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Abstract

The use of pharmacogenomics in clinical practice is becoming standard of care. However, 
due to the complex genetic makeup of pharmacogenes, not all genetic variation is currently 
accounted for. Here, we show the utility of long-read sequencing to resolve complex 
pharmacogenes by analyzing a well-characterised sample. This data consists of long reads 
that were processed to resolve phased haploblocks. 73% of pharmacogenes were fully 
covered in one phased haploblock, including 9/15 genes that are 100% complex. Variant 
calling accuracy in the pharmacogenes was high, with 99.8% recall and 100% precision 
for SNVs and 98.7% precision and 98.0% recall for Indels. For the majority of gene-drug 
interactions in the DPWG and CPIC guidelines, the associated genes could be fully resolved 
(62% and 63% respectively). Together, these findings suggest that long-read sequencing 
data offers promising opportunities in elucidating complex pharmacogenes and haplotype 
phasing while maintaining accurate variant calling. 
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Introduction

Pharmacogenomics (PGx) is crucial for individualizing drug dosages and thereby 
improving drug therapy outcomes [1,2]. PGx relies on inferred phenotypes based on 
known variants in pharmacogenes. Nonetheless, not all genetic variability in drug response 
and enzyme activity can be explained by routine PGx genetic assays [3,4], due to several 
factors. Firstly, current genotyping assays are unable to fully resolve the genetic makeup 
of all genes involved in drug response [5-7]. Secondly, the mechanism of action of a drug 
and/or its metabolic pathway is not always fully understood [4,8]. It is essential to be 
able to explain all genetic components driving variable drug response in order to assess 
what part of variability is genetic and what part can be explained by other factors. This 
is, however, challenged as the majority of pharmacogenes are at least in part located in 
complex genomic regions or contain variants like tandem-repeats and pseudogene hybrid 
conformations [9]. Currently applied genotyping technologies are based either on SNV 
(Single Nucleotide Variant) microarrays or short-read sequencing [10,11]. Both approaches 
are limited in characterizing these complex regions [12-15], as they fail to adequately and 
reliably resolve highly homologous regions and identify PGx variants [7,16,17]. Moreover, 
with haplotype phasing it could be determined if variants are located on the same allele or 
if they are on different alleles, potentially leading to differences in phenotype assignment. 
Currently, PGx diplotypes are phased based on linkage disequilibrium. While this results in 
accurate haplotypes on a population scale it does not always result in accurate assumptions 
on an individual level. The impact of these challenges in clinical practice is high [5]. For 
example, the complex gene CYP2D6, is involved in the metabolism of 20–30% of commonly 
prescribed drugs [18] and cannot be fully characterized by short-read sequencing.  

In recent years the long-read sequencing technologies from Oxford Nanopore and 
PacBio have shown to be capable of characterizing complex (pharmaco)genomic regions 
[19-21]. For these regions, long and high-quality reads significantly improve variant calling 
precision and allow for resolution of fully phased diplotypes. 

The value of long-read sequencing for disease diagnostic purposes has previously 
been illustrated [7,16,22-26]. PacBio sequencing has been shown capable of characterising 
CYP2D6, by covering the entire gene locus in one high-quality long read [7,16,26-29]. 
More recently, long-read sequencing has also been applied for the HLA genes in relation to 
PGx [29, 30]. Additionally, its application has been used in numerous challenging clinical 
diagnostic research assays such as long tandem repeat in FMR1 gene linked to Fragile 
X syndrome [22] and in resolving the PKD1 gene to detect mutations associated with 
polycystic kidney disease [23]. Finally, long-read sequencing facilitates haplotype phasing 
without the need for computational approaches and/or pedigree information. This can be 
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of crucial importance in PGx leading to more accurate phenotype predictions [15]. The 
combination of PGx complexity and haplotype phasing indicates that long-read sequencing 
has the potential to substantially improve our ability to correctly predict drug metabolizer 
phenotypes. In this proof-of-concept paper, we assess the potential of long-read PacBio 
sequencing to resolve complex PGx regions by using available sequencing data of the well-
characterised Genome in a Bottle (GIAB) reference sample HG002.  

Results

Data description

Previously published sequencing data of the well-characterized HG002 GIAB sample 
were obtained [19]. This data consists of 6,728,123 reads with a median length of 13.4kb, 
covering 97.5% of the genome (Figure 4.1) with an average mapped coverage of 28-fold. 
Approximately 5 million genetic variants were detected using GATK (Genome Analysis 
Toolkit) HaplotypeCaller [31] and DeepVariant [32].  
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Figure 4.1: Read length distribution
Distribution of read length of genome in a bottle sample HG002 after sequencing on Pacific Bioscience 
sequel platform and construction of circular consensus sequence.

High precision and recall in variant calling

For the 100 selected pharmacogenes, precision and recall compared to the benchmark 
truth set GIAB v3.3 was determined. For SNVs, GATK HaplotypeCaller and DeepVariant 
achieved similar precision and recall above 99.8% (Table 4.1). However, the DeepVariant 
caller achieved a much better performance in detecting indels (>98%) compared to GATK 
(precision: 94.5% and recall: 86.1%). When comparing to the genome wide results reported 
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by Wenger et al., the precision and recall in detecting variants in the pharmacogenes are 
superior [19]. When stratifying results on complex regions (Supplementary Table S4.2), 
accuracy remained high, with recall and precision >95% for all regions for both indels and 
SNVs. For the GATK caller, the accuracies were lower (85–100% compared to 97–100% 
for DeepVariant caller). The drop in accuracy could be attributed to lower performance 
for tandem repeats and homopolymers (Supplementary Table S4.2 and Supplementary 
Figure S4.1).

Table 4.1: Variant calling performance for pharmacogenes
Measured against the Genome in a Bottle benchmark v.3.3.2. using both GATK variant caller and 
DeepVariant. 

Variant caller

SNVs Indels

Precision (%) Recall (%) F1 (%) Precision (%) Recall(%) F1 (%)

GATK haplotype caller 99.88 99.96 99.92 94.47 86.12 90.10

DeepVariant (CCS model) 99.84 100.0 99.92 98.74 98.00 98.37

SNV: Single nucleotide variant, Indels: insertions and deletions, GATK: genomic analysis toolkit, CCS: circular 
consensus sequence.

To assess the accuracy of SV calling in pharmacogenes, SV calls were compared 
with the SV benchmark set for all SVs over 50bp. However, the high confidence GIAB 
regions did not cover all 100 genes. 46 genes were excluded, 12 genes were partially and 42 
were fully overlapping with the GIAB curated data (Supplementary Table S4.3). In total, 
22 SVs (>50bp) were identified in the 54 pharmacogenes compared to 23 catalogued in 
the benchmark set (Supplementary Table S4.4). Two calls were regarded as false negative 
and one call as false positive. Together, assessing the performance of detecting SVs in PGx 
regions resulted in recall of 91.3% and precision of 94.5%. The high recall and precision 
in pharmacogenes suggest that there is no loss of accuracy with the use of long-read 
sequencing data compared to current benchmarks, whilst improving the detection of 
complex genetic variants.

Haplotype phasing and haploblocks

Using WhatsHap [33,34], reads were phased and resolved into haploblocks based on 
all identified variants. Each haploblock describes one stretch of fully phased sequence 
allowing for a complete characterisation of that region, representing a maternal or paternal 
allele. Notably, 71.2% of the genome could be phased into 16,193 haploblocks with a total 
haploblock length of 2.3 billion base pairs and a median haploblock size of 40,302bp 
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Figure 4.2: Haploblock resolution of GENCODE features
A: haploblock length distribution stratified by Gencode features and intergenic regions, overlap with 
pharmacogenes is highlighted in red. B: For each protein coding feature the percentage that were resolved 
into haploblocks compared to the feature length. The red line reflects the mean read length. The majority 
of haploblocks are larger than the mean read length, indicating that not read length but the number of 
heterozygous variants is decisive for the length of a haploblock.
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(range: 1–2.9 million bp). A clear distinction in haploblock size was observed between 
intergenic regions (median of 14,960bp) and Gencode features (median of 56,743bp), 
Figure 4.2A. The vast majority of Gencode features was fully phased into haploblocks 
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(Supplementary Figure S4.2 and S4.3). In particular, 71% of all protein coding features 
could be completely phased (≥90%) and an additional 22% were partially phased while 7% 
remained unresolved (≤10% phased). Similar patterns were observed for other Gencode 
features (Supplementary Figure S4.2 and S4.3). Read length does not seem to be the main 
limiting factor in resolving haplotypes as the percentage of a feature covered in haploblocks 
is independent of feature length (Figure 4.2B). Additionally, the majority of haploblocks 
(57.7%) exceed the median read length, indicating that not read length but the number 
of heterozygous variants and number of reads aligned to a given genomic region are the 
limiting factors in haploblock construction. 

Pharmacogenes

For each of the 100 selected pharmacogenes the portion of the genes located in a complex 
region was determined – with complex defined as genomic regions that overlap with 
segmental duplications (SD) or repeats. In total, 15 pharmacogenes were classified as 
100% complex whereas eight pharmacogenes did not show any overlap with SDs or repeats 
(Figure 4.3A). 

For each of the 100 loci, almost all variants could be accurately called (precision 
and recall >99.8%). Subsequent phasing resulted in haploblocks with a median length 
of 140,473bp, resulting in the majority (73/100) of the features being fully phased into 
haploblocks (Figure 4.3A). Most significantly, of the 15 pharmacogenes classified as fully 
complex, 9 could be fully phased, 4 for at least 60% and the last two could not be phased. 
Of the notoriously complex HLA-genes, 35 out of 37 were fully resolved, the remaining 
two (HLA-DRB5 and HLA-DRB1) were resolved for 6.4% and 67.1%, respectively. 

Nonetheless, several important pharmacogenes could only be partially phased into 
haploblocks. For example, G6PD, DPYD and CYP2C19 were resolved for 0%, 55% and 
34%, respectively. As G6PD is located on the X chromosome and the individual sequenced 
is male, it is not possible to phase the locus into two alleles resulting in 0% of the locus 
being covered in phased haploblocks. For DPYD the cause lies in a combination of long 
gene length (~900,000bp) and a low number of variants leading to large stretches without 
heterozygous variants resulting in broken haploblocks (Supplementary Figure S4.4). For 
CYP2C19, there is a large portion in the center of the gene which is homozygous for all 
variants. More specifically, in the entire CYP2C19 locus there are 52 variants of which 33 are 
homozygous, resulting in fragmented phased blocks (Supplementary Figure S4.4). Yet, as all 
regions have been sequenced, it is still possible to assign haplotypes and phenotypes using the 
current Dutch Pharmacogenetics Working Group (DPWG) and Clinical Pharmacogenetics 
Implementation Consortium (CPIC) guidelines and phasing assumptions.
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To assess the clinical utility, diplotypes and phenotypes were assigned based on 
the variant panel from the Ubiquitous pharmacogenomics (U-PGx) consortium and 
a previously developed pipeline [15]. A total of 1,418 variants were identified in 10 
key pharmacogenes included in the panel, from which, 38 variants were considered 
in the phenotyping panel (Supplementary Table S4.5). Clinically relevant variants in 
the CYP3A5, CYP2D6 and VKORC1 genes were identified. For CYP3A5, the rs776746 
(g.99672916C>T) variant was found on both alleles resulting in a CYP3A5*3/*3 genotype 
and a Poor Metabolizer phenotype. For CYP3A5 a PM status is regarded as not actionable 
due to this being the most common phenotype in Caucasians. For CYP2D6 and VKORC1 
the inferred phenotype was divergent from the wildtype. In the CYP2D6 locus, both the 
rs3892097 (g.42128945C>T) and the rs1065852 (g.42130692G>A) variant were found to be 
heterozygous. With phasing, it was determined that the variants were located on the same 
allele resulting in a CYP2D6*1/*4 diplotype and inferred CYP2D6 intermediate metabolizer 
(IM) phenotype. Moreover, given the presence of the non-functional CYP2D7 pseudogene 
which shares >90% of its sequence with CYP2D6, it is of importance to exclude any 
interference of CYP2D7 reads to accurately determine CYP2D6 haplotypes [5]. The reads 
were sufficiently long to allow for a clear distinction between CYP2D6 and CYP2D7 without 
any ambiguously mapped reads (Supplementary Figure S4.4). The same was observed for 
CYP2B6 and its pseudogene CYP2B7P and for the CYP3A locus of which all genes share 
high sequence homology (Supplementary Figure S4.4). For VKORC1, a homozygous 
variant (NC_000016.10:g.31093557G>A) was identified, leading to the 1173TT genotype 
resulting in a decreased activity (Supplementary Figure S4.4). Overall, these results indicate 
that, according to publicly available consensus guidelines, this individual requires dose 
adjustments for drugs that are a substrate to CYP2D6 and VKORC1. 

Clinical relevance

15 genes included in this study are represented in the CPIC and/or DPWG guidelines, 
resulting in a total of 56 and 67 gene-drug interactions for the DPWG and CPIC guidelines 
respectively (Figure 4.3, Supplementary Table S4.6). Of these genes 10 (66.7%) were 
completely resolved in phased haploblocks. The genes which were fully resolved are involved 
in 35 of the gene-drug interactions in DPWG and for 35 gene-drug interactions in CPIC. 
For the remaining genes, variants could still be accurately identified, allowing for haplotype 
assignments according to current clinical practice which uses non-phased genetic data.
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Discussion

In this proof-of-concept study, we have shown that long-read sequencing yields high quality 
variant calls in all selected pharmacogenes. Compared to the genome-wide analysis [19], 
results for PGx genes are superior with regards to variant calling accuracy and resolution 
of larger phased haploblocks. Additionally, the majority of the selected pharmacogenes 
could be fully resolved in phased haploblocks. 

Based on variant calling alone, long-read whole genome data can be used for routine 
PGx similar to the way NGS is used [15,35,36]. Moreover, long-read sequencing offers 
the benefit of resolving paternal and maternal alleles. Given the polymorphic nature 
of pharmacogenes the likelihood of one individual carrying multiple variants in one 
pharmacogene is extremely high [19,37], increasing the importance of haplotype phasing. 
Additionally, this high abundance of variants resulted in significantly larger haploblocks 
for the pharmacogenes compared to Gencode features.

Long read sequencing is comparable to short-read sequencing in regards to SNV detection 
and performs better in regards to haplotype phasing and complex SVs [19]. Haplotype 
phasing can potentially make the difference between an inferred intermediate metabolizer 
phenotype (two truncating variants on the same allele) and a poor metabolizer phenotype 
(two truncating variants on different alleles). Current PGx haplotyping strategies utilize 
computational phasing, leading to accurate phasing on a population scale but not always 
on an individual level. As drug adjustments are made on an individual level, accuracy in 
regards to phasing for one individual is crucial [38]. Here we have shown that long-read 
sequencing enables the majority of pharmacogenes to be fully phased into haploblocks 
without the need for pedigree data or for computational phasing. 

Long read sequencing also offers a full characterization of every variant in the 
selected PGx loci, including structural and rare variants, as indicated by the high precision 
and recall for SNVs, Indels and SVs. For example, the median read length (13.4kbp) is 
approximately three times larger than the size of the CYP2D6 locus (4.4kbp), which allows 
for full characterization of the locus and potential CNVs. The large difference between 
DeepVariant and GATK for Indels can be explained by the use of long-read PacBio CCS 
data for the training of the DeepVariant caller. GATK was designed with the error mode 
of short read sequencing as a basis, with approximately 100 times more substitutions then 
indels. DeepVariant on the other hand has learned the error mode from the PacBio HiFi 
training data, which has a ratio of 30 times more indels compared to substitutions. [19,32]. 
Specifically, Indels and tandem repeat identification is significantly improved with the use of 
long reads and DeepVariant [19,25]. This difference highlights once more the added benefit 
of long-reads over short read sequencing in regard to the identification of complex variants. 
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For the studied individual, 1,418 SNVs were identified in the selected clinical PGx 
loci (10 genes) of which 94% were fully phased, indicating a high abundance of variants 
in the pharmacogenes. Moreover, the phased nature of this data can help improve our 
understanding of haplotypes and variant combinations. Thus, long-read sequencing 
technologies have the potential of transforming our knowledge of genetic factors that play 
a role in variable drug response.

Prior to implementation of long-read sequencing into clinical practice, tools to assist the 
interpretation are needed. Several groups have made efforts to develop such translational 
tools for PGx [39-41]. However, there are still limitations to these tools. Firstly, they 
often cover the entire range of known variants and their associated haplotypes. However, 
not for every *-haplotype the clinical impact is known, therefore this will occasionally 
result in haplotype of which the effect is unknown making it difficult to implement in 
clinical practice [35]. Secondly, the tools do not always provide the same result for the 
same individual [35], indicating that the assumptions on which these tools are based are 
not comparable. To only include clinically relevant *-haplotypes in our analysis, we have 
limited our analysis of the clinical utility to the panel of variants defined by the U-PGx 
consortium. It should be noted, however, that this does lead to the exclusion of the majority 
of variants in all PGx loci, due to the fact that there is not yet sufficient knowledge about 
the function of these variants. 

To illustrate the impact of long reads on clinical PGx we have assessed the sequencing 
results in the context of the DPWG and CPIC guidelines. Based on the genetic variants 
observed in the studied individual, the guidelines recommended drug or dose adjustment 
for 22 drugs. Of all gene-drug interactions in the guidelines (53 for DPWG and 54 for CPIC), 
the vast majority (35 for both) was associated with a (partial) complex gene which could 
be fully resolved in a haploblock. As we have shown in this study, long-read sequencing 
is capable of resolving these complexities and constructing large haploblocks, allowing 
for more accurate haplotype calling. SNV panels and short-read sequencing, on the other 
hand, are capable of accurate variant identification but are limited in their ability to solve 
all complexities and in regard to haplotype phasing.

Nonetheless, it should be mentioned that not all pharmacogenes could be fully resolved. 
The key reason for this was the absence of heterozygous variants to allow for haploblock 
construction. This, in turn, leads to broken haploblocks and pharmacogenes which cannot 
be fully resolved. For the individual we studied this effect was apparent for CYP2C19 and 
DPYD in particular. However, variant identification was still possible in the entire gene 
locus allowing for non-phased haplotype assignments. For these genes which could not 
be fully resolved, conventional haplotype approaches based on non-phased sequencing 
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data can still be applied resulting in haplotype and phenotype predictions in line with 
current clinical practice.  Moreover, for DPYD three of the four clinically relevant variants 
were still phased, two of which in the same haploblock. Indicating that a lack of complete 
phasing does not mean that none of the relevant variants can be phased. As the coverage 
was sufficient in all pharmacogenes, this lack of phasing is caused by the individuals 
genetic make-up, being a lack of heterozygous variants in this region, and not by the 
sequencing in itself, this is not easily resolved. For another individual the same problem of 
broken haploblocks might be observed in other genes depending on their genetics. While 
long-read sequencing for clinical pharmacogenomics seems promising, the costs and 
turn-around time associated with it are currently too high for potential high throughput 
PGx diagnostics [42]. Currently, this makes long-read sequencing not compatible with the 
quick SNV-arrays used in clinical PGx. However, sequencing costs are quickly decreasing. 
Moreover, pre-emptive genotyping becomes more popular which makes the longer turn-
around time no longer an issue.

In this study, genetic data from a high qualityhigh-quality DNA sample was used. 
In clinical practice, high quality might not always be guaranteed. Nonetheless, previous 
applications of long-read sequencing in a clinical setting or with the use of clinically 
obtained DNA have resulted in good quality results [22-26]. Moreover, since 2020 a PacBio 
ultra-low DNA input workflow requiring only 5ng of DNA has been available [43]. It is 
therefore expected,expected that high quality sequencing results can be obtained with 
routinely collected clinical samples.

The accuracy and value of long-read sequencing has previously been investigated in 
whole genome data, which might make a targeted approach as we have presented here seem 
unnecessary [19]. However, it is well-established that the complexity of pharmacogenomic 
regions of the genome compromises the current assays in resolving their genetic makeup 
and thereby limiting the reliability and completeness of the phenotyping assays. The 
difference in genetic makeup of pharmacogenes compared to the general protein-coding 
genes makes the direct extrapolation from whole genome results unreliable. Most 
importantly, they contain more variants that together influence the drug response [19, 
36, 43]. This high number of polymorphisms leads to the hypothesis that pharmacogenes 
can more easily be phased due to the higher abundance of heterozygous variants, as was 
confirmed in our study. Indeed, accuracy in the pharmacogenes was higher than that in 
other genes whereas short reads have a much lower accuracy in detecting genetic variants 
in these complex regions. The ability of long-read sequencing to resolve pharmacogenes 
was shown previously in targeted sequencing studies [7, 16, 26-30]. However, this study 
aimed at providing a comprehensive overview of the utility of long-read sequencing in 
resolving complex pharmacogenes and to inform on regions that remain challenging.  
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This study was limited to high quality data from a single subject and serves as 
a proof-of-concept for the application of long-read sequencing in PGx. Despite this 
limitation we feel that this is sufficient to serve as a proof-of-concept study investigating 
the potential of long-read sequencing for PGx. Based on these data regarding the variant 
calling accuracy and ability to resolve complex pharmacogene into phased haploblocks, we 
conclude that long-read sequencing data offers great opportunities to elucidate complex 
PGx loci and haplotype phasing while maintaining accurate variant calling in the selected 
pharmacogenes.

Methods

Data description

Publicly available long-read sequencing results of GIAB sample HG002 was sequenced with 
PacBio sequencing and analysed with the use of CCS (Circular Consensus Sequencing) 
reads, were obtained [19]. A GIAB sample was selected as these are extremely well 
characterised with benchmark results available [44]. CCS reads were generated using CCS 
software v.3.0.0 [19]. The obtained HiFi reads were aligned to GRCh38 reference genome 
using NGMLR aligner v0.2.7. Genetic variants were identified using GATK HaplotypeCaller 
(v.4.0.6.0) and DeepVariant (v.0.7.1). A set of 64 pharmacogenes that were previously 
described by Lauschke et al. [9] along with notoriously complex HLA-genes were selected 
for the PGx analysis (Supplementary Table S4.1).  

Haploblock constructing 

Variants called by GATK were phased using WhatsHap [34] to obtain phased SNV and Indel 
variants. From the phased reads, haploblocks were constructed and stored in GTF and BED 
files. Each haploblock was constructed by matching phased reads based on the variants 
they contain in order to increase the length of the sequence which can be resolved. One 
haploblock represents one stretch of unbroken sequence based on overlapping phased reads 
and stops when a region in the genome is covered only by reads without any variants, there 
is no longer a difference in variants between the two alleles or if the region lacks coverage. 

Subsequently, all loci were categorised into one of three features: Gencode features 
(v28), PGx genes and intergenic features. Where a feature is defined as an annotated 
genomic region such as protein-coding genes, segmental duplicated regions, pseudogenes, 
etc. Gencode reference annotation for genetic features in the human genome (release 28) 
was used to investigate haploblock resolution of important loci such as protein coding 
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genes. The Gencode project aims to classify and identify all gene features in human 
genomes including all annotations [45]. For each autosomal Gencode and PGx feature, the 
percentage of the feature that is covered in a haploblock is calculated (number of basepairs 
in haploblocks/total feature length). Regions with ≥90% haploblock coverage are classified 
as fully phased, whereas regions with no overlapping haploblocks remain unphased. All 
other regions are marked as partially phased. 

Segmental duplications (SD) and repeat tracks are obtained from UCSC (University 
of California Santa Cruz) Genome Browser. Bedtools was used to identify overlapping 
regions between all tracks and annotations files discussed. For each locus, the percentage 
of segments overlapping with SDs or repeats is defined as ‘complex’. 

Clinical relevance

A previously developed pipeline was employed to assign haplotypes and phenotypes to 
clinically relevant pharmacogenes based on the DPWG guidelines [15]. The selected genes 
were based on the U-PGx consortium’s panel and consisted of 10 key pharmacogenes and 
38 variants. The pipeline, which was originally designed for NGS data, did not include the 
UGT1A1 and HLA-B genes which are present in the U-PGx consortium panel due to their 
complexities [15]. All genotypes are assessed based on their presence in the guidelines 
and on the number of drugs with an actionable advice, where actionable is defined as “a 
gene-drug interaction requiring a drug switch, dose adjustment or intensive monitoring”. 
For all pharmacogenes mentioned in the CPIC and DPWG guidelines, the number of 
gene-drug interactions are calculated.

Recall and precision

To assess the accuracy of detecting different types of genetic variants in PGx genes, variant 
calling results were compared to the benchmark results from GIAB v.3.3.2 HG002 using 
the hap.py pipeline [46]. For SNVs and Indels, the benchmark v3.3. sequence is based on 
short-read sequencing [47]. Both the GATK variant caller (v.4.0.6.0) and DeepVariant 
(v.0.7.1) with the PacBio model were used to identify genetic variants. To assess recall 
and precision in complex regions, results were stratified using the stratifications from 
GIAB (https://github.com/genome-in-a-bottle/genome-stratifications). Additionally, 
benchmarking results in GC-rich regions, homopolymers, tandem repeats, segmental 
duplications and UCSC repeat tracks were included in the analysis. 

To assess the accuracy of SV calling in PGx genes, publicly available SV calls obtained 
with pbsv were downloaded from https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/
giab/data/AshkenazimTrio/analysis/PacBio_pbsv_05212019/ and compared to the GIAB 
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benchmark using truvari as previously described (https://github.com/PacificBiosciences/
sv-benchmark) [19]. GIAB high confidence regions and SV callset were obtained from 
ftp://ftp-trace.ncbi.nlm.nih.gov/giab/ftp/data/AshkenazimTrio/analysis/ NIST_SVs_
Integration_v0.6/. Since GIAB curation for SV is based on hg19, the genes were converted 
to the hg19 genome using the liftOver tool from UCSC. Bedtools was used to overlap 
pharmacogenes to high-confident regions from GIAB. The SV benchmark set only includes 
SV with a size larger than 50bp, therefore the SV analysis is limited to SVs >50bp. 

Code availability

The code developed to generate the results in this study is available upon request.
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Supplementary material

Supplementary Table S4.1: Selected pharmacogenes
100 pharmacogenes were selected based on their complexity. Genes were extracted from Lauschke et al. in 
addition to the notoriously complex HLA-genes.

ABCB1 CYP4F2 HLA-DQB3 NAT1
ABCC2 DPYD HLA-DRA NAT2
ABCG2 DRD2 HLA-DRB1 NQO1
ACE EGFR HLA-DRB5 NR1I2
ADH1A F5 HLA-DRB6 P2RY1
ADH1B G6PD HLA-DRB9 P2RY12
ADH1C GSTM1 HLA-E PTGS2
ADRB1 GSTP1 HLA-F RYR1
ADRB2 GSTT2 HLA-G SCN5A
AHR HLA-A HLA-H SLC15A2
ALDH1A1 HLA-B HLA-J SLC19A1
ALOX5 HLA-C HLA-K SLC22A1
CFTR HLA-DMA HLA-L SLC22A2
COMT HLA-DMB HLA-N SLC22A6
CYP1A1 HLA-DOA HLA-P SLCO1B1
CYP1A2 HLA-DOB HLA-S SLCO1B3
CYP2A6 HLA-DPA1 HLA-T SULT1A1
CYP2B6 HLA-DPA2 HLA-U TPMT
CYP2C19 HLA-DPA3 HLA-V TYMS
CYP2C8 HLA-DPB1 HLA-W UGT1A1
CYP2C9 HLA-DPB2 HLA-Z UGT2B15
CYP2D6 HLA-DQA1 HMGCR UGT2B17
CYP2E1 HLA-DQA2 KCNH2 UGT2B7
CYP3A4 HLA-DQB1 KCNJ11 VDR
CYP3A5 HLA-DQB2 MTHFR VKORC1
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4

Supplementary Table S4.3: Overlap between the high confidence GIAB data (HG002_SVs_Tier1_
v0.6.bed) and the PGx genes

Chromosome Start End Gene
Bases 
overlap Gene size

Percentage 
of the gene 
covered

1 11845780 11866977 MTHFR 21197 21197 100%
1 169483404 169555826 F5 72422 72422 100%
1 186640923 186649559 PTGS2 8636 8636 100%
10 115803815 115806667 ADRB1 2852 2852 100%
10 96522438 96612962 CYP2C19 90524 90524 100%
10 96698415 96749148 CYP2C9 50733 50733 100%
11 113280337 113346413 DRD2 66076 66076 100%
11 17407406 17410878 KCNJ11 3472 3472 100%
11 67351066 67354127 GSTP1 3061 3061 100%
12 21284136 21392180 SLCO1B1 108044 108044 100%
12 48235320 48336831 VDR 101511 101511 100%
15 75011883 75017951 CYP1A1 6068 6068 100%
15 75041185 75048543 CYP1A2 7358 7358 100%
16 31102163 31107301 VKORC1 5138 5138 100%
16 69740899 69760854 NQO1 19955 19955 100%
17 61554422 61575741 ACE 21319 21319 100%
2 234668894 234681945 UGT1A1 13051 13051 100%
3 119499331 119537332 NR1I2 38001 38001 100%
3 151055168 151102600 P2RY12 47432 47432 100%
3 152552482 152559228 P2RY1 6746 6746 100%
4 100257649 100274184 ADH1C 16535 16535 100%
5 148204808 148208250 ADRB2 3442 3442 100%
5 74632154 74657929 HMGCR 25775 25775 100%
6 160542821 160579750 SLC22A1 36929 36929 100%
6 160592093 160698670 SLC22A2 106577 106577 100%
7 150642049 150675403 KCNH2 33354 33354 100%
7 99245817 99277649 CYP3A5 31832 31832 100%
8 18248755 18258728 NAT2 9973 9973 100%
X 153759606 153775787 G6PD 16181 16181 100%
7 117105838 117356025 CFTR 249986 250187 100%
9 75515578 75695358 ALDH1A1 179579 179780 100%
19 38924339 39078204 RYR1 153634 153865 100%
6 18128542 18155305 TPMT 26711 26763 100%
12 20963636 21069845 SLCO1B3 105985 106209 100%
7 16955983 17385776 AHR 428614 429793 100%
8 18027986 18081198 NAT1 52990 53212 100%
3 121612936 121662949 SLC15A2 49784 50013 100%
10 96796529 96829254 CYP2C8 32524 32725 99%
7 55086714 55279321 EGFR 191343 192607 99%
22 19929130 19957498 COMT 28167 28368 99%
4 89011416 89152474 ABCG2 139895 141058 99%

Supplementary Table S4.3 continues on next page.
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Supplementary Table S4.3: Continued

Chromosome Start End Gene
Bases 
overlap Gene size

Percentage 
of the gene 
covered

4 100226121 100273917 ADH1B 47334 47796 99%
7 87132949 87342639 ABCB1 207256 209690 99%
3 38589548 38691164 SCN5A 100282 101616 99%
10 45869624 45941567 ALOX5 70966 71943 99%
19 15988833 16008930 CYP4F2 19771 20097 98%
10 135333910 135374724 CYP2E1 40071 40814 98%
1 97543299 98460556 DPYD 888797 917257 97%
11 62703857 62752455 SLC22A6 46428 48598 96%
10 101542489 101611949 ABCC2 64818 69460 93%
18 657604 673578 TYMS 13668 15974 86%
21 46913486 46964325 SLC19A1 37489 50839 74%
4 69917081 69978705 UGT2B7 37733 61624 61%
4 100197524 100212185 ADH1A 5425 14661 37%
1 110230436 110251661 GSTM1 0 21225 0%
16 28616517 28634946 SULT1A1 0 18429 0%
19 41349443 41356352 CYP2A6 0 6909 0%
19 41497155 41524303 CYP2B6 0 27148 0%
22 24322249 24326106 GSTT2 0 3857 0%
22 42522501 42526908 CYP2D6 0 4407 0%
4 69402902 69434245 UGT2B17 0 31343 0%
4 69512348 69536346 UGT2B15 0 23998 0%
6 29690552 29706305 HLA-F 0 15753 0%
6 29758731 29765588 HLA-V 0 6857 0%
6 29768192 29770202 HLA-P 0 2010 0%
6 29794744 29798902 HLA-G 0 4158 0%
6 29855529 29858259 HLA-H 0 2730 0%
6 29864431 29865563 HLA-T 0 1132 0%
6 29894236 29897009 HLA-K 0 2773 0%
6 29901878 29902063 HLA-U 0 185 0%
6 29909037 29913661 HLA-A 0 4624 0%
6 29924373 29926347 HLA-W 0 1974 0%
6 29973748 29977733 HLA-J 0 3985 0%
6 30227361 30260791 HLA-L 0 33430 0%
6 30319193 30319327 HLA-N 0 134 0%
6 30457244 30461982 HLA-E 0 4738 0%
6 31236526 31239907 HLA-C 0 3381 0%
6 31237268 31324965 HLA-B 0 87697 0%
6 31349851 31350065 HLA-S 0 214 0%
6 32407619 32412823 HLA-DRA 0 5204 0%
6 32427598 32441277 HLA-DRB9 0 13679 0%
6 32485120 32498064 HLA-DRB5 0 12944 0%
6 32520490 32527799 HLA-DRB6 0 7309 0%

Supplementary Table S4.3 continues on next page.
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Supplementary Table S4.3: Continued

Chromosome Start End Gene
Bases 
overlap Gene size

Percentage 
of the gene 
covered

6 32546546 32557625 HLA-DRB1 0 11079 0%
6 32595956 32614839 HLA-DQA1 0 18883 0%
6 32627244 32636160 HLA-DQB1 0 8916 0%
6 32698535 32699472 HLA-DQB3 0 937 0%
6 32709119 32714992 HLA-DQA2 0 5873 0%
6 32723875 32731311 HLA-DQB2 0 7436 0%
6 32780540 32784825 HLA-DOB 0 4285 0%
6 32864193 32864267 HLA-Z 0 74 0%
6 32902406 32908847 HLA-DMB 0 6441 0%
6 32916390 32936871 HLA-DMA 0 20481 0%
6 32971955 32977389 HLA-DOA 0 5434 0%
6 33032346 33048552 HLA-DPA1 0 16206 0%
6 33043703 33054978 HLA-DPB1 0 11275 0%
6 33059530 33065072 HLA-DPA2 0 5542 0%
6 33080228 33096861 HLA-DPB2 0 16633 0%
6 33098993 33111102 HLA-DPA3 0 12109 0%
7 99354583 99381888 CYP3A4 0 27305 0%
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Supplementary Table S4.4: Structural variants identified in the pharmacogenes

Benchmark 
agreement Chromosome 

Position 
(GRCh37) Gene ID Type Length

True positive 1 97717628 DPYD pbsv.INS.1687 INS 329
1 169523397 F5 pbsv.INS.2409 INS 96
3 151086421 P2RY12 pbsv.DEL.9734 DEL 65
4 69959841 UGT2B7 pbsv.DEL.11945 DEL 324
4 89037668 ABCG2 pbsv.DEL.12237 DEL 336
6 160546587 SLC22A1 pbsv.INS.19451 INS 82
6 160640128 SLC22A2 pbsv.INS.19452 INS 3402
6 160656527 SCL22A2 pbsv.INS.19453 INS 351
7 17094700 AHR pbsv.INS.20366 INS 485
7 99273261 CYP3A5 pbsv.INS.21674 INS 185
9 75542969 ALDH1A1 pbsv.INS.26157 INS 349
9 75669517 ALDH1A1 pbsv.DEL.26148 DEL 279
10 96809614 CYP2C8 pbsv.DEL.29091 DEL 89
10 101587737 ABCC2 pbsv.INS.29155 INS 218
12 48334643 VDR pbsv.INS.33113 INS 391
19 15993273 CYP4F2 pbsv.DEL.44752 DEL 118
19 39032094 RYR1 pbsv.INS.45199 INS 135
19 39037384 RYR1 pbsv.INS.45200 INS 914
19 39044965 RYR1 pbsv.INS.45201 INS 889
21 46951123 SLC19A1 pbsv.INS.47966 INS 660
22 19947322 COMT pbsv.DEL.48142 DEL 67

False positive 19 39031163 RYR1 pbsv.DEL.45187 DEL 58

False negative 3 38626083 SCN5A HG2_PB_pbsv_3189 INS 6312
4 89092659 ABCG2 HG4_PB_HySA_7022 INS 4779
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Supplementary Table S4.6: Complexity and haploblocks of studied genes included in the CPIC and 
DPWG guidelines
Actionable is here defined as, a guideline which recommends a dose change or drug switch.

Gene
Percentage 
complex (%)

Percentage 
resolved in 
haploblocks (%)

Number of actionable 
drugs in DPWG 

Number of 
actionable drugs 
in CPIC

CFTR 42.2 92.5 - 1
COMT 51.2 92.8 0 -
CYP1A2 33.6 100.0 0 -
CYP2B6 100.0 100.0 1 1
CYP2C19 83.6 33.8 10 15
CYP2C9 72.0 38.8 2 10
CYP2D6 100.0 100.0 21 14
CYP3A4 100.0 92.6 0 -
CYP3A5 49.4 66.6 1 1
CYP4F2 51.4 100.0 - 1
DPYD 40.0 55.2 4 2
F5 41.9 100.0 1 -
G6PD 36.4 0.0 - 1
HLA-A 100.0 100.0 1 2
HLA-B 62.1 100.0 7 6
RYR1 53.4 100.0 - 7
SLCO1B1 69.6 54.2 2 1
TPMT 52.3 100.0 3 3
UGT1A1 35.4 100.0 1 1
VKORC1 40.3 71.1 3 1

CPIC: Clinical Pharmacogenetics Implementation Consortium, DPWG: Dutch Pharmacogenetics Working 
group. 
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Supplementary Figure S4.1: Recall and precision stratified by GC content
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Supplementary Figure S4.3: Proportion of features which were covered and fully phased into hap-
loblocks
The majority of each genomic feature type was completely resolved in overlapping haploblocks.
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Supplementary Figure S4.4: Alignment and phasing of reads for CYP2D6 (A), VKORC1 (B),  DPYD (C), 
CYP2C19 (D), CYP2B6 (E) and the CYP3A locus (F)
Allele 1 and 2 indicate the phased reads. Reads in allele X could not be mapped to either one of the alleles. 
Reads were aligned to GRCh38. For G6PD (C) almost all reads are in allele X due to gene being located on 
the X chromosome and the individual sequenced being a male, leading to the presence of only one allele 
and by default an inability to phase reads into 2 alleles.

A

Allele 1

Allele 2

Allele X

B

Allele 1

Allele X

Allele 2

Supplementary �gure 4: Alignment and phasing of reads for CYP2D6 (A), VKORC1 (B), DPYD (C), 
CYP2C19 (D), CYP2B6 (E) and the CYP3A locus (F).  Allele 1 and 2 indicate the phased reads. Reads in allele 
X could not be mapped to either one of the alleles. Reads were aligned to GRCh38. 
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Supplementary Figure S4.4: Continued
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Supplementary Figure S4.4: Continued
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