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Abstract
The MinION nanopore sequencing device (Oxford Nanopore Technologies, Oxford, UK) is the smallest commercially 
available sequencer and can be used outside of conventional laboratories. The use of the MinION for forensic applications, 
however, is hindered by the high error rate of nanopore sequencing. One approach to solving this problem is to identify 
forensic genetic markers that can consistently be typed correctly based on nanopore sequencing. In this pilot study, we 
explored the use of nanopore sequencing for single nucleotide polymorphism (SNP) and short tandem repeat (STR) profil-
ing using Verogen’s (San Diego, CA, USA) ForenSeq DNA Signature Prep Kit. Thirty single-contributor samples and DNA 
standard material 2800 M were genotyped using the Illumina (San Diego, CA, USA) MiSeq FGx and MinION (with R9.4.1 
flow cells) devices. With an optimized cutoff for allelic imbalance, all 94 identity-informative SNP loci could be genotyped 
reliably using the MinION device, with an overall accuracy of 99.958% (1 error among 2926 genotypes). STR typing was 
notably error prone, and its accuracy was locus dependent. We developed a custom-made bioinformatics workflow, and 
finally selected 13 autosomal STRs, 14 Y-STRs, and 4 X-STRs showing high consistency between nanopore and Illumina 
sequencing among the tested samples. These SNP and STR loci could be candidates for panel design for forensic analysis 
based on nanopore sequencing.
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Introduction

Genetic marker–based profiling is essential for forensic 
applications such as human identity and kinship testing. 
Usually, collected samples are transported to laboratories 
for forensic DNA analysis. When turnaround times are 
limited, however, such as in situations requiring disaster 

victim identification, rapid DNA profiling is needed [1]. 
To address this challenge, fully automated short-tandem 
repeat (STR) profiling systems, such as the ANDETM 
rapid DNA identification system (ANDE, Longmont, CO, 
USA) [2, 3], RapidHIT® ID system (Thermo Fisher Sci-
entific, Waltham, MA, USA) [4], and ParaDNA® screen-
ing system (LGC Group, Teddington, UK) [5, 6], have 
been developed in the past decade. The ANDE system, for 
instance, can be used on site by non-technical operators Zi-Lin Ren and Jia-Rong Zhang these authors wish it be known 
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and generates concordant STR allele results within 2 h [7]. 
However, these systems cannot be used to profile other 
forensic markers, such as single nucleotide polymorphisms 
(SNPs), and they are characterized by low-throughput sam-
ple processing.

An alternative for rapid on-site DNA profiling is the 
use of the pocket-sized MinION nanopore sequencing 
device (Oxford Nanopore Technologies, Oxford, UK). 
The MinION weighs less than 100 g and has a maximum 
throughput exceeding 10 gigabase pairs (Gbp), which is 
theoretically sufficient for the profiling of large numbers of 
samples. To date, the MinION has been used in many on-
site applications, such as the recovery of pathogen genomes 
from clinical samples in epidemic areas [8–10], species 
identification in rainforests [11], and genome assembly on 
the International Space Station [12].

The use of the MinION for forensic genetic analysis, 
however, is challenging for several reasons. First, the 
MinION sequencer, whose applications depend on sample 
preparation and post-sequencing analysis, is not a sample-
to-answer system designed for forensic analysis. Second, 
nanopore sequencing is more error prone than Sanger and 
massively parallel sequencing [13]. In the few pilot stud-
ies conducted to assess the accuracy of STR profiling with 
the MinION, in very limited samples, error rates were high 
[14–16]. Nonetheless, Tytgat et al. [15] reported that Min-
ION-based STR typing errors were limited largely to spe-
cific loci; some loci were typed correctly in all three sam-
ples in their study. This finding reflects the characteristic 
systematic nature of some nanopore sequencing errors [17, 
18], and the need to evaluate the MinION’s performance 
for more STR loci and with more samples.

The genotyping of human SNPs by nanopore sequenc-
ing is more accurate than STR genotyping [19]. Identity-
informative SNPs are considered to be supplementary 
markers of STRs in identity and kinship testing [20–24]. 
Nanopore sequencing has been used to profile a 52-SNP 
panel developed by the SNPforID consortium and a panel 
of 16 tri-allelic SNPs in a few DNA standards and indi-
vidual samples [25, 26], with several problematic SNP loci 
characterized.

In this pilot study, we examined more STRs and SNPs as 
candidate markers suitable for forensic nanopore sequenc-
ing than have been assessed in previous studies [14–16, 
25, 26]. We used ForenSeq DNA Signature Prep Kit mix 
A (Verogen, USA), which includes 54 STRs and 94 SNPs 
for amplification, and then performed nanopore sequencing 
using the MinION device. Although multiplex PCR ampli-
fication is used commonly in on-site nanopore sequencing 
[8–10], the ForenSeq DNA Signature Prep Kit is not suit-
able for on-site use. Further study is needed to establish 
an on-site protocol for forensic marker amplification and 
subsequent library preparation.

Materials and methods

Sample collection and DNA extraction

This study was approved by the ethics committee of Shanxi 
Medical University (no. 2020GLL031), and all participants 
provided informed consent. Blood samples were collected 
from 30 Han Chinese volunteers (15 females [F1–F15] and 
15 males [M1–M15]). The samples were anonymized, and 
DNA was extracted from whole blood using the PureLink 
genomic DNA kit (Invitrogen, USA) according to the manu-
facturer’s instructions. The DNA was stored at –80 °C and 
quantified using a Qubit Fluorometer (Invitrogen) before 
use. The control DNA sample of the ForenSeq DNA Sig-
nature Prep Kit (2800 M; Verogen) was used in this study.

SNP and STR amplification and sequencing

PCR amplification was performed with the ForenSeq kit’s 
DNA primer mix A (Verogen) according to the manufac-
turer’s instructions, except that the input was increased from 
the recommended 1 to 5 ng to yield sufficient PCR products 
for comparative MinION nanopore and Illumina (San Diego, 
CA, USA) MiSeq FGx sequencing. Approximately 500 ng 
of DNA was obtained after amplification and normaliza-
tion. The final barcoded libraries were pooled and sequenced 
using the Illumina MiSeq FGx system.

Library preparation for MinION sequencing

Aliquots of normalized libraries generated with the ForenSeq 
DNA signature prep kit were used as input for further library 
preparation and sequencing with the MinION device (Oxford 
Nanopore Technologies). As the amplicons were short 
(400–600 bp), we adopted the Quick [27] protocol recom-
mended by the manufacturer for the construction of short insert 
libraries (https://​commu​nity.​nanop​orete​ch.​com/​proto​cols/​pcr-​til-
ing-​SARS-​CoV-2/​v/​PTC_​9096_​v109_​revA_​06Feb​2020). This 
protocol is based on the ARTIC protocol for MinION sequenc-
ing of severe acute respiratory syndrome coronavirus 2, which 
has a comparable amplicon size. Briefly, 0.2 pmol cleaned PCR 
products per sample were used in the end-repair and dA-tailing 
steps. We calculated sample volumes for 0.2 pmol DNA using 
an online calculator provided by Oxford Nanopore Technolo-
gies (https://​nanop​orete​ch.​ent.​box.​com/s/​rzlbo​r9yl7​jll9v​kqdwg​
l892c​esxes​hp), with DNA concentrations quantified with the 
Qubit 3.0 fluorometer (Thermo Fisher Scientific) and a frag-
ment length of 450 bp serving as inputs. Then, the DNA was 
barcoded with a 32-bp index using the native barcoding kit 
(Oxford Nanopore Technologies). The adapters for nanopore 
sequencing from the ligation sequencing kit (Oxford Nanopore 
Technologies) were ligated to the pooled and barcoded DNA 
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using the NEBNext quick ligation module (New England Bio-
labs, USA). Finally, 15 ng of the final library was loaded onto 
an R9.4.1 flow cell for MinION sequencing. Guppy (v3.6.0; 
Oxford Nanopore Technologies) was employed for base calling 
and demultiplexing.

SNP and STR genotyping based on Illumina 
sequencing data

For SNP and STR typing, the MiSeq FGx data were analyzed 
using the ForenSeq universal analysis software (v1.3.6897; 
Verogen) with the default settings (estimated minimum analyti-
cal threshold ≥ 10 reads, minimum interpretation threshold > 30 
reads). Some of software-reported SNP alleles that were reverse 
complements of those recorded in the National Center for Bio-
technology Information’s dbSNP database (build 141; https://​
www.​ncbi.​nlm.​nih.​gov/​snp/) [28] were modified manually 
according to the dbSNP entries. A quality control indicator of 
a genotyped SNP or STR locus can be obtained in the sam-
ple report including “Imbalanced” (the number of reads sup-
porting alleles are imbalanced), “Allele Count” (the number of 
alleles above analytical threshold than excepted), “Stutter”(the 
number of reads supporting allele at a stutter position is beyond 
the stutter filter percentage), “Interpretation threshold”(at least 
one allele that is not stutter is above the analytical threshold but 
below the interpretation threshold), “Not Detected”(No reads 
were detected for the locus), and/or “User Actions” (at least one 
allele was manually edited as typed or not typed, or a user com-
ment was submitted).

SNP genotyping based on MinION sequencing data

The MinION sequencing reads were first aligned to the auto-
somes and X and Y chromosomes of the human reference 
genome (assembly GRCh37, hg19) using Minimap2 (v2.17r941) 
[29]. The output SAM files of the alignments were transformed 
to BAM format using SAMtools (v1.9) [30]. The scaffolds in 
the hg19 assembly were not included as reference sequences for 
alignment, as the unlocalized scaffold chr17_gl000204_random 
could induce misalignment of reads supporting allele C of and 
incorrect genotyping rs938283 (Fig. S1).

SNP genotyping was performed using the Medaka soft-
ware (v1.0.3; Oxford Nanopore Technologies; https://​github.​
com/​nanop​orete​ch/​medaka) [31]. The medaka_variant pro-
gram was used to perform small variant calling with the 
r941_min_high_g360 model. For SNP loci without Medaka 
variant output, the corresponding genotypes were considered 
to be homozygous for the reference allele.

In parallel, we developed a custom-made bioinformatics 
workflow (https://​github.​com/​Ming-​Ni-​Lab/​NanoF​orenS​NP). 
Mpileup files were first generated for the BAM alignment files 
for the 94 SNP loci using SAMtools (v1.9) [30]. Then, the 
numbers of reads supporting the reference (nr) and alternative 

(na) alleles were obtained for each locus. To evaluate allelic 
imbalance, we calculated the minor allele frequency (minAF; 
the relative frequency of the allele with second most support-
ing reads): min{nr / (nr + na), na /(nr + na)}. This frequency was 
used to determine whether the SNP locus was homozygous or 
heterozygous.

STR genotyping based on MinION sequencing data

STR genotyping was performed using the repeatHMM software 
(v2.0.2) [32] with default parameters and a custom-made bio-
informatics workflow written in Python3 (https://​github.​com/​
Ming-​Ni-​Lab/​NanoF​orenS​TR). In the custom-made workflow, 
reads generated by MinION were aligned to the autosomes 
and X and Y chromosomes (assembly GRCh37, hg19) using 
Minimap2 (v2.17r941) [29] and transformed to BAM for-
mat using SAMtools (v1.9) [30]. The Pysam Python module 
(https://​github.​com/​pysam-​devel​opers/​pysam) was used to find 
reads covering the repeat regions of the STR loci and upstream 
and downstream flanking regions of at least 20 bp. The flank-
ing regions were trimmed, and only the repeat regions were 
extracted for the identification of repeat units. Repeat units that 
exactly matched the expectation were identified first. For the 
other STR core regions, a Smith–Waterman algorithm was used 
to further distinguish repeat units based on the requirements 
of aligned length > 60% of the unit repeat and > 60% identity. 
Finally, the counts of supporting reads for STR alleles were sum-
marized and reported. Incomplete repeats (alleles with decimal 
points) could not be reported with the custom-made workflow.

SNP validation by Sanger sequencing

We used Sanger sequencing for the genotyping of SNP loci 
rs1493232, rs338882, and rs1357617. Primer3 (v0.4.0) [33, 
34] was used to design the PCR primer pairs for rs1493232 
and rs338882. The PCR primers for rs1357617 were from 
Zhang et al. [35]. The primer pair sequences are provided 
in Table S1. PCR was performed with TaKaPa Taq hot start 
version (Takara Bio Company, Japan) and the following 
thermal cycling regimen: 180 s at 98 °C, followed by 35 
cycles of 30 s at 98 °C, 30 s at 62 °C, and 45 s at 72 °C. 
Sanger sequencing was conducted by Sangon Biotech 
(Shanghai, China).

Statistical analysis

Linear correlations of locus depths based on MiSeq FGx and 
MinION sequencing were determined by Pearson correlation 
(r). The distributions of repeat count deviations from true 
alleles at STR loci were illustrated as bubble plots, in which 
the size is indicated in the respective figures (R: ggplot2), 
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and in which the bubble size represents the number of sam-
ples with the corresponding deviation.

Results

Multiplex PCR and sequencing using MiSeq FGx 
and MinION

We collected whole blood samples from 30 individuals in 
this study. DNA was extracted as single-contributor sam-
ples and multiplex PCR was performed using the ForenSeq 
DNA primer mix A kit, which resulted in the amplifica-
tion of genomic regions harboring 94 identity-informative 
SNPs, 27 autosomal STRs, 24 Y-STRs, and 7 X-STRs. 
Together with the three replicates of 2800 M DNA stand-
ard material 2800 M with 3 replicates, a total of 33 sam-
ples was sequenced in a batch with the MiSeq FGx system 
and with two R9.4.1 flow cells on a MinION sequencer.

MiSeq FGx sequencing yielded a total of 1.55 Gbp 
data and 34.45–65.86 mega base pairs (Mbp) per sample. 
The amount of data per sample obtained with MinION 
sequencing ranged from 108.7 to 188.15 Mbp. For each 
sample, we obtained the normalized sequencing depths 
at the SNP loci by dividing the locus-specific depth by 
the mean depth of the sample. The sample depth profiles 
based on MiSeq FGx and nanopore sequencing were cor-
related (Pearson correlation, r = 0.87; Fig. S2). Details of 
the sequencing are provided in Table S2.

MinION SNP profiling

Based on the MiSeq FGx sequencing data, 176 SNPs in the 
33 samples had insufficient coverage and were labeled with 
an “interpretation threshold” by the ForenSeq universal 
analysis software. Fifty-five of these SNPs had reported 
genotypes; examination of them suggested that the soft-
ware’s filter was strict, leading to the disregarding of an 
allele with a depth ≤ 30 when the depth of the other allele 
was > 30. This led to incorrect genotyping at some het-
erozygous loci with insufficient coverage. For instance, 
sample M3 had 30 reads at rs1357617 supporting allele 
C and 35 reads supporting allele T, but a homozygous TT 
genotype was reported. With Sanger sequencing, we vali-
dated 16 genotypes (rs1357617 in five samples, rs1493232 
in four samples, and rs338882 in seven samples) which 
were reported as homozygous by the ForenSeq universal 
analysis software, and they were all validated as heterozy-
gous (Table S3). Thus, we excluded SNPs with the “inter-
pretation threshold” label and used the remaining 2926 
SNP genotypes from MiSeq FGx sequencing to assess 
MinION-based SNP profiling.

SNP genotyping based on MinION sequencing was 
first conducted using the widely used Medaka software 
(v1.0.3) [31]. However, we found that only 53–55% of 
SNP loci in the three 2800 M replicates had genotypes cor-
responding to the reference profile. The errors were attrib-
uted to allelic imbalance, with incorrect classification of 
genotypes as homozygous or heterozygous, indicating the 
need to optimize the allelic imbalance cutoff for MinION 
sequencing. We evaluated allelic imbalance by calculat-
ing minAFs for loci, which should be 0 for homozygous 
and 0.5 for heterozygous genotypes. Although the MinION 
data exhibited more allelic imbalance than did the MiSeq 
FGx data, homozygous and heterozygous genotypes were 
distinguishable by minAFs based on the MinION data. All 
1183 heterozygous SNPs had minAFs > 0.15, and all but 1 
(rs914165 in sample M10) of the 1743 homozygous SNPs 
had minAFs < 0.1 (Fig. 1). The application of a minAF 
cutoff of 0.15 yielded a MinION SNP profiling accuracy 
rate of 99.958% (2925 of 2926 SNPs). The single typ-
ing error for rs914165 in sample M10 may be related to 
the low sequencing depth; 14 non-allelic bases (As) were 
found, with a total depth of 83-fold. We also observed 
false-negative typing of an allele at a locus with low cov-
erage (rs1357617 in M15 [Table S3]) labeled with the 
“interpretation threshold” and validated as heterozygous 
by Sanger sequencing.
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Fig. 1   Allelic imbalance of SNPs based on MinION and Illumina 
MiSeq FGx sequencing. Relative frequencies of alleles with fewer 
supporting reads at each of the 94 biallelic SNP loci in the 30 sam-
ples and 2800  M replicates are shown. Heterozygous (red) and 
homozygous (blue) SNPs were identified based on MiSeq FGx 
sequencing. SNPs labeled with the “interpretation threshold” by the 
ForenSeq universal analysis software were excluded
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The frequencies of non-allelic bases (misincorporation rates) 
reflect baseline noise during SNP profiling. Among the 2573 
SNPs with ≥ 100-fold MinION sequencing depths, 930 (36.2%) 
had non-allelic bases, with misincorporation rates ranging from 
0.00053 to 0.07826 (mean, 0.0076; standard deviation, 0.0083; 
median, 0.0050). Two loci (rs873196 and rs13218440) had max-
imum misincorporation rates > 5%. The MinION-based misin-
corporation rates are summarized by SNP locus in Table S4. 
Compared with the MinION data, the MiSeq FGx data had 
much less noise; non-allelic bases were observed at only five 
(0.19%) SNPs, with misincorporation rates ranging from 0.0097 
to 0.015.

Read‑level noise of STR typing using MinION

To assess MinION STR sequencing, MiSeq FGx–based 
STR profiles were used as a reference, and STRs labeled 
by the ForenSeq universal analysis software with “imbal-
anced,” “allele count,” “stutter,” and/or “interpretation 
threshold” were excluded. DY385a and DY385b were 
also excluded, as the MiSeq FGx universal software did 
not distinguish them. Another three Y-STRs with no 
exact genomic coordinates (DYF387S1, DYS389I, and 
DYS389II) were excluded because our STR typing analy-
sis required the alignment of nanopore sequencing reads 
to the human reference genome with coordinates.

We investigated the characteristics of MinION sequenc-
ing noise at the read level. The homozygous autosomal 
STRs identified by MiSeq FGx sequencing were extracted, 
enabling clear definition of the deviation of repeat counts 
between observed and true alleles. As expected, the extent 
of deviation depended on the STR locus. The 27 autosomal 
STR loci could be divided into 2 groups (A and B) based on 
the read-level noise patterns (Fig. S3). At the loci assigned 
to group A, true STR alleles were identified with the high-
est coverage, and the deviating repeats represent stutters and 
other artifacts due to errors in sequencing and analysis. Group 
A contained 16 autosomal STR loci (D2S441, D3S1358, 
D4S2408, D5S818, D6S1043, D7S820, D8S1179, D10S1248, 
D13S317, D16S539, D17S1301, D18S51, D20S482, 
D22S1045, TPOX, and CSF1PO). Among them, D18S51 and 
especially D10S1248 had much higher stutter rates than did 
the other loci (Fig. S3). At autosomal loci assigned to group 
B, the alleles with the highest coverage were false positives, 
deviating from the true alleles with –9 to 2 repeat counts. 
Among the X and Y STR loci, also grouped according to 
the above-described criteria, 14 of the 21 Y-STRs (DYS391, 
DYS392, DYS438, DYS439, DYS460, DYS522, DYS533, 
DYS549, DYS570, DYS635, YGATAH4, DYS437, DYS612, 
and DYS505) and 4 of the 7 X-STRs (DXS8378, HPRTB, 
DXS10135, and DXS7132) were assigned to group A (Fig. S4 
and S5). The remaining STRs were assigned to group B.

MinION STR profiling

We adopt the following criteria to type STRs at the locus 
level in diploid chromosomes. For each such locus, the 
two alleles with the most abundant supporting reads were 
extracted, and all other observed alleles and stutters were 
disregarded. We calculated minAFs for the two alleles to 
quantify allelic imbalance, as for SNP typing. Then, we 
employed an optimized minAF cutoff of 0.36 (Fig. S6) 
to determine whether the locus was homozygous or het-
erozygous. When reads supporting the less-covered repeat 
exceeded 36% of all reads for the two most frequent repeats, 
the STR was determined to be heterozygous; otherwise, it 
was considered to be homozygous. For loci on haploid chro-
mosomes, STR typing yielded the alleles with the highest 
coverage. As we obtained a minimum depth of 214-fold for 
the STRs by MinION sequencing, an arbitrary requirement 
of ≥ 200-fold depth was applied to STR profiling.

With MinION sequencing data, both alleles in 11 of the 
16 autosomal STR loci in group A were typed correctly in 
all samples (Fig. 2a). Three other loci in group A (D6S1043, 
D20S482, and D13S317) had high accuracy rates, but false-
positive alleles in one or two samples. Due to the high stutter 
rate, the typing of D18S51 and D10S1248 was incorrect for 
one allele in 13 and 32 samples, respectively. No autoso-
mal STR assigned to group A had incorrect typing of both 
alleles. In contrast, most (277 of 348, 79.6%) autosomal STR 
genotypes for loci in group B were incorrect for both alleles, 
and the remaining genotypes were incorrect for one allele. 
The distributions of deviation at autosomal STRs among 
these samples are shown in Fig. 2b. The deviations for FGA, 
vWA, and D9S1122 were identical in most samples. As no 
software designed specifically for forensic STR typing based 
on nanopore sequencing is currently available, we conducted 
locus-level typing using repeatHMM (v2.0.2) [32], a com-
putational tool developed to detect microsatellites from long 
reads, for comparison. Our custom-made workflow was 
more accurate than repeatHMM for STR typing (Fig. S7).

Similar to the autosomal STR results, typing of the 
14 Y-STRs and 4 X-STRs assigned to group A was very 
consistent with the reference profiles (Fig. 3a). All X- and 
Y-STRs in group A were typed correctly, except for one 
error at DXS7132 in sample F01. Typing of the 6 Y-STRs 
and 3 X-STRs in group B was error prone, whereas all of 
these STRs exhibited identical deviations in most of the 
samples (Fig. 3b).

Conclusion and discussion

In this pilot study, we evaluated the performance of nanop-
ore sequencing for forensic SNP and STR profiling in sam-
ples from 30 individuals and the 2800 M DNA standard. The 
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SNPs and STRs targeted by primer mix A of the ForenSeq 
DNA Signature Prep Kit (Verogen) were amplified and 
sequenced using MinION and MiSeq FGx. Custom-made 
scripts were developed for SNP and STR profiling based on 
MinION sequencing, and the profiles generated by MiSeq 
FGx sequencing were used as reference for the assessment. 
Despite the high error rate in MinION sequencing and 
analysis, we determined that all 94 SNP loci, 14 autosomal 
STRs (D2S441, D3S1358, D4S2408, D5S818, D6S1043, 

D7S820, D8S1179, D13S317, D16S539, D17S1301, 
D20S482, D22S1045, TPOX, and CSF1PO), 14 Y-STRs 
(DYS391, DYS392, DYS438, DYS439, DYS460, DYS522, 
DYS533, DYS549, DYS570, DYS635, YGATAH4, DYS437, 
DYS612, and DYS505), and 4 X-STRs (DXS8378, HPRTB, 
DXS10135, and DXS7132) could be typed accurately in 
these samples.

The characterization of locus-dependent errors deriv-
ing from nanopore sequencing is fundamental. As current 

Fig. 2   Genotyping of autoso-
mal STRs based on MinION 
sequencing. (a) Consistency of 
STR genotyping of 30 samples 
and 2800 M replicates between 
MinION and MiSeq FGx 
sequencing. Imbalanced (IM), 
allele count (AC), stutter (ST), 
and interpretation threshold (IT) 
are warning labels based on 
MiSeq FGx sequencing applied 
by the ForenSeq universal 
analysis software. (b) Devia-
tions of repeat counts from true 
alleles in the 30 samples and 
three 2800 M replicates based 
on MinION sequencing. For 
heterozygous STRs, the sum of 
deviation for both alleles was 
calculated
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software tools for nanopore sequencing–based variant call-
ing, such as Medaka, are not optimized for forensic SNP or 
STR analysis, we employed custom-made scripts for geno-
typing and investigated noise at the read and locus levels. 
For MinION sequencing–based SNP profiling, the use of an 
optimal cutoff for allelic imbalance was critical. MinION 

sequencing generated more serious allelic imbalance than 
did MiSeq FGx sequencing. About one-third of SNPs among 
samples had non-allelic bases, with an average misincorpo-
ration rate of 0.76% and a maximum rate of 7.8% (when the 
depth threshold was set to > 100-fold). However, we identi-
fied a minAF cutoff of 0.15 that distinguished heterozygous 

Fig. 3   X-STR and Y-STR 
genotyping based on MinION 
sequencing. (a, b) Consistency 
of X-STR and Y-STR genotyp-
ing, respectively, between Min-
ION and MiSeq FGx sequenc-
ing. Female and male samples 
are shown in the left and right 
panels, respectively, of (a). 
Imbalanced (IM), allele count 
(AC), stutter (ST), interpretation 
threshold (IT), and not detected 
(ND) are warning labels based 
on MiSeq FGx sequenc-
ing applied by the ForenSeq 
universal analysis software. 
(c) Deviations of repeat counts 
from true alleles in the female 
and male samples
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and homozygous genotypes. Only 1 of the 2926 SNPs 
assessed was typed incorrectly with MinION sequencing. 
This error occurred at rs914165 in sample M10, which had 
an abnormally high non-allelic rate (16.9%, 14 of 83); the 
maximum non-allelic rates of rs914165 in other samples and 
of other SNP loci in M10 were low (< 2%). The application 
of an ad hoc > 100-fold requirement for depth in genotyping 
eliminated this error. Nevertheless, further investigation with 
larger samples is needed to determine appropriate criteria for 
nanopore sequencing for forensic SNP profiling.

The nanopore sequencing–based profiling of STRs was 
notably more error prone than was SNP profiling. Short 
insertion and deletion errors were prevalent in the reads 
generated by the MinION, which hampered the recognition 
of STR repeat units. With a custom-made bioinformatics 
workflow based on the Smith–Waterman algorithm, we 
investigated read-level noise and classified the STRs into 
two groups accordingly. At group A loci except D18S51 and 
D10S1248, the true repeats were the most frequent. Conse-
quently, the nanopore sequencing–based profiling of group 
A STRs was highly accurate. In contrast, the loci assigned 
to group B were typed incorrectly in most samples. More 
STRs with compound and complex repeats were assigned 
to group B (6 of 11 autosomal STRs) than to group A (4 
of 16 STRs). However, compound and complex repeats 
were not the only determinants of group allocation [36]. 
Simple repeats D9S1122 (repeat region sequence, [TGAG]
n), D13S31 ([TATC]n), and D20S482 ([AGAT]n) were 
assigned to group B, indicating that further improvement of 
this type of bioinformatics analysis is needed. One approach 
to such improvement would be to explore locus-dependent 
cutoffs for repeat recognition, which requires a large sample 
size. On the other hand, the high typing error rates at Penta 
D ([AAAGA]n) and Penta E ([TTTTC]n) might be ascribed 
to the presence of 5-mer and 4-mer homopolymers in the 
repeat region. The base calling of homopolymers is a major 
issue in nanopore sequencing [37].

This study has several limitations. First, the individual 
samples were only collected from Han Chinese individuals. 
The sample representativeness could influence the assess-
ment of forensic profiling of the SNPs and STRs. Second, 
although we included more samples than were included in 
relevant previous studies, the sample was still small and 
reproducibility was investigated only for the triplicates of 
the 2800 M DNA standard. This factor limited the establish-
ment of bioinformatics criteria and may have biased the esti-
mation of locus-dependent error rates. Third, we conducted 
the study in conventional forensic and molecular biology 
laboratories, and did not use the MinION field sequencing 
kit manufactured by Oxford Nanopore Technologies. Fur-
ther research is needed to establish an on-site protocol for 
multiplex PCR and library construction with limited exper-
imental equipment, which was beyond the scope of this 

study. Fourth, we did not include degraded or minute DNA 
samples in this study. Although Verogen’s ForenSeq DNA 
Signature Prep Kit can be used with these types of sample, 
the effects of this practice on nanopore sequencing–based 
profiling are unclear.

This pilot study explored the efficacy of forensic marker 
profiling based on nanopore sequencing. With custom-made 
bioinformatic analyses, we identified 94 SNP and 32 STR 
loci that could be typed reliably based on MinION sequenc-
ing. The results reflect the potential of nanopore sequenc-
ing for forensic applications, such as human identity and 
paternity testing. These loci may be candidates for panel 
design for such analyses. However, further improvement of 
the bioinformatic workflow and validation with large sam-
ples are needed.
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