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Abstract

CYP2D6 is a very important pharmacogene as it is responsible for the metabolization or

bioactivation of 20 to 30% of the clinically used drugs. However, despite its relatively small

length of only 4.4 kb, it is one of the most challenging pharmacogenes to genotype due to

the high similarity with its neighboring pseudogenes and the frequent occurrence of

CYP2D6-CYP2D7 hybrids. Unfortunately, most current genotyping methods are therefore

not able to correctly determine the complete CYP2D6-CYP2D7 sequence. Therefore, we

developed a genotyping assay to generate complete allele-specific consensus sequences

of complex regions by optimizing the PCR-free nanopore Cas9-targeted sequencing

(nCATS) method combined with adaptive sequencing, and developing a new comprehen-

sive long read genotyping (CoLoRGen) pipeline. The CoLoRGen pipeline first generates

consensus sequences of both alleles and subsequently determines both large structural

and small variants to ultimately assign the correct star-alleles. In reference samples, our

genotyping assay confirms the presence of CYP2D6-CYP2D7 large structural variants, sin-

gle nucleotide variants (SNVs), and small insertions and deletions (INDELs) that go unde-

tected by most current assays. Moreover, our results provide direct evidence that the

CYP2D6 genotype of the NA12878 DNA should be updated to include the CYP2D6-

CYP2D7 *68 hybrid and several additional single nucleotide variants compared to existing

references. Ultimately, the nCATS-CoLoRGen genotyping assay additionally allows for

more accurate gene function predictions by enabling the possibility to detect and phase de

novo mutations in addition to known large structural and small variants.

Author summary

During the last decades, the usefulness of personalized medicine has become increasingly

apparent. Directly linked to that is the need for accurate genotyping assays to determine

the pharmacogenetic profile of patients. Continuing research has led to the development

of genotyping assays that perform quite robustly. However, complex genes remain an

PLOS GENETICS

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010176 September 23, 2022 1 / 21

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Rubben K, Tilleman L, Deserranno K,

Tytgat O, Deforce D, Van Nieuwerburgh F (2022)

Cas9 targeted nanopore sequencing with enhanced

variant calling improves CYP2D6-CYP2D7 hybrid

allele genotyping. PLoS Genet 18(9): e1010176.

https://doi.org/10.1371/journal.pgen.1010176

Editor: Guanzheng Luo, Sun Yat-sen University,

CHINA

Received: March 30, 2022

Accepted: September 10, 2022

Published: September 23, 2022

Copyright: © 2022 Rubben et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: The datasets

generated and analyzed during the current study

are available as BioProject, PRJNA796180 The

CoLoRGen pipeline and other used code are

available at GitHub: https://github.com/

laurentijntilleman/CoLoRGen.

Funding: KD and this research are supported by

the Special Research Fund (Bijzonder

Onderzoeksfonds, BOF, University Ghent, BOF21/

DOC/042) website: https://www.ugent.be/en/

research/funding/bof The funders had no role in

https://orcid.org/0000-0002-7452-2544
https://orcid.org/0000-0001-7584-1179
https://orcid.org/0000-0003-0364-1957
https://orcid.org/0000-0002-1788-5963
https://orcid.org/0000-0001-8815-5485
https://doi.org/10.1371/journal.pgen.1010176
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1010176&domain=pdf&date_stamp=2022-10-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1010176&domain=pdf&date_stamp=2022-10-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1010176&domain=pdf&date_stamp=2022-10-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1010176&domain=pdf&date_stamp=2022-10-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1010176&domain=pdf&date_stamp=2022-10-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1010176&domain=pdf&date_stamp=2022-10-05
https://doi.org/10.1371/journal.pgen.1010176
http://creativecommons.org/licenses/by/4.0/
https://github.com/laurentijntilleman/CoLoRGen
https://github.com/laurentijntilleman/CoLoRGen
https://www.ugent.be/en/research/funding/bof
https://www.ugent.be/en/research/funding/bof


issue when it comes to determining the complete sequence correctly. An example of such

a complex but very important pharmacogene is CYP2D6. Therefore, we developed a geno-

typing assay in an attempt to generate complete allele-specific consensus sequences of

CYP2D6, by optimizing a targeted amplification-free long-read sequencing method and

developing a new analysis pipeline. In reference samples, we showed that our genotyping

assay performed accurately and confirmed the presence of variants that go undetected by

most current assays. However, the implementation of this assay in practice is still ham-

pered as the selected enrichment strategies inherently lead to a low percentage of on-target

reads, resulting in low on-target sequencing depths. Further optimization and validation

of the assay is thus needed, but definitely worth considering for follow-up research as we

already demonstrated the added value for generating more complete genotypes, which on

its turn will result in more accurate gene function predictions.

Introduction

Genotyping is one of the most important aspects of personalized medicine, particularly within

the context of pharmacogenetics [1,2]. In many medical disciplines, pharmacogenetic geno-

typing is used to predict a patient’s phenotype in order to adjust therapy [3,4]. Especially the

genetic variation in drug-metabolizing enzymes significantly contributes to the differing bene-

fit-risk balance of certain drugs between patients [1,4]. One of the essential drug-metabolizing

enzymes is Cytochrome P450 2D6 (CYP2D6), as it is responsible for the metabolization or

bioactivation of 20 to 30% of the clinically used drugs [4]. Therefore, accurate genotyping

assays for this gene are of major importance. However, although CYP2D6 is a relatively small

gene spanning only 4400 nucleotides, accurate genotyping of this gene is challenging. First of

all, the CYP2D6 gene is surrounded by two pseudogenes showing 94% sequence similarity

with CYP2D6, which complicates the genotyping of this gene. Furthermore, CYP2D6 is one

of the most polymorphic human genes, with over 100 star(�)-alleles and over 400 sub-alleles

[5,6]. This star- and sub-allele nomenclature does not only encompass small sequence varia-

tions, such as single nucleotide variants (SNVs) or insertions and deletions smaller than 50 bp

(INDELs), but also large structural variants, such as gene deletions and multiplications. On

top of that, the possible formation of hybrids with its nearest pseudogene CYP2D7 poses an

additional major challenge when a comprehensive genotype is desired [5–8].

In addition to the gene structure, a second important factor for accurate genotyping is the

applied genotyping assay. Various assays have been used for genotyping the CYP2D6 gene,

such as polymerase chain reaction (PCR), microarrays, or short-read (SR) next-generation

sequencing (NGS) [9–11]. However, most currently used assays target only a limited subset of

pre-selected SNVs [12–14]. Only a few assays determine the correct genotype based on multi-

ple detected SNVs and copy number variations in each allele [13,15,16]. Nevertheless, as 35.4%

of the variant-drug interactions described in the Clinical Annotations of PharmGKB are based

on complete alleles containing all its variants, more comprehensive genotyping assays could be

valuable in the clinical practice [7,13,17]. SR NGS technologies can identify most individual

variants in a genome, but mapping short reads to homologous elements, such as those in

CYP2D6 and CYP2D7, is error-prone. On top of that, phasing of short-read data is not

straightforward, as it typically requires supplemental statistical phasing based on known allele

structures in the population or parental genotypic data [18].

Recently, efforts have been realized to comprehensively genotype CYP2D6 in an attempt to

overcome these mapping and phasing problems [18–22]. Different studies have shown that
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long-read sequencing platforms can discover new variants and determine the correct allele

structure [19,20]. However, these studies use long-range PCR (LR-PCR) to capture the tar-

geted region, which is prone to template switching. This, on its turn, results in chimeric PCR

products and introduces phasing errors [23]. To avoid the application of LR-PCR, a new

enrichment strategy, called nanopore Cas9-targeted sequencing (nCATS), was introduced by

Gilpatrick et al. [24]. This strategy uses targeted cleavage of DNA with Cas9, followed by selec-

tively ligating adapters for nanopore sequencing. However, ligation of nanopore adapters to

random breakage points also generates a considerable number of so-called background reads,

bringing the percentage of on-target reads down to merely 0.5% to 15% of the sequenced reads

in practice [24–26]. To increase the number of reads on-target, a second PCR-free enrichment

strategy for nanopore sequencing, called adaptive sequencing (AS), could be used in addition.

AS refers to the ability of a nanopore sequencer to reject individual molecules in real-time

while they are being sequenced, and as such, does not involve additional steps in the library

preparation. The pore’s rejection of DNA molecules is based on a predefined list of sequences

[27].

The aim of this study was to develop a new assay for correct and complete genotyping of

complex regions such as the CYP2D6 gene. This genotyping assay consists of two important

steps that need to be optimized. The first step entails the generation of long reads using a PCR-

free enrichment strategy combined with nanopore sequencing. Therefore, the nCATS and

combined nCATS-AS enrichment strategies were both tested on the CYP2D6-CYP2D7 locus.

For this purpose, a guide RNA (gRNA) panel was optimized to enrich CYP2D6 and CYP2D7
from human DNA samples. The second step aims to correctly elucidate both large structural

and small variants to determine the alleles of cell lines that might contain both types of vari-

ants. However, the currently existing tools do not combine the detection of large structural

and small variants in one pipeline [28–31]. Consequently, smaller variants cannot be detected

in regions with large structural variants, and large structural variants are not taken into

account when small variants are detected with currently available tools. This might lead to the

incorrect determination of gene sequences and complicate the correct assignment of star-

alleles. Therefore, we developed a new comprehensive long read genotyping (CoLoRGen)

pipeline that is able to simultaneously detect both large structural and small variants in com-

plex genes such as CYP2D6.

Materials and methods

Cell cultivation, DNA extraction, and nCATS

Two lymphoblast cell lines, HG01990 and GM19785, of which the CYP2D6 genotype is well-

known in the literature [15,16], were cultivated and subsequently subjected to DNA extraction

to obtain the samples for the experiments conducted within this study. Cells were washed

every three to four days to an optimal cell density for successful cell growth of 300.000 cells/

mL. The old medium was washed away through 5-minute centrifugation at 500 to 600g, after

which a new medium was added. The medium contained 1% penicillin-streptomycin, 15%

fetal bovine serum, and 2mM L-glutamine in Roswell Park Memorial Institute (RPMI) 1640

medium. DNA samples were extracted using the DNeasy Blood & Tissue kit (Qiagen, Venlo,

The Netherlands), quantified using the Qubit fluorometer with the dsDNA High Sensitivity

Assay kit (ThermoFisher Scientific, Waltham, MA, USA), and stored at 4˚C until further pro-

cessing. A Zymo DNA Clean & Concentrator purification step (Zymo Research, Irvine, CA,

USA) was performed to remove the excess salts, whereby the DNA was eluted in water. The

length of the eluted DNA fragments was measured on a Femto Pulse using the Agilent Geno-

mic DNA 165 kb kit (Agilent Technologies, Santa Clara, CA, USA) according to the
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manufacturer’s recommendations. As the targeted CYP2D6-CYP2D7 locus is 28 kb in length,

at least some DNA fragments of 28 kb are needed to cover the whole targeted region. DNA

fragments longer than 100 kb cause problems during the enzymatic reactions and beads clean-

up. Therefore, the preferable DNA fragment length ranges between 28 and 100 kb. All samples

contained more than 50% of fragments of the preferred DNA fragment length (S1 Fig).

The library preparation of the samples was performed according to the ‘Cas9 targeted

sequencing’ Oxford Nanopore Technologies (ONT) protocol, using the LSK-110 kit (ONT,

Oxford, UK) (Fig 1). Guide RNAs (gRNAs) were designed using the CHOPCHOP tool [32]

and the wild-type sequence of the CYP2D6-CYP2D7 locus [6]. Common known mutations

and structural variants were not taken into account. These gRNAs need to be designed in

unique regions of the target gene to ensure as much on-target cleave as possible. As CYP2D6,

CYP2D7, and the sequences upstream and downstream of these genes are highly similar to

each other, not many positions are available to design gRNAs. Nevertheless, nine gRNAs

could be designed, and the theoretically best-performing gRNAs based on the predictions of

CHOPCHOP were selected. Four of them were designed to cut upstream CYP2D6, two down-

stream CYP2D7, and three between CYP2D6 and CYP2D7 (Table A in S1 Text). In general,

adding additional gRNAs increases redundancy, so there is always at least one properly func-

tioning gRNA in case of mutations in the recognition site. However, introducing more gRNAs

also introduces more off-target cuts and off-target reads. The number of gRNAs to be used

when the Cas9-based library preparation is performed is thus a trade-off between the number

of off-target reads that can be generated and the desired redundancy in case of a mutation in

gRNA recognition sites. In case of long targets, gRNAs on multiple positions in the target are

needed to cover the entire target [33]. Hence, gRNAs cutting between the two genes were

added to ensure sufficient depth on CYP2D6 for reliable variant calling. The efficiency of the

gRNAs was assessed beforehand in preliminary sequencing runs using purchased NA12878

DNA. Only gRNAs that increased the number of on-target reads and showed no off-target

cuts in the studied regions were retained. After selecting the seven most efficient gRNAs, two

separate gRNA pools were created. As shown in Fig 1, pool A only contained six gRNAs that

cut upstream CYP2D6 or downstream CYP2D7, whereas pool B also contained a gRNA that

hybridizes between the two genes. The use of two separate pools, one without gRNAs that cut

between the genes, is necessary to obtain reads covering the complete CYP2D6-CYP2D7 locus.

Active RNA ribonucleoprotein complex (RNP) complexes were subsequently created in two

separate tubes, using Alt-R S. pyogenes HiFi Cas9 nuclease V3 (IDT, Leuven, Belgium), S. pyo-
genes Cas9 tracrRNA (IDT, Leuven, Belgium), and one of the pools with S. pyogenes Cas9 Alt-

R gRNAs (IDT, Leuven, Belgium).

Five μg of purchased NA12878, extracted HG01990, and extracted GM19785 DNA was

dephosphorylated using Quick Calf Intestinal Phosphatase (NEB, Ipswich, MA, USA). The

dephosphorylated NA12878 DNA was added to one RNP complex pool with 9 and 8 gRNAs

for the MinION and Flongle library, respectively. The dephosphorylated DNA from the

HG01990 and GM19785 cell lines was equally divided between the two Cas9 RNP complex

pools. Subsequently, the target DNA was cleaved by the active RNP complex during a 40 min-

ute incubation at 37˚C, and Taq Polymerase (NEB, Ipswich, MA, USA) was added for dA-tail-

ing for 5 minutes at 72˚C. Next, adapters were ligated to the newly produced DNA ends at the

Cas9 cleavage sites by adding 5 μL of Adapter mix II and 20 μL of Ligation Buffer from the

LSK110 ligation kit (ONT, oxford, UK), and 10 μL NEBNext Quick T4 DNA Ligase (NEB, Ips-

wich, MA, USA) to the separate tubes. As the Cas9 enzyme remains bound to the DNA on the

5’-side of the cleavage site, adapters are preferentially ligated on the 3’-side of the cleavage site

[34,35]. After adapter ligation, the libraries were cleaned using a 0.3x volume of AMPure XP

beads (Beckman Coulter, High Wycombe, UK). First, 80 μL TE of pH 8 (IDT, Leuven,
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Fig 1. Enrichment and sequencing workflow adapted from the ‘Cas9 targeted sequencing’ protocol from ONT. Two different pools of gRNAs were

made. Pool A only contains gRNAs that cut upstream and downstream the CYP2D6-CYP2D7 locus (gRNA7, gRNA1, gRNA8, gRNA2, gRNA5, gRNA6),

Pool B also contains a gRNA that cuts between CYP2D6 and CYP2D7 (gRNA4). After dephosphorylation of the genomic DNA, half of the DNA was

cleaved by the RNP with the gRNAs of Pool A, and the other half was cleaved by the RNP with the gRNAs of Pool B. After cleavage, the adaptors were

ligated at the cleavage site. Next, the two pools were mixed again and purified with AMPure XP beads. The NA12878 libraries were sequenced on a Flongle

(NAF) and on a MinION flow cell. The HG01190 and GM19785 libraries were only sequenced on a MinION flow cell. On the runs using a MinION flow

cell, half of the pores were controlled by the adaptive sequencing software (NAnCATS-AS, HGnCATS-AS, and GMnCATS-AS), and the other half sequenced

conventionally (NAnCATS, HGnCATS, and GMnCATS). �: The NA12878 libraries were used for preliminary optimization purposes and were created with only

one pool containing 8 (NAF) or 9 gRNAs (NAnCATS-AS and NAnCATS).

https://doi.org/10.1371/journal.pgen.1010176.g001
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Belgium) was added to each tube. For the HG01990 and GM19785 cell lines, the two separate

tubes were pooled before adding the beads. 250 μL Long Fragment Buffer was subsequently

used to wash the beads twice. After that, the beads were resuspended in 10 and 14 μl Elution

Buffer during a 30-minute incubation at room temperature for the Flongle and MinION

libraries, respectively. Before loading on a Flongle and MinION flow cell, 15 and 37.5 μL

Sequencing Buffer, and 10 and 25.5 μL of Loading Beads were added to 5 and 12 μL of the elu-

ate, respectively. The DNA libraries were sequenced using an R9.4 Flongle or MinION flow

cell on a GridION device (ONT, Oxford, UK), and the AS software was activated on half of the

pores of the MinION flow cells to enrich the CYP2D6-CYP2D7 locus positioned on

chr22:42121165–42149371. The flow cells ran up to 48h to obtain the maximum number of

reads possible and were controlled and monitored using the MinKNOW software.

Data analysis, variant calling, and star-allele assignment

The raw sequencing data was basecalled using the high accuracy model of Guppy (v5.0.7).

Only reads with a quality score above 8 were saved in FASTQ format and used for further anal-

ysis. These reads were subsequently split into two groups, based on whether they were gener-

ated by pores controlled by the AS software or by pores that sequenced conventionally. All

reads from the latter group were used for further data analysis, whereas only the positively

selected reads from the first group were used in downstream analysis.

The data was processed with our in-house developed CoLoRGen pipeline to correctly

assign both SNVs and INDELs as well as large structural variants in the basecalled data. To

detect all these variants at once, several consecutive steps were carried out by the CoLoRGen

pipeline (Fig 2). First, the reads were mapped against the human GRCh38 reference genome

using Minimap (v2.18) (Fig 2A). Only the reads that mapped on the target region were

retained for further analysis. Variant calling was performed on these reads using the Medaka

Variant pipeline (v1.4.3). Based on the called SNVs and INDELs, the reads were split into two

alleles using WhatsHap (v1.1). Breakpoints of large structural variants were defined for each

allele separately, based on the starting points of clipping ends and the mapping coordinates of

these clipping ends when mapped separately (red and green reads in Fig 2A, respectively).

Only breakpoints covered by at least three reads were considered in order to obtain accurate

structural variant calling. In the next step, an adjusted GRCh38 reference genome was built for

each allele (Fig 2B). This adjusted reference contained the large structural variants of the DNA

under study, based on the defined breakpoints. Then, the reads from both alleles were mapped

once again, this time against the corresponding self-constructed and more representative ref-

erence sequence for each allele. After that, a first consensus sequence for each allele was

deduced using the Medaka Consensus pipeline (v1.4.3) (Fig 2C). Subsequently, the consensus

sequences for the two alleles were further optimized by mapping all the initially mapped reads

to the GRCh38 target region. Reads that did not map unambiguously on one of the alleles were

removed from the mapping data. Based on the newly mapped reads, the consensus sequences

were finalized, and an accompanying probability file was generated using the Medaka Consen-

sus pipeline (v1.4.3) (Fig 2D).

Finally, the genes or hybrids in the consensus sequence were exactly identified based on

their small variants (Fig 2D). For this purpose, the GRCh38 references of the CYP2D6 and

CYP2D7 genes were mapped to the final consensus sequence of each allele, and mismatches

between the consensus and the GRCh38 references were called using the Medaka Variant soft-

ware (v1.4.3). The GRCh38 gene or fragment containing the least mismatches was assigned to

the corresponding gene or fragment in the consensus sequence. Hybrids of CYP2D6 and

CYP2D7 were reconstructed by concatenating these generated fragments, and a quality score

PLOS GENETICS Cas9 targeted nanopore sequencing with enhanced variant calling improves CYP2D6-CYP2D7 genotyping

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010176 September 23, 2022 6 / 21

https://doi.org/10.1371/journal.pgen.1010176


Fig 2. Workflow of the in-house developed CoLoRGen pipeline, which combines large structural and small variant calling. A: The basecalled

reads are mapped against the human reference genome GRCh38 (black). Reads are split into the two alleles based on the small variants (yellow and

orange stars). Clipping ends of the reads (red) are cut in-silico and mapped again to the reference genome (green). B: The reference is adapted

based on the breakpoints of the clipping ends in the DNA under study (grey). Reads of alleles 1 and 2 are mapped against their respective adjusted

reference sequence to create a first consensus sequence. C: The reference sequences are further adjusted by mapping all the previously mapped
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was assigned to each small variant by considering the probability distribution on that exact

position. By completing these steps, the number of copies of each gene and the exact composi-

tion of the hybrids were determined for each allele. After that, the star-alleles defined in

PharmVar were assigned to the consensus alleles using a look-up algorithm based on the vari-

ants present in each gene [6]. The star-allele or sub-allele most similar in terms of variants was

assigned to the alleles of each sample.

The newly developed CoLoRGen pipeline was benchmarked using the NA12878 hybrid

Genome in a Bottle Consortium (GIAB)-Platinum Genomes benchmark dataset described by

Krushe et al. [36]. VCF-files for the CYP2D6 and CYP2D7 genes of our data were separately

compared with the benchmark dataset using the hap.py software [37]. Visualizing the variants

and verifying if they were correctly called and phased was done with in-house developed

python scripts [38].

The sequencing data from the MinION run with NA12878 DNA was subsampled to deter-

mine the 16X minimum depth needed for reliable detection of small variants. Subsampling of

the raw data was carried out using Seqtk [39]. The CoLoRGen pipeline was run on each sub-

sample. For each subsample, the depth of both genes was calculated, and the number of false-

and true-positives was determined using in-house developed python scripts. In the subsam-

pled datasets with depths below 16X on a gene, more than one false-positive variant popped

up compared to the complete dataset. Therefore, a minimum depth of 16X on each allele of

each gene was set as the lower limit for reliable small variant detection.

The performance of the developed CoLoRGen pipeline was compared with four state-of-

the-art SNV, small INDEL, and large SV calling tools: Medaka [31], NanoVar [40], Sniffles

[29], and SVIM [28]. SNVs and structural variants smaller than 50 bp were called using the

Medaka Variant pipeline (v1.4.3) on the data of the NA12878 DNA mapped with minimap2

against the human reference genome GRCh38. Structural variants larger than 50 bp were

called using NanoVar, Sniffles, and SVIM on the data of the NA12878 DNA, and HG01190

and GM19785 cell lines. Nanovar (v1.4.1) and SVIM (v1.4.2) were run on the raw sequencing

data with the default parameters. Sniffles (v1.0.12) was run on the data mapped with minimap2

against the human reference genome GRCh38 with default parameters. Only the passed vari-

ants for Nanovar and Sniffles and the variants with a quality score of three or above for SVIM

were considered in our comparison.

The CoLoRGen pipeline and the additional scripts are available via GitHub [38,41] and can

also be used for other genes when adapting the target gene regions and adding correct refer-

ences for the star-alleles. We already tested the CoLoRGen pipeline on data of another Cas9

targeted gene in the same reference cell line as used for CYP2D6: CYP1A2. The only parame-

ters that need to be adjusted are the region of the target gene and the correct references for the

star-alleles.

Results and discussion

Optimization of the nCATS experimental set-up

The CYP2D6-CYP2D7 locus from the CEPH/UTAH pedigree 1463 sample NA12878 was first

sequenced on a MinION flow cell to evaluate the cleavage and enrichment efficiency of the

designed gRNAs, and to assess their off-target binding potential. Visualizing the mapped reads

reads to end up with a final consensus sequence. D: The GRCh38 sequences of the CYP2D6 and CYP2D7 genes are mapped against the final

consensus sequences. The GRCh38 gene or fragment containing the least mismatches (red stars) is assigned to the corresponding gene or fragment

of the consensus sequence, resulting in the determination of the corresponding genes and hybrids. Finally, star-alleles can be assigned based on the

determined variants.

https://doi.org/10.1371/journal.pgen.1010176.g002
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showed an additional cleavage place to the ones that were expected for the designed gRNAs.

This additional cleavage place was due to off-target binding and cleavage of the RNP with

gRNA9 (S2 Fig). Therefore, gRNA9 was omitted in the subsequent sequencing runs. The eight

remaining gRNAs were used to prepare a NA12878 Flongle library (NAF) to confirm the previ-

ous results. However, the selection of gRNAs still proved to be suboptimal, as the reads

revealed the generation of smaller fragments. This was due to the high cleavage efficiency of

the RNP with gRNA3, which as a result, created smaller fragments instead of increasing the

depth on-target (S3 Fig). Hence, gRNA3 was omitted in the subsequent sequencing runs as

well. Furthermore, as almost no reads covering the complete CYP2D6-CYP2D7 locus were

present in the data from these preliminary sequencing runs, two pools with gRNAs were cre-

ated for the subsequent runs. One pool did not contain the gRNA that cleaves between

CYP2D6 and CYP2D7 to increase the number of reads covering the complete locus in the sub-

sequent datasets.

Enrichment of the CYP2D6-CYP2D7 locus using nCATS or nCATS-AS

The enrichment efficiencies of both the nCATS-AS and the nCATS-only enrichment strategies

were assessed during this study. For this purpose, the abovementioned nCATS enriched

NA12878 library was sequenced on a MinION flowcell of which half of the pores were con-

trolled by the AS software (NAnCATS-AS), and the other half of the pores were sequenced con-

ventionally (NAnCATS). The NAnCATS-AS data obtained an on-target depth of 128X, which was

a 1.16 times increase compared to the NAnCATS data (Table 1). After the preliminary sequenc-

ing runs with NA12878 libraries, two additional MinION runs were performed on libraries

from extracted HG01990 (HGnCATS-AS and HGnCATS) and GM19875 (GMnCATS-AS and

GMnCATS) DNA. The purpose of these runs was to evaluate if the enrichment strategies can

generate correct CYP2D6 and CYP2D7 alleles for cell lines containing large structural variants.

For these libraries, the two separate pools with the final selection of gRNAs were used. Further-

more, the same AS conditions as for the first MinION run were applied to additionally deter-

mine if AS exhibits added value for the enrichment of the CYP2D6-CYP2D7 locus in these cell

lines. The HGnCATS-AS and HGnCATS libraries reached an on-target depth of 25X and 30 X,

respectively. Lower depths of 7X and 12X were obtained for the GMnCATS-AS and GMnCATS,

respectively (Table 1).

Table 1. General sequencing results of the nCATS-enriched NA12878, HG01990, and GM19785 libraries.

NA12878 HG01990 GM19785

nCATS-AS nCATS Combined nCATS-AS nCATS Combined nCATS-AS nCATS Combined

Throughput (MB) 500 5,000 5,500 7 92 99 0.7 138 139

Total reads 588,959 2,213,701 2,802,660 1,470 11,066 12,536 771 18,778 19,549

Reads on-target 935 806 1,741 131 146 277 43 69 112

Average target depth 128X 110X 238X 25X 30X 55X 7X 12X 19X

Percentage on-target (%) 0.16� 0.04� 0.06 8.91 1.32 2.21 5.58 0.37 0.57

Each library was sequenced on one flow cell with half of the pores in AS mode, and half of the pores in uncontrolled mode. ‘nCATS-AS’ refers to the data of the pores in

AS mode; ‘nCATS’ refers to the data generated by the uncontrolled, conventionally sequencing pores; ‘combined’ (values in bold) refers to the combined dataset

containing both the positively selected reads from the AS pores and all the reads from the conventionally sequencing pores. Libraries HG01190 and GM19785 were

enriched for the CYP2D6-CYP2D7 locus (chr22:42121165–42149371; 28 kb). Library NA12878 was enriched for the CYP2D6-CYP2D7 locus (chr22:42121165–

42149371; 28 kb), CYP2C19 (chr10:94747862–94859954; 112 kb), CYP1A2 (chr15:74742299–74758912; 17 kb), CYP3A4 (chr7: 99756163–99785200; 29 kb), and HTT
(chr4:3072336–3079544; 7 kb)

�: In this run, more regions were enriched with separate gRNA pools. Therefore, these on-target percentages should not be compared with the on-target percentages of

the other runs.

https://doi.org/10.1371/journal.pgen.1010176.t001
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The use of the AS software in addition to the nCATS enrichment did not consistently result

in a higher on-target depth, but it did result in a considerably higher on-target percentage for

all three cell lines (Table 1). However, as the vast majority of the strands were rejected by the

software, the throughput generated by the AS controlled pores was also proportionally lower.

Overall, this resulted in approximately the same absolute number of on-target reads compared

to the other pores, for which only nCATS-enrichment was used. Therefore, it can be con-

cluded that the AS software does not conclusively offer sufficient additional benefit in this con-

text. However, the advantages of adaptively sequencing certain specific strands have already

been demonstrated in other contexts when the pores are fully occupied [27,42]. Then, sequenc-

ing of off-target reads limits the number of pores that are available to sequence on-target

reads. Rejecting these off-target reads makes pores available to sequence more on-target reads.

However, when using the nCATS strategy, only 10% of the pores are occupied and sequencing

off-target reads is not problematic as sufficient other pores are available at all times to sequence

on-target reads. Therefore, the AS strategy has no advantage in combination with nCATS.

Nevertheless, if an increase in pore occupancy could be established, AS could probably demon-

strate its usefulness in the nCATS context as well [43].

The enrichment efficiency of the nCATS strategy on itself was assessed as well. In their Cas9

targeted sequencing protocol, ONT mentions that a minimum target depth of 100X should be

achievable [33]. This depth was only obtained for the first MinION run in this study. All other

runs reached a combined target depth of the AS-controlled and conventionally sequencing

pores below 60X (Table 1). This value is expected to be influenced by two important factors

that should be considered when determining the nCATS experimental set-up. The first factor

is the number of gRNAs used for each target. ONT recommends using four gRNAs for regions

smaller than 20 kb, two upstream of the target region and two downstream. Adding additional

gRNAs at one side of the target region increases redundancy, so there is always at least one

properly functioning gRNA in case of mutations in the recognition site of one of the other

gRNAs at that position [26]. As four gRNAs were designed upstream of CYP2D6 and two

downstream of CYP2D7 in this study, this factor can be eliminated as a possible issue. The sec-

ond factor to consider is the length of the input DNA. When the target region is longer than

the average length of the input DNA, the depth drops towards the center part of the targeted

region. Moreover, the target length increases when gene insertions or duplications are present,

thereby complicating the achievement of sufficient depth even more. To increase the depth in

the center of the targeted region, ONT advice is to follow the tiling approach, as described in

their protocol [33]. In the tiling approach, two pools of gRNAs are used. Each pool generates

fragments that overlap with the fragments of the other pool. However, the downside of using

the tiling approach is that fewer or no full-length reads of the gene construct are generated. To

overcome this drawback, two different gRNA pools were composed in this study, one contain-

ing gRNAs that cut upstream and downstream the CYP2D6-CYP2D7 locus, and another one

also containing a gRNA cutting the DNA between the two genes. The input DNA was divided

into two tubes, and each tube was incubated with a different gRNA pool to obtain reads cover-

ing the full CYP2D6-CYP2D7 locus but also enrich the depth in the middle of the locus. More-

over, using a gRNA that cuts in the middle of the locus also aids in obtaining sufficient depth

on CYP2D6 for reliable variant calling. However, although these two factors were considered

for our experimental set-up, the predetermined target depth was not obtained in this study.

Another factor influencing the obtained target depth is the percentage of on-target reads.

PCR-free enrichment using nCATS generally resulted in a low percentage of on-target reads.

Even after optimizing our customized pools of gRNAs for the CYP2D6-CYP2D7 locus, a maxi-

mum on-target percentage of only 1.32% could be reached when this enrichment method was

used without AS (Table 1). ONT reference samples comparable in length achieve an on-target
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percentage of 0.4% [26]. Although our results are better, the obtained enrichment remains lim-

ited. Additionally, we noticed that the calculated efficiency by the CHOPCHOP tool does not

correlate with the number of on-target reads of the specific gRNA. Besides on-target reads,

two other types of reads are present as well: background reads that are not due to off-target

cleavage by an RNP complex, and reads caused by off-target RNP complex cleavage. The pro-

portion of off-target reads caused by off-target RNP complex cleavage was only about 1%.

gRNA2 and gRNA5 are the two gRNAs that create off-target cleavage reads in multiple off-tar-

get regions. However, these gRNAs also enrich the target region more than the other gRNAs.

Therefore, these gRNAs were not discarded from the gRNA panel. The other gRNAs (gRNA1,

gRNA4, gRNA6, gRNA7, and gRNA8) could not be linked to any off-target event. The large

amount of sequencable background DNA is probably due to inefficient dephosphorylation or

breakage of DNA strands when handling the DNA, making phosphorylated ends to which an

adaptor can bind. Besides carefully executing the steps of the protocol, no other measurements

could have been implemented to increase this percentage. Logically, this low obtained percent-

age of on-target reads, in turn resulted in a low depth on target. However, this is not the only

factor inherent to the nCATS protocol that influences the maximum obtainable target depth.

The overall throughput of the sequencing run also plays an important role in obtaining suffi-

cient target depth. The nCATS protocol generated low throughputs for all three DNA samples

(Table 1). This is due to the small size of our target region compared to the whole genome size.

Consequently, the concentration of adaptor-ligated, sequenceable DNA molecules on the flow

cell is much lower than the concentration of unsequenceable DNA molecules [33]. This ham-

pers the sequenceable molecules from reaching the pore. The low target depth ensuing from

the background DNA and low concentration of adaptor-ligated target DNA strands comprises

one of the main disadvantages of the nCATS enrichment method in the pharmacogenetics con-

text. It implies that one flow cell per patient is needed to get enough depth on the targeted

region(s), resulting in a high sequencing cost that hinders the implementation of the proposed

assay in practice. Optimizing the nCATS protocol by incorporating an additional purification

step for the adaptor-ligated strands might solve this issue and increase the on-target depth,

allowing multiple samples to be sequenced on one flow cell. The establishment of a purification

step compatible with the nCATS-protocol constitutes the follow-up research to this paper.

SNV and INDEL calling performance on reference NA12878 DNA

The small variant calling performance of the nCATS enrichment strategy combined with the

CoLoRGen analysis pipeline was assessed using the NA12878 library, as only for this DNA a

truth set containing all small variants is available in the literature [36]. For this purpose, the

NAcombined dataset was used, combining the nCATS-AS and the nCATS reads, as the only dif-

ference between these reads is the specific pore on the same flow cell it was sequenced on. The

truth set composed by Krusche et al. [36] contains 11 SNVs and 1 INDEL in the CYP2D6 gene,

and 26 SNVs and 1 INDEL in the CYP2D7 gene (Fig 3). All 11 and 26 SNVs in CYP2D6 and

CYP2D7, respectively, were also called and phased in the NAcombined dataset (Fig 3). However,

two additional, supposedly false-positive SNVs were called in CYP2D6, and five in CYP2D7.

As for the INDELs, only the deletion in CYP2D6 was called and phased correctly. The inser-

tion in CYP2D7 remained undetected, but four additional deletions were detected in the

NAcombined consensus of CYP2D7 instead. Remarkably, all supposedly false-positive SNVs and

INDELs in both genes were assigned to the same allele after phasing. This raises the question

as to whether the NA12878 reference by Krusche et al. is incorrect, and consequently the false-

positive variants are actually present in the NA12878 DNA. Additional results and discussions

on this can be found in the sections below.
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Comprehensive genotyping of the NA12878 CYP2D6-CYP2D7 locus by the

CoLoRGen pipeline

The CoLorGen pipeline detected a structural variant in addition to the small variants in the

NA12878 DNA. Based on all the detected variants, CoLoRGen assigned the CYP2D6 �3/�4

+�68 star-alleles to the NAcombined dataset, of which the �68 allele represents a

CYP2D6-CYP2D7 hybrid insertion (Fig 4). The high obtained depth of 74X on the hybrid

implies that the detection of this hybrid cannot be attributed to nanopore sequencing errors or

an artifact of the analysis pipeline. However, no large structural variants have been identified

for the CYP2D6-CYP2D7 locus in the NA12878 hybrid benchmark of Krusche et al. [36].

Accordingly, the Get-RM studies did not unambiguously assign a structural variant to the

NA12878 DNA [15,16]. In these Get-RM studies, several testing laboratories conducted differ-

ent assays, but only when TaqMan-based genotyping was combined with CNV and structural

variant detection using quantitative multiplex PCR and LR-PCR validation, the presence of

the �68 hybrid could be detected [15]. Therefore, the �68 allele was not included with 100%

certainty in the reported consensus star-allele classification [15]. In accordance with our

results, a more recently published article also reported the statistical inference of the �68 allele

in NA12878 whole-genome sequencing (WGS) data when using the Cyrius analysis tool [44].

As the �68 hybrid has been inferred in the NA12878 DNA multiple times in literature, it can

be concluded that this structural variant is effectively present and was thus correctly identified

by the CoLoRGen pipeline.

Fig 3. Representation of the called and phased small variants (SNVs and INDELs) in the CYP2D6 and CYP2D7 genes of the NAcombined library.

The truth set composed by Krusche et al. [36] was used as reference (Ref). Green lines represent concordant calls (true-positives compared to the truth

set), which are correctly called and phased variants compared to the reference; orange lines represent discordant calls (false-positives compared to the

truth set). Note: multiple variants next to each other are visually represented by thicker lines.

https://doi.org/10.1371/journal.pgen.1010176.g003
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Fig 4. Star-alleles in literature references and star-alleles assigned by the CoLoRGen pipeline. Reference star-alleles were obtained from Krusche et al. [36] and the

Get-RM studies [15,16]. The depths mentioned below the genes are the generated average depths on that position of the locus. ¥The �68 allele was only detected when

TaqMan-based genotyping was combined with CNV and structural variant detection using quantitative multiplex PCR and LR-PCR validation. Therefore, the Get-RM

consensus star-allele only mentions the �68 allele in brackets. Note: even when depths below the minimal 16X depth for reliable small variant calling were obtained,

correct star-alleles could be assigned.

https://doi.org/10.1371/journal.pgen.1010176.g004
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Furthermore, it was noted that the hybrid was phased to the same allele as all the suppos-

edly false-positive SNVs and INDELs. As the hybrid was not included in the NA12878 refer-

ence provided by Krusche et al. [36], other variants may also be incorrectly identified in that

reference due to the incorrect mapping of the reads originating from the CYP2D6-CYP2D7
hybrid on the CYP2D6 or CYP2D7 gene. This can be substantiated with the fact that the refer-

ence data set for the NA12878 DNA is mainly constructed based on Illumina short-read

sequencing data and older versions of the long-read sequencing technologies, which are

more prone to generating inaccurate sequences for complex loci as CYP2D6-CYP2D7
[45,46]. These results indicate that the NA12878 references might be outdated and not

entirely accurate, and highlight the advantage of the nCATS enrichment strategy combined

with the CoLoRGen pipeline, which can simultaneously detect large structural and small

variants.

Some other published assays also correctly determine the presence of the

CYP2D6-CYP2D7 �68 allele. However, our nCATS-CoLoRGen assay has added value by pro-

viding the complete allele sequences spanning the entire CYP2D6-CYP2D7 locus, including

the exact structural variant sequence. None of the reported assays provide this comprehensive

information to the best of our knowledge. LR-PCR could be used as an alternative enrichment

strategy, but is mostly only able to target CYP2D6 [20]. Larger regions, including CYP2D6,

CYP2D7, and possible deletions, duplications, and hybrids, are difficult to cover with LR-PCR

since the probability of getting chimeric molecules increases with the length of a PCR ampli-

con [23]. TaqMan genotyping combined with quantitative multiplex PCR and LR-PCR vali-

dation, or short-read sequencing combined with the statistical modeling and counting Cyrius

tool are genotyping approaches that could detect the presence of the �68 hybrid [15,44]. Nev-

ertheless, these assays also do not directly provide the allele-specific sequence of the locus, but

are instead used to classify the CYP2D6 locus into a predefined set of star-alleles. However,

the current classification of CYP2D6 enzyme activities based on the star-allele gene defini-

tions has proven to be a suboptimal predictor for enzyme activity [47]. More recent research

by Van der Lee et al. [48] supported this by confirming that building a predictive model

based on the complete CYP2D6 gene sequence gives better predictive values for the gene func-

tion than a model built solely based on the star-alleles. By generating complete consensus

sequence, CoLoRGen can phase additional mutations, thereby allowing a more accurate gene

function predictions.

Validation of genotyping performance using two additional cell lines

The DNA of two additional cell lines, HG01190 and GM19785, was used to verify the struc-

tural variant detection performance of the nCATS-CoLoRGen pipeline. The HG01190 cell line

contains two major structural variants [15]. One allele has a complete deletion of the CYP2D6
gene, referred to as the �5 allele. The other, �4+�68 allele, contains a duplication, defined as a

hybrid between CYP2D6 and CYP2D7 (Fig 4). S4 Fig shows the raw sequencing reads of the

HGcombined dataset mapped against the human reference genome GRCh38. After the raw reads

were mapped, the reads were assigned to one of two alleles based on the variants they con-

tained. The deletion of the HG01190 cell line is not present in the reference genome. There-

fore, some reads smaller than the deletion were incorrectly assigned to the deletion region in

this step. This misassignment is because the algorithm tries to assign as many reads as possible

to both alleles. The reads that align on the position where the deletion is present are reads with

a higher error rate which show a significant number of sequence differences with the reads of

allele 2, and are therefore incorrectly assigned to allele 1. For allele 1, the 37 reads containing

the breakpoints of the 12,152 basepair-long deletion between positions 42,123,191 and
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42,135,343 are shown. These reads have clipping-ends when they are mapped. These clipping-

ends are mapped in a second round and are visualized in gray in S4 Fig. Between the mapping

of the clipping-ends in gray and the originally mapped reads colored in dark red, the deletion

of 12,152 basepairs is visible. Additionally, in allele 2, a 13,680 basepair-long duplication of the

region between positions 42,145,873 and 42,132,193 was discovered in six reads. These reads

also have clipping-ends when they are mapped. These clipping-ends are mapped in a second

round and are visualized in gray in S4 Fig. The positions of the mapped clipping-ends overlap

with the originally mapped reads colored in purple. This overlapping region visualizes the

13,680 basepair-long duplication. As more than three reads were covering the breakpoints of

the large structural variants, the deletion and insertion were considered to be detected cor-

rectly. After the structural variants were detected, consensus sequences based on these struc-

tural variants were made, and small variants were called. Subsequently, detection of the small

variants was used to identify exactly CYP2D6, CYP2D7, or possible hybrids. The minimum

16X depth for reliable small variant calling was obtained on all detected gene copies except on

the insertion of allele 2. Nevertheless, the cell line was correctly identified as the �5/�4+�68

genotype by our CoLoRGen pipeline (Fig 4).

The GM19785 cell line consists of a �1 allele, without any structural variants, and a �2+�13

allele, containing one CYP2D6 copy and a CYP2D6-CYP2D7 hybrid (Fig 4) [15]. The hybrid

replaces the CYP2D7 gene in this allele, which implies that there is no difference in the number

of gene copies, but only a difference in the DNA sequence on the exact position where

CYP2D7 is normally located. However, the CYP2D6-CYP2D7 hybrid can map on CYP2D7 due

to their highly similar sequences. Therefore, the CoLoRGen pipeline can only detect this struc-

tural variant based on the small variants in the gene sequence, and not based on mapped reads

with clipping ends. Although insufficient target depths below 16X were reached on both alleles

of the GMcombined dataset, our CoLoRGen pipeline could assign the correct �1/�2+�13 geno-

type to the GM19785 DNA (Fig 4).

The exact sequence between the CYP2D6 gene and the CYP2D6-CYP2D7 hybrid could not

be determined for the GM19875 cell line, as no reads covering the whole target region were

generated. This is due to the presence of a part of the CYP2D6 sequence at the start of the

CYP2D6-CYP2D7 hybrid, which introduced an additional recognition site for gRNA2 that is

normally only present upstream of the CYP2D6 gene locus. The additional recognition site

was visible in the mapped reads, as all the reads were cut in the middle at the same cleavage

site (S5 Fig). This problem might arise when hybrids are present in the target sequence, but

can be circumvented by designing gRNAs located further away from the target gene. However,

the further a gRNA is located from the target, the lower the obtained on-target depth will be.

This is a trade-off that should be taken into account when designing optimal gRNAs.

In-depth discussion of the generated consensus sequences

Although the CoLoRGen pipeline could assign the correct star-alleles to the studied samples, a

further in-depth analysis revealed the presence of additional small variants in the final consen-

sus sequences, besides the variants that were assigned to a specific star-allele. Most of these

additional variants are present in several sub-allele definitions, thereby confirming the correct

assignment of the star-allele. Nevertheless, some additional or lacking variants were often

observed in our data compared to the exact sub-allele definition. In the �4 allele of the NAcom-

bined and HGcombined libraries, 12 additional variants were detected, which were exactly the

same for both samples. These variants are all included in several defined sub-alleles, but these

sub-alleles contain other variants in addition. In the �1 allele of the GMcombined data, two addi-

tional deletions were called. One of them was situated in an intron, and the other in an exon
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region. Both additional deletions were located in homopolymeric regions. The �2 allele of the

GMcombined data contained 13 additional variants denoted in several �2 sub-allele definitions.

Two other additional variants in our data are not defined in the star- or sub-allele database [5]

and were both located in exon regions. One of these variants was located in a homopolymeric

region. The other variant was not located in a homopolymeric region but represents a synony-

mous mutation. Therefore, it does not impact the resulting amino acid sequence (S6 Fig).

The four additionally detected variants that were not present in the star- or sub-allele defi-

nitions were all from the GMcombined dataset, which had insufficient depths for reliable small

variant calling (Fig 4). Moreover, three out of these four variants were INDELs located in

homopolymeric regions, which are notoriously error-prone regions in ONT sequencing [49].

Therefore, these additionally called variants are probably due to nanopore sequencing errors.

The R10.3 flow cell, which has a better performance in homopolymeric regions, was available

at the time of writing and is supposed to overcome this problem. However, we decided not to

sequence this library on an R10.3 flow cell, as more random errors seem to occur when using

this type of flow cell, and R9.4 flow cells still prove to provide better genotyping results [50,51].

Nevertheless, efforts are still made by ONT to improve the consensus accuracy of homopoly-

mer regions, which holds promising perspectives for obtaining better results in the future.

Another possible explanation for the additional detected variants can be found in the star-allele

nomenclature itself. These definitions are intrinsically not comprehensive, as only variants

based on microarrays and known effects on the enzyme level are considered in their defini-

tions. Non-coding variants were only considered for recently added star alleles [6]. Even

though this nomenclature is not optimal in our context of defining complete alleles, the star-

allele definitions were used to benchmark our results as no other definitions were yet available

at the time of writing. However, a new and more comprehensive system to document gene

sequences in the pharmacogenetic field should be a general objective for the future, as the cur-

rent nomenclature is somewhat outdated.

Variant calling performance of CoLoRGen pipeline versus state-of-the-art

variant callers

To determine the added value of the newly developed CoLoRGen pipeline, a comparison was

made with state-of-the-art variant callers. However, existing small variant detection tools can-

not detect large structural variants, and, accordingly, large structural variant detection tools

cannot detect small variants. Therefore, separate comparisons were made for the detection of

small SNVs and INDELs up to 50 bp on the one hand, and structural variants larger than 50

bp on the other hand.

First, the NAcombined dataset was analyzed with the Medaka Variant pipeline to compare the

SNV and INDEL calling performance of the CoLoRGen pipeline with the state-of-the-art

small variant caller for nanopore sequencing data [31]. Although CoLoRGen did not call all

SNVs and INDELs correctly, the results were comparable with the results generated by the

Medaka Variant pipeline (Table B in S1 Text). The called SNVs and INDELs that differed

between both variant callers were either located in a homopolymeric region or in a region

where CoLoRGen detected a hybrid insertion. Homopolymeric regions are a known cause for

nanopore sequencing errors and are therefore likely to be responsible for the generation of

false-positive small variants [49]. Furthermore, regions containing large structural variants,

such as hybrid insertions, cannot be detected by the Medaka Variant pipeline. Consequently,

reads originating from the hybrid are incorrectly mapped on CYP2D6 or CYP2D7 when using

the Medaka Variant pipeline, giving rise to more called SNVs and INDELs. However, as the

small differences in results between both pipelines can be explained by these two causes, our
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CoLoRGen pipeline proved to perform adequately for calling SNVs and INDELs in complex

genes such as CYP2D6. Moreover, as the CoLoRGen pipeline combines both large structural

and small variant calling, it can generate a more comprehensive genotype in comparison with

the Medaka Variant pipeline.

Second, the NAcombined, HGcombined, and GMcombined datasets were also analyzed with the

existing large structural variant detection tools NanoVar [30], Sniffles [29], and SVIM [28] to

compare the large structural variant calling performance. None of these tools was able to reli-

ably elucidate all the large structural variants in the complex CYP2D6-CYP2D7 locus of the cell

lines used in this study (Table C in S1 Text). Additionally, the output of these tools is not easily

interpreted. Therefore, the CoLoRGen tool outperformed these tools as well in terms of gener-

ating a correct and comprehensive genotype of the complex CYP2D6-CYP2D7 locus. When

aiming for a suitable pharmacogenetic assay to use in clinical practice in the future, a compre-

hensive and straightforward data analysis tool is of major importance, hence the usefulness of

this developed comprehensive CoLoRGen pipeline.

Conclusion

In this study, the enrichment efficiencies of the nCATS and the nCATS-AS strategies were

assessed on the CYP2D6-CYP2D7 locus to develop an assay that can accurately genotype com-

plex pharmacogenes. In addition, we developed and evaluated CoLoRGen, a new and more

comprehensive analysis pipeline to simultaneously detect both large structural and small vari-

ants. The nCATS-CoLoRGen assay was performed on 5 μg of DNA from three well-defined

cell lines and sequenced on a MinION-flowcell. When a minimum depth of 16X for each allele

and three reads covering the breakpoints were obtained, correct star-alleles could be assigned

to the CYP2D6 gene and CYP2D6-CYP2D7 hybrid for these three cell lines. Moreover, the

CoLoRGen pipeline also generated a complete consensus sequence of the genes, thereby dem-

onstrating the presence of CYP2D6-CYP2D7 large structural variants and smaller SNVs and

INDELs that go undetected by other current methods. Our results provide direct evidence that

the CYP2D6 genotype of the NA12878 DNA should include the CYP2D6-CYP2D7 �68 hybrid

and several additional SNVs compared to existing references [15,16,36]. Accurate haplotyping

by nCATS-CoLoRGen has thus been demonstrated in this study for the highly complex

CYP2D6-CYP2D7 locus, and should be likewise extendable to other genomic regions of inter-

est. However, the implementation of this assay in practice is hampered by the fact that both

the nCATS and nCATS-AS strategies led to a low percentage of on-target reads, resulting in

low on-target sequencing depths.

Supporting information

S1 Fig. Femto pulse profiles of the used DNA samples. The x-axis represents the DNA frag-

ment size (non-linear scale). The y-axis represents the fluorescent signal proportional to the

amount of DNA. A: NA12878, B:HG01190, and C:GM19785.

(PDF)

S2 Fig. Reads of the NA12878 DNA, sequenced on a MinION flow cell, mapped on the

GRCh38 reference genome. The positions of the gRNAs are indicated with vertical lines and

the sequencing direction is indicated with arrows on top of the vertical lines. Reads are split by

allele. The position where gRNA9 binds off-target is zoomed in. This recognition site shows

one mismatch (red) and one mutation (green).

(PDF)
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S3 Fig. Reads of the NA12878 DNA, sequenced on a Flongle flow cell, mapped on the

GRCh38 reference genome. The positions of the gRNAs are indicated with vertical lines and

the sequencing direction is indicated with arrows on top of the vertical lines. gRNA3 cut reads

generated by gRNA4, causing a lower depth on CYP2D6.

(PDF)

S4 Fig. Reads of the HG01190 DNA, sequenced on a MinION flow cell, mapped on the

GRCh38 reference genome. The HGcombined dataset was used to generate this figure, which is

the dataset containing both the positively selected reads from the AS pores and all the reads

from the conventionally sequencing pores. The positions of the gRNAs are indicated with ver-

tical lines and the sequencing direction is indicated with arrows on top of the vertical lines.

Reads are split by allele, and gray reads are clipping ends that were cut in-silico and mapped

separately. The cut position of the clipping ends indicating the start and end position of the

deletion and insertion are indicated in gray.

(PDF)

S5 Fig. Reads of the GM19785 DNA, sequenced on a MinION flow cell, mapped on the

GRCh38 reference genome. The GMcombined dataset was used to generate this figure, which is

the dataset containing both the positively selected reads from the AS pores and all the reads

from the conventionally sequencing pores. The positions of the gRNAs are indicated with ver-

tical lines and the sequencing direction is indicated with arrows on top of the vertical lines.

Reads are split by allele. gRNA2� indicates the position where gRNA2 cuts before the

CYP2D6-CYP2D7 �13 hybrid. The reads of the hybrid map on the CYP2D7 gene, but the first

part of the hybrid originates from the CYP2D6 gene, resulting in a visual gap in the alignment.

(PDF)

S6 Fig. CoLoRGen detected four additional small variants in the GM19785 cell line that

are not present in the sub-allele definitions. The three deletions were located in homopoly-

meric regions and the SNV is a silent mutation.

(PDF)

S1 Text. Table A: Overview of the used guide RNAs (gRNAs). Table B: Comparison of small

SNV and INDEL variant detection of the Medaka Variant pipeline and the new CoLoRGen

tool in the NA12878 DNA sample. Reference: Krusche et al. [36]. Table C: Comparison of

structural variant detection of different state-of-the-art structural variant tools and the new

CoLoRGen tool in the NA12878, HG01190 and GM19785 DNA samples. For each tool the

number of deletions and insertions are given. Between parentheses the length of each variant is

given. Green: correctly detected structural variant; red: incorrectly detected structural variant;

orange: multiple overlapping structural variants are detected although only one variant is pres-

ent in the reference. Reference: Get-RM studies [15,16]. †: the found regions show overlap.

(DOCX)
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25. López-Girona E, Davy MW, Albert NW, Hilario E, Smart MEM, Kirk C, et al. CRISPR-Cas9 enrichment

and long read sequencing for fine mapping in plants. Plant Methods. 2020 Sep 1; 16(1):1–13. https://

doi.org/10.1186/s13007-020-00661-x PMID: 32884578

26. Community—Info sheet—Targeted, amplification-free DNA sequencing using CRISPR/Cas [Internet].

[cited 2021 Jun 10]. https://community.nanoporetech.com/info_sheets/targeted-amplification-free-dna-

sequencing-using-crispr-cas/v/eci_s1014_v1_reve_11dec2018

27. Loose M, Malla S, Stout M. Real-time selective sequencing using nanopore technology. Nat Methods.

2016 Aug 30; 13(9):751–4. https://doi.org/10.1038/nmeth.3930 PMID: 27454285

28. Heller D, Vingron M. SVIM: structural variant identification using mapped long reads. Bioinformatics.

2019 Sep 1; 35(17):2907–15. https://doi.org/10.1093/bioinformatics/btz041 PMID: 30668829

29. Sedlazeck FJ, Rescheneder P, Smolka M, Fang H, Nattestad M, Von Haeseler A, et al. Accurate detec-

tion of complex structural variations using single-molecule sequencing. Nat Methods. 2018 Jun 30; 15

(6):461–8. https://doi.org/10.1038/s41592-018-0001-7 PMID: 29713083

30. Tham CY, Tirado-Magallanes R, Goh Y, Fullwood MJ, Koh BTH, Wang W, et al. NanoVar: accurate

characterization of patients’ genomic structural variants using low-depth nanopore sequencing.

Genome Biol. 2020 Dec 3; 21(1):56. https://doi.org/10.1186/s13059-020-01968-7 PMID: 32127024

31. GitHub—nanoporetech/medaka: Sequence correction provided by ONT Research [Internet]. [cited

2021 Dec 15]. https://github.com/nanoporetech/medaka

32. Labun K, Montague TG, Krause M, Torres Cleuren YN, Tjeldnes H, Valen E. CHOPCHOP v3: expand-

ing the CRISPR web toolbox beyond genome editing. Nucleic Acids Res. 2019 Jul 2; 47(W1):W171–4.

https://doi.org/10.1093/nar/gkz365 PMID: 31106371

33. Community—Protocol—Ligation sequencing gDNA—Cas9 enrichment (SQK-LSK109) [Internet]. [cited

2022 Aug 3]. https://community.nanoporetech.com/docs/prepare/library_prep_protocols/cas9-

targeted-sequencing/v/enr_9084_v109_revu_04dec2018

34. Sternberg SH, Redding S, Jinek M, Greene EC, Doudna JA. DNA interrogation by the CRISPR RNA-

guided endonuclease Cas9. Nat 2014 5077490. 2014 Jan 29; 507(7490):62–7. https://doi.org/10.1038/

nature13011 PMID: 24476820

35. Richardson CD, Ray GJ, DeWitt MA, Curie GL, Corn JE. Enhancing homology-directed genome editing

by catalytically active and inactive CRISPR-Cas9 using asymmetric donor DNA. Nat Biotechnol 2016

343. 2016 Jan 20; 34(3):339–44. https://doi.org/10.1038/nbt.3481 PMID: 26789497

36. Krusche P, Trigg L, Boutros PC, Mason CE, De La Vega FM, Moore BL, et al. Best practices for bench-

marking germline small-variant calls in human genomes. Nat Biotechnol. 2019 May 11; 37(5):555–60.

https://doi.org/10.1038/s41587-019-0054-x PMID: 30858580

37. GitHub—Illumina/hap.py: Haplotype VCF comparison tools [Internet]. [cited 2021 Oct 27]. https://

github.com/Illumina/hap.py

PLOS GENETICS Cas9 targeted nanopore sequencing with enhanced variant calling improves CYP2D6-CYP2D7 genotyping

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010176 September 23, 2022 20 / 21

https://doi.org/10.1016/j.jmoldx.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26621101
https://www.pharmgkb.org/clinicalAnnotations
https://doi.org/10.12688/f1000research.6037.2
https://doi.org/10.12688/f1000research.6037.2
http://www.ncbi.nlm.nih.gov/pubmed/25901276
https://doi.org/10.1038/s10038-020-0815-x
https://doi.org/10.1038/s10038-020-0815-x
http://www.ncbi.nlm.nih.gov/pubmed/32759992
https://doi.org/10.2217/pgs-2019-0080
http://www.ncbi.nlm.nih.gov/pubmed/31559921
https://doi.org/10.1002/humu.22936
http://www.ncbi.nlm.nih.gov/pubmed/26602992
https://doi.org/10.1002/humu.23166
http://www.ncbi.nlm.nih.gov/pubmed/28044414
https://doi.org/10.1038/s41587-020-0407-5
https://doi.org/10.1038/s41587-020-0407-5
http://www.ncbi.nlm.nih.gov/pubmed/32042167
https://doi.org/10.1186/s13007-020-00661-x
https://doi.org/10.1186/s13007-020-00661-x
http://www.ncbi.nlm.nih.gov/pubmed/32884578
https://community.nanoporetech.com/info_sheets/targeted-amplification-free-dna-sequencing-using-crispr-cas/v/eci_s1014_v1_reve_11dec2018
https://community.nanoporetech.com/info_sheets/targeted-amplification-free-dna-sequencing-using-crispr-cas/v/eci_s1014_v1_reve_11dec2018
https://doi.org/10.1038/nmeth.3930
http://www.ncbi.nlm.nih.gov/pubmed/27454285
https://doi.org/10.1093/bioinformatics/btz041
http://www.ncbi.nlm.nih.gov/pubmed/30668829
https://doi.org/10.1038/s41592-018-0001-7
http://www.ncbi.nlm.nih.gov/pubmed/29713083
https://doi.org/10.1186/s13059-020-01968-7
http://www.ncbi.nlm.nih.gov/pubmed/32127024
https://github.com/nanoporetech/medaka
https://doi.org/10.1093/nar/gkz365
http://www.ncbi.nlm.nih.gov/pubmed/31106371
https://community.nanoporetech.com/docs/prepare/library_prep_protocols/cas9-targeted-sequencing/v/enr_9084_v109_revu_04dec2018
https://community.nanoporetech.com/docs/prepare/library_prep_protocols/cas9-targeted-sequencing/v/enr_9084_v109_revu_04dec2018
https://doi.org/10.1038/nature13011
https://doi.org/10.1038/nature13011
http://www.ncbi.nlm.nih.gov/pubmed/24476820
https://doi.org/10.1038/nbt.3481
http://www.ncbi.nlm.nih.gov/pubmed/26789497
https://doi.org/10.1038/s41587-019-0054-x
http://www.ncbi.nlm.nih.gov/pubmed/30858580
https://github.com/Illumina/hap.py
https://github.com/Illumina/hap.py
https://doi.org/10.1371/journal.pgen.1010176


38. laurentijntilleman/visualize_CoLoRGen: Extra scripts for visualizing CoLoRGen output [Internet]. [cited

2022 Mar 30]. https://github.com/laurentijntilleman/visualize_CoLoRGen

39. GitHub—lh3/seqtk: Toolkit for processing sequences in FASTA/Q formats [Internet]. [cited 2021 Oct

27]. https://github.com/lh3/seqtk

40. Tham CY, Tirado-Magallanes R, Goh Y, Fullwood MJ, Koh BTH, Wang W, et al. NanoVar: accurate

characterization of patients’ genomic structural variants using low-depth nanopore sequencing.

Genome Biol 2020 211. 2020 Mar 3; 21(1):1–15. https://doi.org/10.1186/s13059-020-01968-7 PMID:

32127024

41. laurentijntilleman/CoLoRGen: CoLoRGen: comprehensive long read genotyping pipeline. [Internet].

[cited 2022 Mar 30]. https://github.com/laurentijntilleman/CoLoRGen

42. Payne A, Holmes N, Clarke T, Munro R, Debebe BJ, Loose M. Readfish enables targeted nanopore

sequencing of gigabase-sized genomes. Nat Biotechnol. 2021 Apr 1; 39(4):442–50. https://doi.org/10.

1038/s41587-020-00746-x PMID: 33257864

43. Adaptive sampling, best practice guidance [Internet]. [cited 2022 Jul 6]. https://community.

nanoporetech.com/posts/adaptive-sampling-best-pr

44. Chen X, Shen F, Gonzaludo N, Malhotra A, Rogert C, Taft RJ, et al. Cyrius: accurate CYP2D6 genotyp-

ing using whole-genome sequencing data. Pharmacogenomics J. 2021 Apr 1; 21(2):251–61. https://

doi.org/10.1038/s41397-020-00205-5 PMID: 33462347

45. Zook JM, Catoe D, McDaniel J, Vang L, Spies N, Sidow A, et al. Extensive sequencing of seven human

genomes to characterize benchmark reference materials. Sci Data. 2016 Dec 7; 3(1):160025. https://

doi.org/10.1038/sdata.2016.25 PMID: 27271295

46. Eberle MA, Fritzilas E, Krusche P, Källberg M, Moore BL, Bekritsky MA, et al. A reference data set of

5.4 million phased human variants validated by genetic inheritance from sequencing a three-generation

17-member pedigree. Genome Res. 2017 Jan 1; 27(1):157–64. https://doi.org/10.1101/gr.210500.116

PMID: 27903644

47. Hicks J, Swen J, Gaedigk A. Challenges in CYP2D6 Phenotype Assignment from Genotype Data: A

Critical Assessment and Call for Standardization. Curr Drug Metab. 2014 Mar 29; 15(2):218–32. https://

doi.org/10.2174/1389200215666140202215316 PMID: 24524666

48. Van der Lee M, Allard WG, Vossen RHAM, Baak-Pablo RF, Menafra R, Deiman BALM, et al. Toward

predicting CYP2D6-mediated variable drug response from CYP2D6 gene sequencing data. Sci Transl

Med. 2021 Jul 21; 13(603):3637. https://doi.org/10.1126/scitranslmed.abf3637 PMID: 34290055

49. Delahaye C, Nicolas J. Sequencing DNA with nanopores: Troubles and biases. PLoS One. 2021 Oct 1;

16(10):e0257521. https://doi.org/10.1371/journal.pone.0257521 PMID: 34597327
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