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Abstract 

Objective Rapid, cost-effective identification of genetic variants in small candiate genomic 

regions remains a challenge, particularly for less well equipped or lower throughput 

laboratories. Application of Oxford Nanopore Technologies’ MinION sequencer has the 

potential to fulfil this requirement. We have developed a multiplexing assay which pools 

PCR amplicons for MinION sequencing to enable sequencing of multiple templates from 

multiple individuals which could be applied to gene-targeted diagnostics.  

Methods A combined strategy of barcoding and sample pooling was developed for 

simultaneous multiplex MinION sequencing of 100 PCR amplicons, spanning 30 loci in 

DNA isolated from 82 neurodevelopmental cases and family members. The target regions 

were chosen for further interegation because a potentially disease-causative variants had been 

identified in affected individuals by Illumina exome sequencing. The pooled MinION 

sequences were deconvoluted by aligning to custom references using the guppy aligner 

software.  

Results Our multiplexing approach produced interpretable and expected sequence from 29 of 

the 30 targeted genetic loci. The sequence variant which was not correctly resolved in the 

MinION sequence was adjacent to a five nucleotide homopolymer. It is already known that 

homopolymers present a resolution problem with the MinION approach. Interstingly despite 

equimolar quantities of PCR amplicon pooled for sequencing, significant variation in the 

depth of coverage (139x – 21,499x; mean = 9,050, std err = 538.21) was observed. We 

observed independent relationships between depth of coverage and target length, and depth of 

coverage and GC content. These relationships demonstrate biases of the MinION sequencer 

for longer templates and those with lower GC content.  

Conclusion We demonstrate an efficient approach for variant discovery or confirmation from 

short DNA templates using the MinION sequencing device. With less than 140x depth of 

coverage required for accurate genotyping, the methodology described here allows for rapid 

highly multiplexed targeted sequencing of large numbers of samples in a minimally equipped 

laboratory.  

 

Introduction 

The rapid evolution of the study of genetic variation, and the discovery of disease 

susceptibility and causal variants has led to a demand for methods for rapid variant discovery 

or accurate verification. Identifying a causative disease mutation can guide clinical 

management plans and lead to the identification of life-saving treatments [1, 2]. The 

development of short read high throughput re-sequencing, particularly whole exome 

sequencing (WES) and whole genome sequencing (WGS) has accelerated this discovery 

process. 

Decreasing cost has resulted in a rapid adoption of these re-sequencing techniques and an 

increase in the rate of new pathogenic mutations discovery [3, 4]. Trio sequencing (where the 

proband and their parents are sequenced) aids in variant analysis by determining the 

inheritance of putative causative variants. However, sequencing all members of a trio rather 

than just the proband is a significant extra cost. Sanger sequencing of selected PCR 
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amplicons in close relatives such as parents is most often used to confirm inheritance of 

variants [2]. However, if there are numerous loci of interest in an individual or across a 

cohort, this can be a slow and costly exercise [5]. 

As an alternative to single amplicon, sample by sample, Sanger sequencing, we considered 

that there may be efficiency gains to be made by multiplex sequencing using the Oxford 

Nanopore Technologies (ONT) MinION nanopore sequencer. This device is a low-cost USB-

powered sequencer that returns sequencing results in real-time [6]. Due to the low cost and 

small size of the MinION, it is a viable, easy to operate tool for genetics labs. The main 

limitation of MinION sequencing is the high nucleotide error rate [7], currently between ~5% 

and 15% [8]. However, the high error rate can be mitigated by using multiple reads to 

establish a consensus following alignment or assembly. 

The barcoding of PCR amplicons with barcodes available from ONT enables simultaneous 

sequencing of multiple samples, reducing the per-sample cost. The effectiveness of 

sequencing multiplex PCR amplicons from multiple individuals has been demonstrated in 

forensics [9, 10], heritable genetic disease [11] and pharmacogenetic screening applications 

[12]. Notably, this approach played a significant role in tracking viral spread during the Zika 

[13] and COVID-19 [14–16] outbreaks. A previous report by Liou, et al. (2020) leveraged 

MinION sequencing as an alternative to Sanger sequencing for multilocus sequencing to 

strain type samples of Staphylococcus aureus, sequencing a pool of 672 PCR amplicons from 

the same sample [17]. This approach was assisted by a dual barcoding approach whereby 

barcodes (additional to the ONT native barcode) were incorporated into the PCR amplicons 

using primers with barcode sequence incorporated to the 5’ end of primers. This approach 

enabled the diferentiation of sequence  of the same target region from multiple samples (in 

this case, typing 96 bacteria in the same sequencing run). 

In this report, we present a method to pool different amplicons under ONT native barcodes to 

simultaneously sequence multiple amplicons, exceeding the number of barcodes used. We 

sequenced 100 total PCR amplicons from 82 participants pooled under ten barcodes, looking 

for sequence variance at 30 genetic loci. To our knowledge, this is the first report describing a 

method where diverse PCR amplicons can be pooled under the ONT native barcodes, 

allowing for high-thoughput sequencing of any amplicon using the MinION.  

 

Materials and methods 

Samples 

The study cohort consisted of 82 people comprised of 55 individuals with autism spectrum 

disorder who had been whole exome sequenced (Supplementary Methods), and 27 parents of 

the cases who had not undergone high-throughput sequencing. The genetic variants selected 

for further investigation in the parents were considered to be putative disease-causing 

mutations (Supplementary Methods). These variants consisted of 28 single and two indels (a 

1 bp deletion and a 2 bp insertion) (Supplementary Methods). DNA from the cohort was 

extracted from whole blood using the Qiagen Gentra Puregene Blood Kit (Hilden, Germany) 

or from saliva Oragene prepIT L2P saliva extraction kit (DNA GEnotek Inc, Ottawa, Canada) 

according to the manufacturer’s protocols.  
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Individual PCR 

Amplicons incorporating each of the putative mutations ranged in size from 122-707 bp (see 

Supplementary Table 1). Each PCR reaction mix consisted of 0.5 µM each of the forward and 

reverse primer, 1× KAP2G Buffer A, 0.2 mM dNTP mix, and 0.5 units KAPA2G Robust 

DNA Polymerase, combined in a 25 µl reaction (Kapa Biosystems, Massachusetts, USA). 

The PCR cycling conditions were as follows: initial denaturation of 95ºC for 3 min, followed 

by 35 cycles of 95ºC for 15 s, 60ºC for 15 s, and 72ºC for 30 s, followed by a final 72ºC 

extension for 1 min.  

The PCR amplicons were purified using Ampure XP magnetic beads (Beckman Coulter, 

California, USA) and quantified by Qubit Fluorometric Quantification Broad Range Assay 

(Invitrogen, California, USA). All PCR amplicons were Sanger sequenced and the target 

variants identified for comparison. 

 

Sample Pooling and Barcoding 

In order to analyse the MinION pooled sequence, a strategy for deconvoluting the sequence 

reads and assign a read uniquely to a single sample of origin is required. Thus, we leveraged 

the step of sequence alignment to separate the PCR amplicons pooled under a single barcode. 

Each demultiplexed barcoded pooled sequence was aligned to a barcode-specific custom-

generated reference - specifically, a fasta file with the sequence of each PCR amplicon target 

region pooled within a specific barcode. As the deconvolution relies upon the assignment of 

sequence reads to the correct target sequence, similarity between target sequences within the 

same reference could result in reads aligning to the wrong target. In order to ensure the 

correct assignment of reads to the corresponding target reference sequence, PCR amplicons 

pooled under a single barcode should not contain significant sequence similarity. 

The PCR amplicons in this experiment were divided into ten pools (ten DNA templates in 

each pool) with no pool containing more than one subject PCR amplicon to the same target 

region. As a result, there was no similarity within pooled PCR amplicons within individual 

barcodes. Similarity was determined by BLAST Global Alignment [17], where a fasta file of 

the target sequences for a single barcode was queried against itself using default parameters. 

For each barcode, each target region shared 0% similarity with all other targets. 

0.16 pmol of each sample was added to each pool for a total of 1.6 pmol per pool. DNA 

templates within each pool were ligated to a specific barcode according to the 1D Native 

barcoding DNA (with EXP-NBD103 and SQK-LSK109) protocol (ONT). 

 

MinION library preparation 

The barcoded pooled amplicon DNA was purified using Ampure XP magnetic beads. Each 

purified barcoded amplicon pool was quantified with Qubit, and pooled in equimolar 

quantities to generate the final library. The final 700ng DNA library was prepared for 

MinION sequencing as in the 1D Native barcoding DNA (with EXP-NBD103 and SQK-

LSK109) protocol (ONT). 
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MinION sequencing data analysis 

The MinION sequencer was run for 1 hour 14 minutes, using an R9, 9.4 flowcell. Bases were 

called with guppy v2.3.7 (ONT) from the raw fast5 sequencing files from the MinION 

sequencer, followed by barcode demultiplexing also using guppy v2.3.7 (ONT), generating a 

fastq file for each barcode. Alternate basecalling was also performed using albacore v2.3.4 

(ONT) and scrappie v1.4.0-0d933c7 (ONT), followed by barcode demultiplexing using 

guppy. Pool demultiplexing and alignment was performed for all fastq files using minimap2. 

Alignment and coverage statistics were calculated using samtools 1.10 [18]. 

Variants were called and genotyped in the MinION sequencing data using nanopolish v0.13.2 

and then compared with the Sanger generated data [19].  

 

Results 

Read characteristics 

A single sequencing run of the MinION produced 1,096,297 reads corresponding to 

approximately 11,000 reads per sample. Of the total reads, 983,434 (89.7%) passed the 

quality qscore of seven, with a mean qscore of 9.7 and median qscore of 10.1. Guppy 

assigned the majority of reads (990,311) to the expected barcodes, with 93.0% of the 

correctly barcoded reads aligned to the reference by minimap2. The average sequence error 

rate was 3.05% for substitutions, 2.59% for deletions, and 1.73% for insertions generated by 

Alfred [20], consistent with expected error rates for the guppy basecaller [12, 21]. Metrics of 

the run are detailed in Table 1. 

 

Genotype validation 

Sequences were basecalled by guppy and aligned to the appropriate reference by minimap2. 

Nanopolish called 29/30 of the variants of interest (97/100 PCR amplicons). The genotypes 

called by nanopolish were in concordance with the previously generated Sanger sequence. 

The variant which could not be identified by nanopolish was an insertion of an AT at the 

junction of two thymines and a homopolymer run of five cytosines (ref: CCCCCT, alt: 

CCCCCCTT; Supplementary Table 1).  

The ability to call the correct number of bases in homopolymer runs is a known limitation of 

the Oxford Nanopore sequencing technology [8, 22]. Wick, Judd & Holt (2019) reported 

different levels of success for homopolymer calls from various basecallers [22]. Therefore, 

two alternative basecalling algorithms, albacore v2.3.4 (ONT) and scrappie v1.4.0-0d933c7 

(ONT), were run in an attempt to identify the AT insertion. Two additional alignments were 

generated by minimap2 from the sequences generated from albacore and scrappie, however, 

neither could call the correct number of bases in the cytosine homopolymer run, or identify 

the homopolymer adjacent indel. 

 

Depth of coverage analysis 
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It was anticipated that pooling equimolar quantities for each PCR amplicon would result in 

comparable depth of coverage for each product when aligned to the respective reference. 

However, the average depth of sequence coverage for each amplicon widely varied between 

21,498 and 139.41 fold (mean = 9,050, std err = 538.21). The majority of variance was 

between target regions rather than between PCR amplicons of the same target region from 

different individuals (Figure 1), with the average depth per target region varying significantly 

between 171x and 17740x [ANOVA: F(29, 70) = 10.37; P = 1.093x10-15]. 

There was a positive correlation between the nucleotide length of the PCR amplicon and the 

depth of coverage of the aligned sequence (Figure 2A). Conversely, there was a negative 

correlation between PCR amplicon GC content and depth of coverage (Figure 2B). While 

there was a negative correlation between PCR amplicon length and PCR amplicon GC 

content (Figure 2C), the coefficient of determination is low (R² = 0.0526). This suggests that 

they  independently affect the depth of sequence coverage. The lack of relationship was 

ratified by an insignificant interaction term in a linear regression (P=0.206).  

 

Discussion 

The rapid uptake of genome re-sequencing following the human genome project has 

dramatically improved our understanding of human disease. The discovery of pathogenic and 

disease susceptibility variants has contributed to a shift from phenotype-driven diagnosis to 

genotype-driven diagnosis. While there has been a substantial decrease in sequencing cost in 

recent years, the limited funding available for research and molecular diagnostic facilities 

often does not allow for WGS or WES of all individuals recruited or referred for genetic 

analysis. Thus, sequencing of targeted DNA intervals remains a common low cost alternative 

for applications such as mutational and inheritance confirmation [23], forensics [5] and 

targeted mutation screening for familial conditions [6]. 

In large studies of multiple individuals, targeted sequencing by traditional methods such as 

Sanger sequencing is still relatively costly at approximately $7 USD per reaction [24, 25]. 

We have described a method to genotype loci in up to 100 PCR amplicons across 82 

individuals simultaneously using Oxford Nanopore Technology’s MinION sequencer. The 

method described in this report is comparable in cost to Sanger sequencing ($6.24 USD per 

PCR amplicon [26]), with opportunities to reduce the cost further (as discussed below). An 

additional benefit of MinION sequencing for targeted re-sequencing is the rapid return of 

results with the process from library preparation to analysed results achievable within a day.  

Oxford Nanopore Technologies sequencing incorporates native barcoding, facilitating the 

sequencing of multiple samples simultaneously. By pooling PCR amplicons targeting 

multiple regions within the same barcode, we have expanded the utility of multiplexing with 

the MinION sequencing technology, reducing the per-amplicon cost of sequencing from $52 

USD to $6.24 USD. The method we described is not specific to the target regions that we 

used for the analyses presented here, but can be easily modified to determine the presence of 

any variant by designing primers to any target of interest, provided the PCR amplicons to be 

pooled using a single barcode do not share significant similarity.  

While this assay interrogated 100 PCR amplicons, the assay could be expanded, further 

increasing cost-effectiveness. Provided the reads can be correctly demultiplexed, the limit to 
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the number of amplicons that can be interrogated is determined by sufficient reads for each 

amplicon and thus is a function of the yield of the flow cell and the length of the target 

regions of interest. Based on the error rate of 7.37% in this report, and successful genotyping 

from samples with 139x and 172x coverage, we estimate that coverage of 100x should be 

adequate for establishing an accurate genotype in the majority of cases. This estimate is 

consistent with a previous report of 80x depth sufficient to generate consensus sequence [27].  

The reported maximum yield from a minION single flow cell is 50 Gbp [26], therefore with 

the metrics and amplicon size from this experiment, a theoretical 943,153 genetic loci could 

be accurately genotyped from a single flow cell with sufficient barcoding. However, this 

would require uniform depth of coverage for all amplicons and expending the full capacity of 

the flow cell over 72 hours. Liou, et al. also experienced an uneven distribution of reads with 

more than four-fold difference in depth between the lowest depth and the mean [17], and 

subsequently performed simulations to determine the maximum number of samples that 

could be genotyped in a single run. From a run of 6.3 million reads, consisting of 843 Mbp of 

sequence, with an average amplicon length of ~1300 bp, they determined a 95% accuracy in 

genotyping would be maintained with 7,000 amplicons. Given the estimated minimum depth 

required for genotyping was consistent between our results and those from Liou, et al., we 

expect that 7,000 amplicons could also be used as an upper limit for the method that we have 

described here. For example, this method (with adequate barcoding) would allow for the 

screening 70 loci in 96 individuals, while only using 1.7% of the maximum yield of the flow 

cell. 

Expanding the number of amplicons targeting the same genetic region investigated in a single 

sequencing run can be supported by increasing the number of barcodes. This can either be 

through ONT native barcodes with a total of 96 available using the Native Barcoding 

Expansion 96 (EXP-NBD196) or through a dual barcode approach such as that used by Liou, 

et al., [17] and Srivathsan et al. [28]. The dual barcoding method applies barcoded PCR 

primers to incorporate barcodes into the products before pooling and addition of secondary 

ONT native barcodes. Furthermore, given the small size of the PCR amplicons typically used 

for targeted sequencing, the assay could be optimised for the cheaper ‘Flongle’ MinION flow 

cells capable of generating up to 2.8 Gbp of sequence. The Flongle would reduce the cost of 

sequencing to $2.39 USD per amplicon if sequencing 100 amplicons, or as little as 3 cents if 

sequencing 7,000 amplicons [29, 30]. 

Following decovolution, 29 of 30 of the investigated genetic loci were successfully 

genotyped. Nanopolish identified 28 single nucleotide subtitutions and one single base pair 

insertion from basecalls by guppy. The variant that was not identified during variant calling 

by any of the algorthims tested here is an insertion of adenosine and thymine at the junction 

of two thymines and a homopolymer run of five cytosines. The difficulty of basecalling 

MinION sequence surrounding stretches of single bases is a well-reported limitation of the 

technology [9, 28, 31].  

Nanopore sequencing utilises nanoscale pores for which changes in the ionic current passing 

through the pore changes as DNA/RNA passes through. This change in current is used to 

determine the bases present in the pore and thus nucleotide sequence of the template [8]. 

Consequently, a repeatedly reported limitation of the technology is the difficulty to correctly 

identify the length of homopolymer runs greater than the k-mer of the nucleotides 
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determining the signal from the pore as these extended homopolymer runs do not result in a 

change in the current through the pore [8]. For the flowcells used in this experiment (R9, 9.4) 

the signal is primarily determined from the three central nucleotides within the pore [32], thus 

accuractely determining the length of a homopolymer greater than as few as four nucleotides 

is technically challenging. Similar to the increase in raw read accuracy that has been achieved 

with updates in chemistry and software tools [8], we anticipate improvements to 

homopolymer calls. Particularly, ONT reports better homopolymer identification with R10, 

10.3 pores released in January 2020 [33]. 

Oikonomopoulos, et al. (2016) reported that the proportion of MinION reads very closely 

mirrors the number of template molecules in the library [31]. Therefore, we presumed 

including equimolar quantities of PCR amplicons would result in an equal depth of coverage 

for each product. However, we observed significant variance between target regions, with 

less variance between PCR amplicons from the same target. Therefore, inherent differences 

between the amplicons resulted in differences in read depth. Specifically, within the bounds 

of amplicons investigated here, MinION sequencing has a bias for longer amplicon length 

and lower GC content.  

There are mixed reports of GC content and length bias in MinION sequencing. 

Oikonomopoulos, et al. (2016) did not observe any length or GC content bias from the pooled 

library [31]. However, Li, et al. (2020) performed a direct comparison of the reads generated 

by MinION and Pacbio Sequel and Ion Torrent PGM and observed a significantly reduced 

number of reads with > 45% GC content from MinION relative to the other technologies 

[34]. Notably, there was a negative relationship between read counts and GC content > 40%. 

Both Li, et al. (2020) and Karlsson, et al. (2015) reported a normal distribution of the 

proportion of reads centred around ~7 kb [34, 35]. This distribution replicates the positive 

relationship that was observed in this report, if limited to the 122-707 bp window that was 

investigated here.  

The lack of relationship between target sequence length and GC content indicated that the 

two variables independently affect depth of coverage. Therefore, pooling equimolar 

quantities of PCR amplicons may not be the best approach to achieve equal depth of coverage 

for all templates required for accurate variant identification while maximising the use of the 

flow cell. With a significantly larger number of sequencing runs targeting additional varied 

template sequences, a regression model incorporating depth of coverage, length, GC content 

and molarity may reveal the relationship between these variables and determine the optimum 

quantity of products to be pooled. Such a model will optimise the depth of coverage for each 

PCR amplicon, thus allowing for screening of the maximum number of amplicons in a single 

sequencing run. 

 

Conclusion 

Oxford Nanopore Technology’s MinION sequencer allows for rapid and cost-effective 

development of variant discovery assays. Genotypes were called with a 97% accuracy, the 

only exception being an insertion adjacent to a homopolymer run. The difficulty to correctly 

call the number of bases in a homopolymer run is a known limitation of the technology which 

will likely be mitigated through improvements in chemistry and flow cells by ONT and the 
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development of superior basecalling software. The depth of coverage does not scale with the 

number of molecules of DNA pooled, however the depth was sufficient for successful variant 

calling in 29/30 of the genetic variants of interest. Therefore, ONT MinION can be used as a 

time and cost-effective alternative to Sanger sequencing for large-scale variant identification 

from any short DNA template with adequate barcoding and read depth. 
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Table 1. Metrics of the nanopore sequencing run 

Parameters Metrics 

Total yield ~632 million bp 

Read length 13-112,160 bp (N50 = 587) 

Number of reads  
 Total 1,096,297 

 Pass 983,434 

Reads mapped to reference 971,111 

Average reads per amplicon (min–max) 9,711.05 (2,104-24,466) 

Average mean depth per amplicon (min-max) 9,050.01 (139.41-21498.9) 

Mean qscore 9.7 

 

Figure 1. Depth of coverage of target regions. The name of each target region represents 

the gene name and the assigned pedigree ID. The average depth of sequence coverage varied 

significantly for different PCR amplicons, between 21,498 and 139.41 fold. The depth of 

coverage for PCR amplicons was significantly more uniform within target regions than 

between, with the average depth per target region varying significantly between 171x and 

17740x [ANOVA: F(29, 70) = 10.37; P = 1.093x10-15]. A single outlier for the gene ASH1L 

is indicated by the circle. 

 

 

Figure 2. Alignment characteristics. A. Each PCR amplicon is plotted (100 total), 

demonstrating a positive relationship between the length of the product and depth of 

coverage. B. Each PCR amplicon is plotted (100 total), demonstrating a negative relationship 

between the GC content of the product and depth of coverage. C. Length of amplicon 

compared to the GC content of each different target region (30 total). The lack of significant 

relationship between these variables (R2=0.05256) indicates that each independently 

influences the depth of coverage of sequenced PCR amplicons 
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