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ARTICLE INFO ABSTRACT

Keywords: We have adapted an established Ampliseq microhaplotype panel for nanopore sequencing with the Oxford
Nanopore sequencing Nanopore Technologies (ONT) system, as a cost-effective and highly scalable solution for forensic genetics ap-
M?HION plications. For this purpose, we designed a protocol combining direct PCR amplification from unextracted DNA
ri;c:}??afel:glpes with ONT library construction and sequencing using the MinION device and workflow. The analysis of reference
Direct%CR & samples at input amounts of 5-10 ng of DNA demonstrates stable coverage patterns, allele balance, and strand

bias, reaching profile completeness and concordance rates of ~95%. Similar levels were achieved when using
direct-PCR from blood, buccal and semen swabs. Dilution series results indicate sensitivity is maintained down to
250 pg of input DNA, and informative profiles are produced down to 62.5 pg. Finally, we demonstrated the
forensic utility of the nanopore workflow by analyzing two third degree pedigrees that showed low likelihood
ratio values after the analysis of an extended panel of 38 STRs, achieving likelihood ratios 2-3 orders of

Field laboratories

magnitude higher when testing with the MinION-based haplotype data.

1. Introduction

The forensic community is currently exploring alternative
sequencing methodologies beyond classic Sanger sequencing methods,
with a specific focus on Massively Parallel Sequencing (MPS). MPS can
directly determine the phase of the SNPs within an amplified sequence
tract, which has prompted the investigation of Microhaplotypes (MHs)
in forensics [1-4]. MHs represent powerful multipurpose forensic
markers that combine the advantages of STRs as highly polymorphic
markers, and SNPs as short amplicon polymorphisms. Applications of
MHs include identification from degraded DNA [5-8], kinship testing
[6,9,10], biogeographic ancestry inference [11-16] and mixture anal-
ysis [17-21].

Despite offering improved sensitivity and greater sequence detail,
MPS technologies have not become fully established in routine forensic
analysis. Most casework DNA analyses can be solved by typing STRs
through capillary electrophoresis (CE) and these markers form the core
of national criminal DNA databases. When a case requires extra DNA
information that can be obtained through MPS, the lack of small sample
number scalability of the two main platforms used in forensics (Ion S5
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and MiSeq) raises the cost of the analysis, and this particularly affects
low- and medium-throughput laboratories. Moreover, most routine
laboratories do not have access to MPS platforms as they require
considerable initial investment.

For these reasons, we set out to explore the capabilities for forensic
genetic applications of the new methodology of nanopore sequencing
from Oxford Nanopore Technologies (ONT). Nanopore sequencing rep-
resents a move from second generation to third generation sequencing,
by exploiting the unique properties of nanopores. Two recent review
publications [22,23] have detailed the possible benefits of nanopore
sequencing: the technology shares the same advantage of high multi-
plexing capability as MPS and, in contrast to MPS, adds high scalability
and low initial investment in equipment. In common with CE, ease of use
is a key characteristic of nanopore sequencing, making it readily
implementable in forensic laboratories regardless of the size and scope
of their work. In contrast to MPS systems, nanopore technology is
implemented in a small, highly portable pocket-size device: the MinION,
which prompts its wuse in field laboratories. Moreover,
nanopore-dedicated resources as well as access to a large community of
active and experienced users are available to help troubleshooting or
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Fig. 1. Tested hypotheses for the two kinship caseworks considered in the
study. Casework 1: half siblings vs unrelated. Casework 2: pairwise avuncular
relationship vs unrelated.

self-training.

High sequence error rates and high DNA input requirements are
generally identified as the major drawbacks of the use of nanopore
sequencing in forensic analysis. However, continuous developments
during the last decade of both nanopore structure and the bioinformatic
interpretation tools have progressively reduced the sequence read error
rate. Previous forensic studies using nanopore sequencing [24-28]
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concluded that genotyping accuracy is highly marker dependent, and
especially low if poly-tracts are adjacent to the SNP position.

The protocol designed for this study combines a capture PCR based in
a direct PCR Kkit, i.e., allowing amplification from unextracted DNA for
the most common biological tissues (blood, saliva, semen), with ONT
ligation library construction and sequencing. Implementing this direct
PCR protocol reduces the DNA lost during the purification steps of the
DNA extraction, reduces the cost per sample and the processing time.
Thus, the main advantage of implementing direct PCR is that the final
workflow equipment requirements are reduced to a thermal cycler, a
laptop, and the MinION sequencer, indicating nanopore technology’s
applicability for forensic operations in the field.

2. Material and methods
2.1. DNA samples and controls

Sample swabs were collected from volunteer donors under informed
consent, with a protocol approved by the Bioethical Committee of the
Universidade de Santiago de Compostela (USC-30/2021 and USC-58/
2022). When required, DNA extractions were performed using the
PrepFiler Express Forensic DNA Extraction Kit (Applied Biosystems, AB)
on the AutoMate Express Nucleic Acid Extraction System (AB), following
the recommended protocol. DNA quantification was performed using
the Quantifiler Trio DNA Quantification Kit (AB) on a 7500 Real-Time
PCR System (AB).

A total of 15 reference DNA samples including six DNAs extracted
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Fig. 2. Raster plot representations of sequence coverage (read depth) of the 91 autosomal MHs in chromosome order, for reference samples and the non-template

control (NTC).
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Fig. 3. Raster plot representations of genotype concordance results displayed as: concordant (green), allele drop-out (yellow), locus drop-out (orange), drop-in (red)
and not available (grey, no reference genotype available for comparison), for the 91 autosomal MHs in chromosome order for the Coriell cell-line DNAs, compared to
the 1000 Genomes Phase III data, and the six donor DNAs with previous genotypes obtained with the Ion S5 MPS system.

from donor buccal swabs, five Coriell cell-line DNA controls (HG00403,
NA06994, NA07000, NA07029 and NA18498) and four DNAs as part of
two kinship testing scenarios, half-siblings — C1.1 and C1.2 — and sam-
ples from an avuncular related pair — C2.1 and C2.2 — were analyzed at
input amounts ranging from 5 to 10 ng. A single non-template control
was included to assess levels of non-specific amplification.

A dilution series of DNA control 007 was prepared for input quan-
tities of 5 ng, 1 ng, 0.5 ng, 250 pg, 125 pg and 62.5 pg, to evaluate
sensitivity to low level input DNA.

Blood, semen, and buccal swabs were collected in duplicate from a
single donor and analyzed to evaluate the direct PCR approach.

2.2. Optimization of a direct PCR library construction from Ampliseq
primers for nanopore sequencing

PCR amplification was performed using the Platinum Direct PCR
Universal Master Mix Kit (Invitrogen), following manufacturer’s rec-
ommendations. This kit was selected as the most efficient for
substituting the PCR reagents of the Ion AmpliSeq Library Kit 2.0
(Thermo Fisher Scientific, TFS) amongst six different PCR kits assessed
in prior testing. PCR reactions comprised 5 pL of the MHs panel
Ampliseq primers as described in [6], 5 pL of Master Mix and up to 3 pL
of DNA sample to a final volume of 13 pL. PCR cycling with GeneAmp
PCR System 9700 or 2700 thermocyclers (AB) used steps: 10 min at 95
°C, 35 cycles of 30 s at 95 °C, 40 s at 62 °C and 1 min at 72 °C with a final
extension of 20 min at 72 °C.

For amplification from donor body fluid swabs, cell lysis prior to
direct PCR reactions was conducted by adding 20 pL of a freshly pre-
pared mix comprising 0.6 pL of Platinum Proteinase K (Invitrogen) and
20 pL of Platinum Lysis solution (Invitrogen) to a fragment of the swab
and incubating at 98° C for 1 min in a thermoblock, as detailed in the
manufacturer’s recommendations.

PCR product purification was carried out by adding 1 pL of ExoSAP-
IT PCR Product Clean-Up Reagent (AB), and incubating at 37 °C for 15
min, then denaturation at 80 °C for 15 min in a GeneAmp PCR System
9700 or 2700 thermocycler (AB).

DNA yield was checked prior to library construction using the Qubit
dsDNA HS Assay Kit and the Invitrogen Qubit 3 Fluorometer. The
remaining 13 pL of purified PCR product were used for library con-
struction using the SQK-LSK109 or SQK-LSK110 Ligation Sequencing Kit
(ONT) and NEBNext Companion Module for Oxford Nanopore Tech-
nologies Ligation Sequencing Kit (New England Biolabs).

Library construction was performed following the Amplicons-by-
ligation protocol for Flongle flow cells with the following modifica-
tions: (i) all reactions were adjusted to half volumes; (ii) for all the
AMPure XP Reagent (Beckman Coulter) clean-ups, the ratio of magnetic
beads was adjusted up to 3X to ensure the recovery of the fragments of
interest (150-200 bp), incubation time was increased up to 15 min in a
plate mixer and the elution step included an incubation at 37°C and for
15 min. Libraries were sequenced individually in FLO-FLG0O1 Flongle
flow cells (R9.4.1) with Short Fragment Mode (20 bp).
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Fig. 4. Boxplots representing sequence read depth per locus (coverage) of replicates A and B of the sensitivity series at inputs of 5 ng, 1 ng, 0.5 ng, 0.25 ng, 0.125 ng
and 0.0625 ng. Dashed lines represent mean overall values between the two replicates.

2.3. Data analysis

2.3.1. MH and SNP calling, sequence quality analysis and concordance

Basecalling from fa5 files was performed using MinKnow version
22.12.7 with basecalling algorithm FLO-MIN106 / FLO-FLG0O01 DNA
(High Accuracy), to produce raw fastq files. A previously established MH
calling pipeline [6] based on open software [29-32] was applied to
generate MH haplotype calls from fastq files, using a minimum coverage
per composite SNP allele threshold of 5 reads per allele and a minimum
allele frequency of 0.2. All X-chromosome MHs and those autosomal
MHs previously identified as underperforming (red and yellow pie chart
sectors in Fig. 6 of [6]) were excluded from further analysis, leaving a
total of 91 autosomal MHs. The produced microhaplotype calls and read
depths were analyzed using R scripts [32].

Sequence quality was evaluated using the 15 reference samples and
included an assessment at the MH, or composite SNP level. IGV v2.16.0
[33] was used for bam file visualization, with bam-readcount [34]
software used to obtain metrics at the composite SNPs positions, and R
scripts to calculate and represent the following parameters: (i) coverage
as number of reads per SNP; (ii) allele balance as major allele frequency
or reads of the most read allele / total coverage; (iii) read strand balance
or strand bias as forward coverage / total coverage; and (iv) mis-
incorporation rates as reads from no-called alleles / total coverage.

Genotype concordance was evaluated with two comparative evalu-
ations: (i) MinION genotypes with those in public data repositories of
1000 Genomes Project Phase III [35] for HG00403, NA06994, NA07000
and NA18498 Coriell cell-line controls analyzed as reference samples;
(ii) with genotypes previously obtained in the Ion S5 MPS system using
protocols described in [6] for the six donor samples, the body fluid
swabs analyzed by direct PCR and the 007 control DNA dilution series.

2.3.2. Kinship testing
The two kinship scenarios shown in Fig. 1, comprised half-siblings

(Casework 1) and an avuncular related pair (Casework 2), which were
selected for indicating low likelihood ratio (LR) values. Prior kinship
analysis genotyped a total of 38 STRs following the recommended pro-
tocols, comprising: (i) 21 STRs of the GlobalFiler PCR Amplification Kit
(AB); (ii) 9 non-overlapping STRs of the Investigator HDplex (Qiagen),
and; (iii) an in-house panel of 8 pentameric STRs [36] (STR ATAAC02
excluded due to its close position to VWA and D12S391). These 38 STRs
were applied to kinship testing with relevant population frequencies
[36-38] using Familias 3.2.1 software [39].

MH profiles for the four kinship samples were generated using the
previously described MinION pipeline, both pedigrees were tested using
Familias 3.2.1 software [39] and applying 1000 Genomes European
haplotype frequencies [35]. A total of 10,000 simulations of
related-as-tested for a third-degree relationship and unrelated in-
dividuals were generated for the 38 STRs and the 91 autosomal MHs
using Familias 3.2.1 [39], then plotted using R [32].

3. Results and discussion
3.1. Sequencing quality and concordance

3.1.1. Sequencing quality

First, Fig. 2 shows total coverage values per marker in the reference
set samples and the non-template control. The Fig. 2 plot shows a stable
pattern across samples, with certain MHs consistently exhibiting either
high or low sequence read depth values. Mean MH coverage per sample
(Supplementary Fig. S1) ranged from 112.87 to 826.07 reads.

Mean total coverage per marker values of the reference set (Sup-
plementary Fig. S2) produced a typical slope profile attributable to the
differential amplification in multiplex PCR, with a range from 2.86 to
5933.4 reads, with eleven MHs showing mean values lower than 20
reads: 18pA, 9pB, 8pB, 12gB, 6qA, 21gB, 11pA, 12pA, 9¢B and 18qC.
These markers do not completely match previously observed results on
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Fig. 5. Bar plot representations of genotype concordance results displayed as: concordant (green), allele drop-out (yellow), locus drop-out (orange) and drop-in (red)
for replicates A and B of the sensitivity series at inputs of 5 ng, 1 ng, 0.5 ng, 0.25 ng, 0.125 ng and 0.0625 ng, compared to genotypes obtained with the Ion S5

MPS system.

the S5 and MiSeq platforms, probably due to changes in PCR conditions.
Coverage distribution within each locus, i.e., at the SNP level, was also
evaluated (Supplementary Fig. S3), indicating sequence reads uniformly
covered the amplicon.

Asrepresented in Fig. 2 and Supplementary Fig. S1, the non-template
control showed low sequence coverage levels easily distinguishable
from the reference samples with some allele calls representative of
spurious, stochastic amplification of DNA. The mean total depth across
markers reached values of 3.51 reads, with only nine loci showing values
above 0 and ranging from 9 to 112 reads.

Second, allele balance was assessed in composite SNPs by calculating
the major allele frequency, shown in Supplementary Fig. S4. SNPs
consistently (in more than 66% of the cases, 10/15 reference samples)
showing major allele frequencies in the range of 60-90%, not expected
for single source samples, were identified for MHs 5qA (rs400452), 6qD
(rs9365583), 1gD (rs12141154), 5qC (rs256257) and 6gB (rs2799638).
Allele balance values show similar patterns to those previously reported
when analyzing the same MH panel with Ion S5 and MiSeq MPS systems
(see Supplementary Fig. S5 in [6]).

Third, strand bias was evaluated for composite SNPs (Supplementary
Fig. S5); with SNPs showing uniform values across the same haplotype.
The small intervals observed in the boxplots for most MHs indicates
marker-based strand bias is consistent across the reference sample set.

Last, mean misincorporation rates per composite SNP (Supplemen-
tary Fig. S6) ranged from 0% to 10.90% and reached a mean value across
SNPs of 2.69%, a higher value compared to those previously reported
when analyzing the same MH panel using Ion S5 and MiSeq MPS (0.25%
and 0.73%, respectively). Mean misincorporation values higher than 5%
were observed in 35 of 325 SNPs.

Supplementary Fig. S7 shows the IGV visualization of SNP
rs6702428 (MH 1pD), which showed the highest mean misincorporation
rate for sample NA06994. In contrast to results from other MPS

platforms, IGV visualization of the nanopore reads for this SNP revealed
a higher frequency of misincorporations and Indels across the amplified
sequence, that also influence the detection of the other composite SNP
sites and might be related to the basecalling algorithm.

This higher rate of misincorporations and the comparatively low
coverage values obtained for rs6702428 in the reference samples might
hinder the analysis of non-reference samples, such as those with low-
level DNA and DNA mixtures.

3.1.2. Genotype concordance

Genotype concordance for the reference samples was evaluated by
comparison with 1000 Genomes Project Phase III genotypes and those
obtained with Ion S5 MPS. Genotype comparisons are summarized in
Fig. 3.

First, the four Coriell cell-line DNA controls reached an overall ge-
notype call rate of 96.70% (352/364 genotypes) and a locus drop-out
rate of 3.30% (12/364 genotypes), as shown in Fig. 3 and Supplemen-
tary Fig. S8. Amongst the called genotypes, 96.30% were concordant
with the genotype reported by the 1000 Genomes Phase III data (339/
352 genotypes) while 1.14% (4/352) showed an allele drop-in and
2.57% (9/352) an allelic drop-out.

Second, the six donor samples reached an overall genotype call rate
0f 93.59% (511/546 genotypes) and a locus drop-out rate of 6.41% (35/
546 genotypes), as shown in Fig. 3 and Supplementary Fig. S8. Amongst
the called genotypes, 96.67% were concordant with genotypes obtained
with the Ion S5 system (494/511 genotypes) while 0.19% (1/511)
showed an allele drop-in and 2.93% (15/511) showed an allele drop-
out, respectively. A single genotype (1/511) could not be compared
due to the lack of reference data.

These results show that the new MinION workflow cannot provide
full profiles for the complete set of 91 autosomal MHs previously char-
acterized with an MPS workflow for both the Ion S5 and MiSeq systems.
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Fig. 6. Raster plot representations of sequence read depth (coverage) of the 91 autosomal MHs in chromosome order for replicates A and B of the direct PCR tests

from blood, buccal and semen swabs.

However, a call rate of ~95% ensures high informativeness levels given
the degree of polymorphism exhibited by the MHs, superior to that
achieved using the widely used GlobalFiler CE-STR kit. The significant
drop-in and allele drop-out rates found suggest that further refinement
of the calling parameters applied to the MinION sequence output could
be required.

3.2. Sensitivity to low level DNA

Fig. 4 displays the sequence read depth per locus recorded in each
replicate of the 007 control DNA dilution series. Mean read depth per
locus between replicates of the same input amount decreases from
1037.56 reads for 1 ng to 104.50 reads for 62.5 pg, while the 5ng
replicates show unexpected low values of 335.50 reads. These results,
together with the lack of uniformity of the reference samples, suggests
high inter-run variability for the MinION system that could be affected
by the quality and age of the flow cells. The Flongle flow cells can be
stored for up to four weeks according to the manufacturer’s guidance.
Furthermore, the experience of the analyst in loading the flow cell or
preparing the libraries can affect nanopore sequencing performance.
Nevertheless, as shown in Supplementary Fig. S9, most of the MHs were
amplified successfully and were able to reach a sequence read threshold
of five reads per allele.

The genotypes obtained from each replicate of the 007 dilution series
were compared to those previously obtained with the Ion S5 system and
results are shown in Fig. 5 and Supplementary Fig. S10. Mean genotype

call rates maintained similar values over 92% for input amounts from
5 ng to 0.25 ng, but these reduced to 86.26% and 78.02% for 0.125 ng
and 0.0625 ng of input DNA, respectively. However, mean allele
concordant rates decrease to 91.72% (144/157 called genotypes
considering the two replicates) and 83.80% (119/142 called genotypes)
while mean drop-out rates increased to 8.28% (13/157 called genotypes
considering the two replicates) and 16.20% (23/142 genotypes) for
input amounts of 0.125 ng and 0.0625 ng, respectively. A single drop-in
was observed in one 5 ng replicate.

These results support the idea that partial but informative MH pro-
files can be obtained from DNA quantities as low as 62.5 pg, reaching a
sensitivity adequate for forensic genetic analyses. For the analysis of
low-level DNA, a higher interpretation threshold or a drop-out modeling
could be implemented to avoid the misinterpretation of single allele
calls producing false homozygotes from a failed allele detection.

3.3. Direct PCR

One of the goals of adapting the USC-MHs panel to the portable
sequencing solution represented by the MinION system was to allow for
a direct PCR protocol from swabs, circumventing a DNA extraction step
requiring both extra equipment and processing time. The results ob-
tained in terms of sequence coverage from the two replicates of blood,
buccal and semen swabs undergoing direct PCR, are shown in Fig. 6
indicating a mean locus sequence read depth between replicates of
943.16, 919.30 and 505.47 for blood, buccal and semen swabs,
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Fig. 7. Bar plot represents concordance results as concordant (green), allele drop-out (yellow), locus drop-out (orange) and drop-in (red) for replicates A and B of the
direct PCR tests from blood, buccal and semen swabs, compared to genotypes obtained with the Ion S5 MPS system.

Table 1
Likelihood ratio values for two relationship tests detailed in Section 2.3.2 using
the different combination of markers.

Marker set Case 1 Case 2
GlobalFiler 3.90 6.14
GlobalFiler + HDplex 82.47 571.98
GlobalFiler + HDplex + pentameric STRs 125.30 28.44

91 MHs genotyped by MinION 27,402.60 82,454.31

respectively.

Concordance of the direct PCR replicates (Fig. 7 and Supplementary
Fig. S11) was evaluated by comparison with MH genotypes obtained
with the Ion S5 system. Mean genotype call rates reached values of
96.70%, 97.80% and 91.75% for blood, buccal and semen swabs,
respectively. Mean allele concordant rates reached 100% for blood and
buccal swabs (176/176 and 178/178 called genotypes) and 97% for
semen swabs (162/167 called genotypes), the latter reduced rate due to
three allele drop-outs (3% allele drop-out, 5/167 called genotypes).

These results are consistent with the findings for the reference DNAs,
supporting the idea of a robust direct PCR protocol when working with
buccal swabs from the donor or swabs sampling a surface with fresh
blood or semen. However, a further validation is required to extend the
assay to other forensically relevant DNA sources such as fabric, cigarette
butts or FTA cards.

3.4. Kinship testing

Table 1 shows the likelihood ratio (LR) values obtained from two
casework scenarios evaluated with the routinely applied panel of STRs
from GloblaFiler, HDplex and the in-house pentameric STR set,
compared to those obtained from the MH panel sequenced with the

MinION. These show that the MinION provides LR values that are 2-3
orders of magnitude higher.

Fig. 8 plots the distribution of the expected LR values generated from
10,000 simulations of third-degree relatives and unrelated individuals,
for STRs (left) and MHs (right). Mean LR values for related vs unrelated
show a greater differentiation with the MH set. Moreover, the values
obtained for cases 1 and 2 overlap with the distribution of the unrelated
LRs when using STRs, but not when using MHs.

These results indicate that the high levels of informativeness ex-
pected to be provided by a large panel of MHs could be exploited to
provide a greater degree of genetic information when single urgent
distant kinship cases arrive at the laboratory and require detailed ana-
lyses in a cost-effective way and at a suitable scale of samples sequenced
— making appropriate use of the sequencing capacity of the flexible
MinION platform compared to MPS.

4. Concluding remarks

In this study, we adapted the USC-MHs panel to the MinION platform
for nanopore sequencing. The results suggest good genotyping perfor-
mance with reference DNA samples, with call rates of ~95% for an
optimal subset of 91 autosomal MH loci. Low-level DNA sensitivity
levels are well maintained down to 250 pg DNA input, while providing
informative profiles down to input amounts of 62.5 pg. The novel pro-
tocol, we have developed for the MinION, together with previous
development of extra functionality of our MH panel for biogeographical
ancestry inference [13] (despite being initially conceived as a panel for
individual identification of degraded DNA and kinship testing) broadens
the applicability of microhaplotypes. This broad applicability, increased
flexibility to analyze small sets of samples in short timeframes, and
simple direct PCR protocols potentially useful in the field allows most
forensic laboratories to benefit from the low initial implementation costs
of the MinION platform compared to the Ion S5 and MiSeq MPS
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represent mean values. Data obtained from the genotypes of a set of 38 STRs (left) and the 91 autosomal MHs analyzed in this study (right). LR results obtained from

the Casework 1 (blue) and Casework 2 (red) are represented as vertical lines.

platforms.

We demonstrated the ability of the developed MinION workflow to
resolve two pairwise third-degree relationship tests that had low LRs
from genotyping an extended panel of 38 STRs, providing LR values 2-3
orders of magnitude higher after the analyisis of MHs. These results
support the idea of a highly scalable platform that can be adapted to a
single urgent casework with reduced costs, in contrast to the need to run
partially filled flowcells for the MiSeq instrument and sequencing chips
for the Ion S5 instrument. For example, for distant kinship casework
such as the examples outlined in Section 3.4, the new workflow with the
MinION represents approximately one quarter of the Ion S5 analysis
Ccosts.

The direct PCR system we optimized for the MinION combines well
with the portability of the MinION, by reducing the required equipment
for sequencing in the field to a pocket-sized sequencer, a portable
thermocycler, and a laptop. Taking advantage of this portability, sug-
gests the MH panel described, the direct PCR workflow and the instru-
mentation for nanopore sequencing could be realistically applied to aid
field identifications in mass disaster programs when distant kinship
comparisons are required, and forensic laboratory infrastructure is
lacking close to the site. The described panel and nanopore sequencing
system could also complement rapid DNA testing in criminalistic case-
work by providing additional means to differentiate close relatives and
add biogeographical ancestry intelligence. In this context, the workflow
can be translated to other custom or commercial AmpliSeq based panels,
either for forensic or other purposes.

Further development is required to optimize the workflow for
degraded or mixed DNA, as the sequencing accuracy of the MinION
platform is lower than that achieved by the Ion S5 and MiSeq systems.
Luckily, new advances from ONT in the architecture of the nanopore
version R10, including a longer barrel and dual reader head have pro-
vided improved resolution of homopolymeric regions [40], and could
help achieve levels of accuracy necessary for improved analysis of mixed
and degraded DNA in the near future [26].
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