHD*10.03) *ce48C (RHCE*01.01) D-+C-c+E-e+ Dce/ce or
Dce/Dce
UPID 19  Black RHD (RHD*01) *ce (RHCE*01) RHD (RHD*01) *ce (RHCE*01) D+C-c+E-e+ Dce/ce or
Dce/Dce
UPID 30  Black  *DAUO (RHD*10.00) *ce48C (RHCE*01.01) RHD (RHD*01) *Ce (RHCE*02) D+C+c.E-e4 DCe/Dce
UPID 333 Black  *DAUO (RHD*10.00) *ce48C (RHCE*01.01) RHD (RHD*01) *ce733G (RHCE*01.20.01) D+C-c+E-e+ Dce/ce or
Dce/Dce
UPID 18  Black RHD (RHD*01) *cE (RHCE*03) RHD (RHD*01) *ce (RHCE*01) D+C-c+E+e+ Dce/DcE
UPID 3 Black  deleted D *ce (RHCE*01) deleted D (RHD*0IN.01) *ce48C (RHCE*01.01) D-C-c+E-e+ ce/ce
(RHD*0IN.01)
UID 1 White RHD (RHD*01) *Ce (RHCE*02) RHD (RHD*01) *Ce (RHCE*02) D+C+c-E-e+ DCe/DCe
UID 2 White RHD (RHD*01) *cE (RHCE*03) deleted D (RHD*0IN.01) *ce (RHCE*01) D-+C-c+E+e+ DcE/ce

UID, unique identifier; UPID, unique patient identifier. (*ce’ = ce48C,733G, 1006T).

Linkage analysis and phasing

We performed phasing of the RHD-RHCE region by sequentially es-
tablishing linkage between two adjacent assembly markers. In a
specific sample, both markers had to be heterozygous with the fre-
quency of either allele higher than 15% and located within the
same 20 or more consensus sequences. We also used SMRT reads
in the raw data not containing any palindrome repeats to confirm
linkage between markers, especially those distant from one
another. All alleles were named according to the International Soci-
ety of Blood Transfusion (ISBT) working group that develops and
maintains guidelines for blood group antigen and allele nomencla-
ture for use in transfusion medicine and related sciences.”'

Statistical methods

Statistical analysis was performed with R packages. We estimated
sequencing error rate by comparing palindromes of the same
SMRT read to each other on the basis of the assumption that
they were clones of the same original DNA fragment. Phasing of
two neighboring heterozygous markers used consensus sequences
including both markers and significance of their linkage was tested
by Fisher’s exact test (p < 10e—5). The phasing continued until no
more markers with significant linkage were available.

Data and code availability, bioinformatics software

We used BLASR (The PacBio long-read aligner, see web resources) to
align SMRT reads to the reference genome (GRCh38) or to them-
selves through the “PAClindrome” pipeline. MSA of palindrome re-
peats was done with the MUSCLE algorithm.?” Alignment of raw
SMRT reads and consensus sequences was visualized by Integrative
Genomics Viewer (IGV). All other data processing and analysis
steps were performed with custom R code and existing R/Bio-
conductor packages, including Biostrings and GenomicAlignment.
Raw sequencing data are archived at the SRA database (Bioproject
ID PRJNA775954). Documentation and custom code of bioinfor-
matics analysis are available at GitHub (see web resources).

Results

Study samples

The 11 samples chosen were from two White individuals
and nine Black individuals with SCD selected for diverse
RH alleles previously determined by RHD and RHCE geno-
typing (Table 1). We selected individuals with structural
variations including RHD deletion and exon translocation
as well as RH variants characterized by one or more SNPs in
the coding region and samples for which phasing of
changes was uncertain. The two White individuals were
included as test samples with less genetic variation ex-
pected compared to Black individuals.

Examination of the RH loci

Reference sequences (GRCh38) demonstrate the high
sequence similarity between RHD (GenBank: NM_016124)
and RHCE (GenBank: NM_020485) genes (Figure 1). There
are long stretches of exact identity (Table S3A) that
confound sequence assignment and contig assembly.
Notably, intron 9 of RHCE starts with a RHCE-specific
sequence ~1 kb long and ends with a 4,289-base region
that is identical between the genes, which causes short
NGS reads to map and be assigned to either gene. Addi-
tional sequence complexities within the RH locus include
duplicated transposable DNA elements and a pair of iden-
tical 128-base sequences within RHD intron 2. Long
stretches of identical sequences complicate the assembly
of the RHD-RHCE region because they not only increase
the ambiguity of read mapping but also facilitate structural
rearrangement. In contrast, gene-specific insertion-dele-
tions (INDELs) (Table S3B) aid assignment. Both genes
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10% in all subjects. Next, a permuta-
tion procedure randomly selected two

contain a variety of low-complexity sequences, such as
mononucleotides up to 35 bases long and tandem repeats
up to 44 bases long (Table S3C). Low-complexity sequences
are hotspots for sequencing errors but are potentially useful
as assembly markers because of their higher frequency of
INDELSs.

Determination of sequence accuracy

Sequencing libraries from the 11 samples each generated
0.92 to 1.38 million PacBio SMRT reads, 40.7% to 69.4%
of which contained at least one pair of palindromic sub-
reads (Table S4). The palindromes did not completely over-
lap, and some were mismatched with each other by greater
than 10% because of sequencing errors. There were often
gaps of irregular sizes within and between the palin-
dromes, and the repeats sometimes had a nested structure
caused by rounds of multiple displacement amplification
(MDA), which necessitated the development of a custom
analysis pipeline (Figure S1).”*?° The number of palin-
dromes found in each SMRT read varied from two to over
200. We developed the “PAClindrome” bioinformatics
pipeline to identify palindrome repeats in full SMRT reads
and then draw consensus sequences from the repeats. The
pipeline determined the boundaries of palindrome repeats
in full reads and drew their consensus sequence after align-
ing the repeats to each other. We tested and confirmed that
sequencing errors were mostly random in palindromes
except at mononucleotide sites.

Visual inspection of read-to-genome alignment suggested
that palindrome consensus sequences had much higher
accuracy than the original SMRT reads (Figure S3). We
performed in silico analysis to determine the accuracy of
palindrome consensus sequences compared to the raw reads.
We started with arandom subset of SMRTreads containing at
least 60 palindromes. Alignment of these raw reads to each

subsets of non-overlapping palin-
dromes from the same SMRT read. As
the number of palindromic repeats used for the consensus
increased from three to 30 the average error rate dropped
(Figure 2). When consensus sequences were drawn from
six palindromes, the error rate was ~1% and plateaued at
~0.25% when over 20 palindromes were used.

The 11 samples each obtained 124,724 to 260,861 high-
quality consensus sequences with 2.1 to 2.9kb average
length and 98.74% to 99.13% average accuracy (Table S4).
The consensus sequences were enriched at the RHD-RHCE re-
gion by our RSE protocol and had average sequencing depth
from 86 to 248 (Figure S4). UPID 3 had much lower coverage
across the whole RHD locus because of homozygous RHD
deletion. Nevertheless, some consensus sequences of UPID
3 were mistakenly aligned to RHD, most commonly near
the end of intron 9 where RHD and RHCE have a long stretch
of identical sequences. Such misalignment reflected the
complexity of assembling this region and was potentially
caused by a combination of several factors including translo-
cation between the two genes. A commonly observed
example of misalignment was the low sequencing coverage
of UPID 70 at the middle of RHD because of translocation
(exon 4-7) from RHCE into RHD in trans to deleted RHD.

Assembly of RHD and RHCE

Heterozygous SNPs were identified from the high-quality
long consensus sequences as assembly markers. Small
INDELs were not used as markers because they had higher
error rates in both the original PacBio SMRT reads and the
palindrome consensus sequences. A total of 771 unique
markers were found in all 11 samples, and 366 (47.5%)
markers were heterozygous in more than one subject.
The two samples from White individuals (UIDs) had only
seven and 15 markers, in contrast to the nine samples
from Black individuals (UPIDs), which had between 55
and 295 assembly markers (mean = 163.4). The 15 most
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Figure 2. Improving sequencing accuracy as more palindromes
were used to draw consensus sequences

A permutation procedure randomly selected two subsets of non-
overlapping palindromes from the same SMRT read. Two
consensus sequences were drawn independently from both sub-
sets and aligned to each other to obtain their error rate as the per-
centage of unmatched. Colors represent 11 subjects in this study,
which has almost identical trajectory of error rate changes. The
error rate in the original palindrome sequences had an average
greater than 10%, consistently declined as the number of palin-
dromes increased, and plateaued between 0.1 and 0.25%.

common markers were heterozygous in six samples and
were either intronic (RHCE intron 1-3) or intergenic
SNPs located near the RHCE 5'-UTR (Table S5).

The distance between adjacent markers ranged from 1 to
1,918 bases (mean = 220.3) and 13 pairs of adjacent
markers were greater than 1 kb away from each other
(Figure S5A). Marker frequency was relatively lower in
RHD introns 1, 2, and 8 and RHCE intron 6. The
sequencing depth at heterozygous assembly markers
ranged from 16 to 646 (mean = 157.1) (Figure S5B). There
was no significant correlation between average sequencing
depth and the sensitivity of calling heterozygous variants
across the 11 subjects of this study, suggesting sequencing
depth was not a limiting factor to assembly in this study.

Among all assembly markers, 759 (98.4%) are known
SNPs recorded in the dbSNP database. Their global fre-
quencies of alternative alleles ranged from 0.004% to
99.46% (mean = 14.6%) according to the 1000 Genomes
database and gnomAD. The vast majority of the assembly
markers were intronic (64.5%) or intergenic (33.6%).
Among the 15 exonic markers, 11 were missense, including
known variants RHD ¢.1136C>T (p.Thr379Met), RHCE
c.48G>C (p.Trp16Cys), RHCE c.676G>C (p.Ala226Pro),
and RHCE c.733C>G (p.Leu245Val).

To validate these assembly markers, we characterized
seven of the 11 subjects with Infinium Omni2.5 SNP arrays
(Ilumina). Among approximately 2.3 million SNPs on the
microarray, 46 are located within the RHD-RHCE region
and 22 are within the 771 assembly markers (Table S6).
PacBio and SNP array had 100% agreement on the 154 gen-
otyping calls (Figure S6).

Adjacent heterozygous markers were linked to construct
assembly contigs (Figure 3). The linkage between two
markers was established by multiple palindrome consen-
suses consistently containing high-quality allele calls at
both markers. The assembly contigs were sequentially
phased by adding one linked marker at a time until there
was a gap too large to be bridged by any two markers.
The longest distance between two adjacent markers that
could be directly linked was about 9.5 kb. Assembly gap
length ranged from 5.7 to 40.1 kb (mean = 14.5 kb). The
UID 1 sample, homozygous for RHD and RHCE (DCe/
DCe), was highly homogeneous across the RHD-RHCE
region and had the two largest assembly gaps. When the
distances were 5 kb or greater, the likelihood of directly
linking two adjacent markers was 22 of 36 (61.1%).

The whole RHD-RHCE region was successfully assembled
for four samples from Black individuals (UPIDs 10, 70, 83,
164, Table 2, Figure 3). Additionally, the RHD alleles of one
sample without RHD deletion (UPID 19) and the RHCE al-
leles of three samples (UPIDs 19, 30, 333) were fully assem-
bled. All samples for which full assembly was possible had
a high frequency of heterozygous markers. Successful as-
sembly relied on both the total number of markers and
their distribution. Although UPID 333 had the highest
numbers of markers, the 5 region of RHD could not be
fully assembled because of a lack of heterozygous markers.
However, it was possible to phase the 3’ end of RHD to the
RHCE loci, showing the c.1136T SNP marker to be in cis
with ¢.48C and the conventional c.1136C to be in cis
with ¢.773G SNP. Thus, we confirmed the presumed haplo-
types for UPID 333 as RHD*RHD in cis with RHCE *ce733G
and RHD*DAUO in cis with RHCE*ce48C.

Comparison to current RH genotyping methods

We identified all clinically relevant SNPs as determined
previously by current RH genotype assays for all samples
(Figure 3). Of the four samples that achieved full assembly
of the RHD to RHCE region, UPIDs 10 and 164 were deter-
mined to have a different RH haplotype linkage than pre-
sumed on the basis of frequency. RH genotyping for
UPID 10 presumed RHD*deleted D in cis with RHCE*
ce254G and RHD*RHDVY in cis with RHCE*ce48C. PacBio
sequencing and RH assembly identified all the SNPs associ-
ated with these alleles: the 37 base pair (bp) insertion in
intron 3 and the five SNPs associated with RHD*RHDWY,>’
as well as 254C>G and 48G>C in RHCE (Figure 3). In addi-
tion, we identified a 5.6 kb translocation of RHD into RHCE
(from intron 8 to intron 9 and encompassing exon 9) that
was not detected when using current RH exon-specific
sequencing. Full assembly of both RHD to RHCE regions
determined that this allele, RHCE*ce254G-D(9)-ce, was
novel and found in cis with RHD*¥ (Figure 3).

The RH genotype for UPID 164 presumed RHD*DAUO in
cis with RHCE*ce and RHD*DAUS3 in cis with RHCE *ce48C.
PacBio sequencing followed by RH assembly instead
demonstrated conventional RHD in cis with RHCE*ce
(and RHD*DAU3 in cis with RHCE*ce48C). By phasing
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Figure 3. Assembly of the RHD-RHCE re-
, gion in 11 individuals

RHCE

*UPID10 ' b0y

Deleted RHD

c.455C
©.186T c4|10T CE(4-7)-D

*UPID70
Deleted RHD
<026 c#19A

*UPID83 n

|

c.1136T

*UPID164
|

|
c.835A  c.1136T

UPID19

UPID30
\

c.1136T

c.1136T

UPID333 ‘

UPID18

Deleted RHD

UPID3

1
Deleted RHD

UID1

uiD2

1
Deleted RHD

¢.1006T ¢.733G
|

Gray boxes represent assembly contigs and
vertical gray lines represent heterozygous
| assembly markers. White boxes represent
esse assembly gaps. Markers within the same
s contig were linked, while two distal
i markers with any assembly gap between
e them are not linked. Exonic markers are
[ labeled in purple; all result in amino acid
iy except ¢.105T in UPID 3. RHD deletion
and translocation events are illustrated as
yellow and green boxes, respectively.

c.48C

25420739), and RHCE c¢.733C>G
(genomic position 25390817).

e To validate linkage, we compared

‘ minor allele frequencies (MAFs) of

variants in different populations,

- assuming that alleles linked in a pop-

ulation should have similar fre-

quencies. African, Furopean, and

global MAFs obtained from whole-

genome sequencing data were

ok retrieved from the 1000 Genomes

database and gnomAD (Figure 4 and

Figure S8). In Africans, variants within

the same marker set have much more

c.48C

|
€.733G

|
c.48C

4
¢.105T
c.48C

¢.676C

25,260,000 = 25,280,000 = 25,300,000 = 25,320,000 = 25,340,000 25,360,000
25,270,000 25,290,000 25,310,000 25,330,000 25,350,000 25,370,000

| Phased assembly contig
Assembly gap
Deleted region
s Translocated region

the entire RHD to RHCE regions, we found two SNPs in
RHD intron 7 (genomic position 25316671 and
25316673) ~400 bp upstream of the ¢.1136C>T change
(genomic position 25317062) interrogated for DAU alleles
(Figure S7). This region corresponds to the location of
RHD-specific primers used for PCR-RFLP to detect the
1136C/T SNP; we determined that the presence of these
two SNPs that resemble RHCE rather than RHD caused fail-
ure of the RHD-specific 5 PCR primer to anneal and
amplify, resulting in allele drop-out of the conventional
RHD in this sample.

Linkage between variants

We identified 14 sets of assembly markers that are linked
to each other in multiple subjects (Table S7). These sets
included six to 15 heterozygous markers that were
6.7-35.7 kb in total length and phased together in two
to six subjects. Markers in these sets were distributed
across the whole RHD-RHCE region, relatively enriched
at the first half of RHCE, and identified within RHD or
RHCE or in nearby intergenic region. Those in overlapping
sets had no linkage to each other. Exonic variants were
only found in three sets: RHD c.1136C>CT (genomic po-
sition 25317062), RHCE c.48G>C (genomic position

25,38‘0,000
25,390,000

| Heterozygous assembly marker

* RHD-RHCE region was fully assembled

25,400,000 25,420,000

25,410,000 similar MAFs to each other than vari-

ants not in the same set, regardless
of the distance between variants. In
Europeans, while MAFs are much
lower in general, the alternative allele
frequencies are consistent in 13 of the
14 sets. The only exception is the set of markers that in-
cludes RHD ¢.1136T, which has much lower frequency in
Europeans than the other variants in the same set. Howev-
er, the frequency of c.1136T in Europeans may be an align-
ment artifact in the databases and has not been reproduced
by Sanger sequencing. The actual frequency of ¢.1136T in
Europeans may be similar to the other linked MAFs. On the
other hand, RHCE ¢.733C>G and its nearby intronic vari-
ants maintained their linkage in Europeans, although the
MAFs are very different between the two populations.

RHCE ¢.48G>C (1s586178) has been associated to four
nearby intronic variants in almost all genome-wide associ-
ation study (GWAS) populations (Table 3 and Figure S9).
The SNP ¢.48G>C itself and the four variants globally asso-
ciated to it are all members of a seven-marker set, which
included another two markers that were not measured by
GWASs. Similarly, 153091242, an intergenic SNP located
between RHD and RHCE, has been associated to five nearby
variants in all GWAS populations and they are the exact
same variants in a six-marker set (Table S8).

Structural variations
Major structural variations including RHD deletion and
exon translocation were identified in multiple subjects
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Table 2. Summary of RHD-RHCE assembly

Gap length Completed Completed % Completed % Completed %
ID Contig Marker (min-max bp) (kb) (whole region) (RHD) (RHCE)
UPID 10 1 152 0 166.4 100.0 100.0° 100.0
UPID 70 1 178 0 166.4 100.0 100.0° 100.0
UPID 83 1 295 0 166.4 100.0 100.0 100.0
UPID 164 1 196 0 166.4 100.0 100.0 100.0
UPID 19 2 171 7076 155.8 93.6 100.0 100.0
UPID 30 4 154 6,363-7,492 143.2 86.1 76.6 100.0
UPID 333 4 202 6,399-8,793 136.4 82.0 71.6 100.0
UPID 18 4 68 14,624-21,037 101.3 60.9 85.6 22.7
UPID 3 4 55 5,653-19,910 34.2 62.2 100.0" 38.0
UID 2 S 15 7,655-19,003 45.3 68.9 100.0* 43.4
UID 1 6 7 11,152-40,954 1.6 0.9 2.7 0.0

The numbers of assembly contigs and markers, the range of assembly gaps, the total length of assembled region, and the percentage of the whole region and

individual genes that was successfully assembled per sample.
?Hemizygous or homozygous RHD deletion.

through the assembly of the RHD-RHCE region. Long and
accurate consensus sequences of palindromes allowed for
successful phasing of these translocated regions and iden-
tification of their breakpoints down to each nucleotide
base pair. One such structural variation is the deletion of
the RHD gene, which has been shown to occur between
upstream and downstream Rhesus boxes that share
~97% sequence similarity.'””® With RHD deletion, the
two Rhesus boxes fuse to generate a hybrid box. Using
long reads to fully phase the hybrid boxes, we confirmed
the conventional fusion site of the two Rhesus boxes to
an 889 bp region within the 1,463 bp region of identical
sequence located in the second half of the hybrid box in
three samples (Figure 5A). One RHD deletion event found
in UPID 10 identified a novel alternative fusion site ~100
bases downstream of the conventional site, located within
a 34 bp window that is identical between the two boxes
and starts with a 12-base palindrome sequence (chrl:
25,266,232~ 25,266,266).

Translocation of exon 2 from RHD to RHCE along with a
109 bp insertion in intron 2 contributes to the genetic ba-
sis for RhC expression and was found in two samples as ex-
pected (one homozygous in UID 1 and 1 heterozygous in
UPID 30).>° All three RHCE*Ce alleles had the same 5’
and 3’ translocation breakpoints, encompassing a 4.1 kb
translocation (Figure 5B). The 5’ translocation breakpoint
was narrowed down to a 109 bp region of high sequence
similarity between RHD and RHCE, located ~1 kb upstream
of exon 2. We identified a SNP within the 5’ translocation
breakpoint (g.25409808) of all three RHCE*Ce alleles that
did not resemble conventional RHD or RHCE (Figure 5B,
g.25409808, highlighted green) but one that is commonly
found in both RHD (g.25283634C>A, 1rs114582484,
MAF = 0.26) and RHCE (g.25409808A>T, rs28594470,
MAF = 0.37), suggesting that this SNP may be associated

with this translocation event. The 3’ breakpoint in intron
2 was located between g.25405592 and g.25405593, where
the 109 base insertion occurred in all samples. We
confirmed that the inserted 109 bases were composed of
three parts: bases 1-20 of no known origin; bases 21-85,
which were reverse-complementary duplicates of an earlier
sequence in RHD intron 2 (chrl: 25,287,190-25,287,254);
and bases 85-109, which were exact duplicates of bases
immediately before the breakpoint in RHD.

In UPID 70, full assembly confirmed the translocation of
RHCE exons 4 to 7 to the RHD locus resulting in the hybrid
gene RHD*DIIlla-CEVS(4-7)-D found in cis to RHCE*ceS
(c.48G>C, ¢.733C>G, and c.1006G>T) (Figure 3).>° Up-
stream of the translocation start site, the RHD-coding var-
iants associated with DIlla exons 2 and 3 (c.186G>T,
c.410C>T, and c.455A>C) were identified. Within the
translocated region, we identified the RHCE*ceS exon 5
(c.733C>G) and exon 7 (c.1006G>T) SNPs, as well as in-
tronic SNPs associated with the RHCE*ceS allele
(Figure 5C). The 5’ breakpoint for the CE(4-7)-D transloca-
tion was located within a 72 bp window of identical
sequence between RHD and RHCE ~3 kb downstream of
exon 3 (g.25293908 ~g.25293979). The 3’ breakpoint
was located in a 32 bp window that is identical between
RHD and RHCE (g. 25310218 ~g. 25310250), approxi-
mately 3.5 kb downstream of exon 7. Several smaller trans-
location events were nested around each translocation
breakpoint, ranging in size from 20 bp to 4,393 bp
(Figure S10).

For the 5.6 kb translocation of RHD exon 9 into RHCE *ce
found in UPID 10, the 5’ breakpoint was located within a
small 7 bp window (g. 25374191 ~g. 25374197) ~1 kb up-
stream of exon 9. The 3’ translocation breakpoint was nar-
rowed down to a 1,303 bp region of intron 9, located at the
beginning of a 4.3 kb region that is identical between RHD
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Figure 4. Frequency of alternative alleles according to the 1000

Genomes database

Each colored line represents a set of markers linked to each other
in 11 subjects of this study. All other assembly markers within
the region were colored in gray. y axis is the known frequency of
alternative alleles in one or global population according to
whole-genome sequencing data.

and RHCE (g. 25369890 ~g. 25368587, Figure 5D). UPID
10 harbored multiple SNPs in this region that resembled
neither RHD or RHCE reference sequences and did not
have a clear origin.

Discussion

The success of assembling RHD-RHCE and similar genomic
regions with high-throughput sequencing technologies
has several limiting factors: sequencing depth at the tar-
geted region, accuracy of variant calling, length of
sequencing reads, and availability of assembly markers in
individual subjects. Using a targeted capture protocol,
high-throughput long-read sequencing, and custom PA-
Clindrome bioinformatics pipeline, we successfully assem-
bled the RHD-RHCE region with accurate consensus se-
quences at high depth primarily among Black subjects
who have increased RH genetic variation. High accuracy

reads > 5 kb in length were extremely valuable to assemble
regions with repetitive sequences and high frequency of
structural variants. The strategy described here addresses
the problem of ambiguities in RH genotypes and similar
genes that exist with conventional genotyping methods,
including allele dropout and phasing haplotypes. In sam-
ples with sufficient heterozygous SNPs, the phase resolu-
tion of RHD and RHCE alleles is a major advantage over
current assays.

Palindrome repeats commonly exist in high-throughput
sequencing datasets generated by chimera formation during
whole-genome amplification (i.e., multiple displacement
amplification [MDA]) (Figure S1).>**"*? Of 13.4 million
zero-mode waveguide (ZMW) reads among 11 samples,
65.5% had at least two continuous long read (CLR) subreads
generated by multiple passes of circular sequencing with an
average of 4.4 subreads. In addition, PAClindrome identified
palindromes in 55.0% of the reads with an average of 9.7 pal-
indromes per read. In 47.0% of the full reads, the number of
palindromes identified by PAClindrome was higher than the
number of CLR subreads. Our pipeline used both types of
subreads, originated from circular sequencing and MDA, to
draw consensus sequences. Using this strategy, we identified
64.9% more full reads that included at least six total palin-
dromes (CLR and MDA), which allowed for high accuracy
consensus (Figure 2).

Our analysis of public datasets in Sequence Read Archive
identified palindromes in many other PacBio datasets. The
palindrome repeats introduce bias into procedures such as
variant calling and gene assembly and need to be compu-
tationally detected and corrected.”**** The existing tool
Pacasus corrects PacBio sequencing errors by splitting reads
into palindromes via recursively aligning each read to it-
self. Our PAClindrome pipeline not only identifies palin-
dromes through self-alignment but also uses palindromes
to generate their own consensus sequences via multiple
sequence alignment. These consensus sequences had
much improved accuracy of ~99.5%, a substantial
improvement from less than 90% average accuracy in the
raw data. Our study demonstrated the strength of long
and accurate reads in variant calling and phasing of large
regions, which are particularly valuable for assembly of
RHD-RHCE or other regions with long repeated sequences
and frequent structural variations.

While mismatches between RHD and RHCE are natural
assembly markers to phase the genes, variants at those
loci can cause ambiguity in read-to-gene mapping. For
example, there are 1,118 RHD and 1,081 RHCE known
SNPs, but these overlap with the 1,630 base differences be-
tween the two genes. Furthermore, the alternative bases of
~80% of the SNPs reported in RHD or RHCE are due to gene
conversion and so are the same as the reference base for the
other gene. We found that current average consensus read
length of ~2.5 kb cannot guarantee full assembly of this re-
gion for subjects with too few variable markers. In general,
Africans have higher genetic variation than other popula-
tions, leading to an increased likelihood of successful
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Table 3.

Association of four nearby SNPs to rs586178 (RHCE c.48G>C) in multiple populations

RSID Variant R2_ACB R2_ASW R2_LWK R2_YRI R2_CHB R2_JPT R2_CEU R2_FIN
151883427 g.25417977C>T 0.9793 0.9062 0.7740 0.9449 0.9545 0.9533 0.9220 0.9208
154649083 g.25422304G>A 0.9793 0.9365 0.9604 0.9636 0.9545 0.9533 0.9220 0.9208
1s12402120 g.25425141C>T 0.9793 0.9062 0.9400 0.9636 0.9545 0.9533 0.9220 0.9208
15932372 g.25428523G>A 0.9793 0.9365 0.9604 0.9636 0.9545 0.9533 0.9220 0.9208

R square values are correlation coefficients calculated by previous GWASs. All four variants and rs586178 itself are among a set of seven assembly marks linked to
each other in 11 subjects of these studies and having similar minor allele frequencies across global populations. The other two SNPs, rs2072932 and rs2281179,
are too close to rs586178 and were not measured by the GWASs. ACB, African Caribbeans in Barbados; ASW, Americans of African Ancestry in SW USA; LWK,
Luhya in Webuye, Kenya; YRI, Yoruba in Ibadan, Nigeria; CHB, Han Chinese in Beijing, China; JPT, Japanese in Tokyo, Japan; CEU, Utah Residents with Northern

and Western European Ancestry; and FIN, Finnish in Finland.

assembly. Nonetheless, the 5’ end of RHD remained a chal-
lenge for several samples because of a relatively low fre-
quency of SNPs in that region.

Previous studies have identified a few intronic variants
associated with certain Rh phenotypes.****> By phasing
long-read sequences, we were able to directly phase exonic,
intronic, and intergenic variants and further validate their
linkage with public resources. Our analysis suggested that
haplotypes of SNPs, which could be global or population
specific, are common across the RHD-RHCE region (Figure 4).
Identification and documentation of variant haplotypes not
only provides insight into the evolution of RH alleles but
helps to categorize genetic variations and their association
to clinical phenotypes. One method to sequence the com-
plete RHD gene with overlapping long-range PCR amplicons
has been described, but no similar method for RHCE or the
entire RH locus has been produced.*”

Long-read sequencing also allowed us to determine more
precise translocation breakpoints for structural variants
(Figure 5). Unlike short-read NGS technologies that
depend on read depth of coverage or copy number varia-
tion within translocated regions to determine structural
variants and predict breakpoints,'*'®*%*” long-read
sequencing does not rely on copy number variation. As a
result, translocation breakpoints can be narrowed down
to the individual base as opposed to a range within hun-
dreds of bases as determined by sequence-specific PCR or
predicted by various algorithms with short-read NGS as-
says.'%?7%773% One such example is the segment of RHD
translocated into RHCE responsible for C expression. In
1997, Carritt et al. reported a 4.26 kb translocation by us-
ing sanger sequencing,’ similar to the 4.1 kb translocation
we identified. However, NGS-based assays predicted larger
translocations of 5,216 = 796 bp and 4,953 + 238 bp for
Africans and Asian/Native American samples, respec-
tively.>® For the hybrid allele RHD*DIIa-CEVS(4-7)-D,
sequence-specific PCR described similar breakpoint regions
but NGS-based assays predicted larger translocations.'®*%
*0 For both sequence-specific PCR and short-read NGS as-
says, micro-translocations could confound the breakpoint
prediction depending on primer position. We demon-
strated long-read sequencing can identify these micro-
translocations without compromising the identification
of breakpoints for large translocations.

The successful assembly of the entire RH region was
limited to highly heterozygous samples. A remaining bottle-
neck to full assembly of RH, HLA, and similar genes is high
accuracy reads long enough to bridge large assembly gaps
in all populations. While other sequencing platforms such
as Oxford Nanopore Technologies (ONT) long or ultra-long
reads have been shown to generate raw reads that are tens
of kilobases to megabases in length, the accuracy of the raw
reads are on average 87% to 98% and can be as low as
69%.%*1*2 The average lengths of the consensus sequences
are also ~2 kb,**** though the accuracy of the consensus se-
quences from ONT is 97% to 98%.**® One goal of future
studies is to develop new strategies to incorporate DNA
enrichment protocols with more advanced sequencing tech-
nologies, such as next-generation PacBio HiFi sequencing.

While short-read NGS technologies have led to a dra-
matic reduction in sequencing cost, more advanced
sequencing technology and increased average read length
is required for the comprehensive assembly of duplicated
gene families such as RH. Long-read technologies can
enable improved resolution for more distant nucleotide
variations, which can be crucial for diagnostic purposes,
especially for compound heterozygosity, which is a
commonly observed phenomenon underlying recessive
Mendelian disorders. Combined with customized bio-
informatic tools such as PAClindrome, improved long-
read NGS technology may allow individual fully phased
de novo assembled genomes in the near future.

Data code and availability

Documentation and custom code of bioinformatics analysis
are available at GitHub (https://github.com/zhezhangsh/
PAClindrome). Raw sequencing data are archived at the SRA data-
base (Bioproject ID PRINA775954).
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Supplemental information can be found online at https://doi.org/
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Figure 5. Fusion sites and breakpoints of known major structural RH variations

(A) RHD deletion caused by Rhesus box fusion. Nucleotides specific to 5’ or 3’ Rhesus boxes are shown in orange and purple type, respec-
tively. Conventional and alternative fusion sites are shaded yellow for each hybrid box found in samples here.

(B-D) Translocation of RHD exon 2 to RHCE with a 109-base insertion (B), translocation of RHCE exon 4-7 into RHD (C), and translo-
cation of RHD exon 9 to RHCE (D). RHD and RHCE reference sequence and genomic positions on GRCh38 are shown at the top of each
panel, and the sequences of study subjects are shown below. Nucleotides shared by both RHD and RHCE are shown in black type, nu-
cleotides that do not resemble either RHD or RHCE are shown in green type, and nucleotides specific to RHD or RHCE are shown in red
and blue type, respectively. Regions containing 5’ and 3’ translocation breakpoints are shaded green. Exonic SNPs are shaded gray.
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