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Abstract
Nanopore sequencing has emerged as a rapid and cost-efficient tool for diagnostic and epidemiological surveillance of
SARS-CoV-2 during the COVID-19 pandemic. This study compared the results from sequencing the SARS-CoV-2
genome using R9 vs R10 flow cells and a Rapid Barcoding Kit (RBK) vs a Ligation Sequencing Kit (LSK). The R9
chemistry provided a lower error rate (3.5%) than R10 chemistry (7%). The SARS-CoV-2 genome includes few homo-
polymeric regions. Longest homopolymers were composed of 7 (TTTTTTT) and 6 (AAAAAA) nucleotides. The R10
chemistry resulted in a lower rate of deletions in thymine and adenine homopolymeric regions than the R9, at the expenses
of a larger rate (~10%) of mismatches in these regions. The LSK had a larger yield than the RBK, and provided longer
reads than the RBK. It also resulted in a larger percentage of aligned reads (99 vs 93%) and also in a complete consensus
genome. The results from this study suggest that the LSK preparation library provided longer DNA fragments which
contributed to a better assembly of the SARS-CoV-2, despite an impaired detection of variants in a R10 flow cell.
Nanopore sequencing could be used in epidemiological surveillance of SARS-CoV-2.

Key points
• Sequencing SARS-CoV-2 genome is of great importance for the pandemic surveillance.
• Nanopore offers a low cost and accurate method to sequence SARS-CoV-2 genome.
• Ligation sequencing is preferred rather than the rapid kit using transposases.
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Introduction

The human pathogen severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) emerged in Wuhan City (China) in
early 2020 and causes the COVID-19 disease which is respon-
sible for over one million deaths in less than one year since
then. SARS-CoV-2 has spread over the world and has caused
marked social, medical, and economical adaptations to the
world. Complete genome sequences published in January
2020 (Wu et al. 2020) enabled the development of real-time
reverse transcription–polymerase chain reaction (RT-PCR)
assays for SARS-CoV-2 detection that have served as the
diagnostic standard during the ongoing COVID-19 pandemic
(van Kasteren et al. 2020). Sequencing the genome of the
SARS-CoV-2 has provided relevant information on its muta-
tion rate of the virus, its spreading dynamic, or its zoonotic
origin (Boni et al. 2020). Genomic surveillance of SARS-
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CoV-2 is a key tool to know which lineages of the virus are
circulating in each country, how often new sources of virus are
introduced from other geographical areas, or as an indicator of
the success of control measures, and how the virus evolves in
response to interventions. Sequencing also provides invalu-
able insights when linked with detailed epidemiology data
for epidemiological investigation of the evolution of the pan-
demic. All these aspects play a key role in surveillance of the
pandemic. Joint efforts have contributed to create a nomencla-
ture system for the different linages of the coronavirus
(Rambaut et al. 2020).

Recent documentation of reinfections has been provided,
demonstrating that different lineages of the SARS-CoV-2 can
infect the same person (Tillett et al. 2020; To et al. 2020).
Sequencing the genome of the coronavirus is necessary to
confirm those reinfections and exclude medical relapses.

Fast and reliable sequencing of samples in hospitals
is of main importance for this epidemiological surveil-
lance. Oxford Nanopore Technologies (ONT, Oxford,
UK) has developed several strategies for fast sequencing
the SARS-CoV-2 genome that may be essential for
quick diagnosis and monitoring the community trans-
mission of the coronavirus.

The objective of this study was to evaluate the performance
of different chemistry and sequencing strategies using ONT
sequencing of the SARS-CoV-2 genome in terms of sequenc-
ing accuracy, detection of variants, and quality of the genome
assembly.

Material and methods

Sample collection

A panel of clinical samples obtained during initial diag-
nostics in essential personnel from Madrid city hall ser-
vices (police, firemen, emergency and health care
workers, etc.) was included in this study. The sample with
the lowest Ct value (19.24) from an in-house version of
the recommended E-gene real-time RT-PCR (Corman
et al. 2020) was selected for sequencing in this study.
RNA was isolated anew from stored clinical samples
using the IndiSpin® Pathogen kit (Indical Bioscience,
Leipzig, Germany). Obtaining the cDNA and 400 bp
amplicons was conducted using a protocol published by

the ARTIC Network (Quick 2020), using primers from
V2 (https://github.com/artic-network/artic-ncov2019/blob/
master/primer_schemes/nCoV-2019/V2/nCoV-2019.tsv).
The sample selected had the largest DNA concentration
(15 ng/μl) measured using the Qubit fluorometer
(ThermoFisher Scientific, 150 Waltham, MA, USA).

DNA sequencing

The MinION device was used for ONT sequencing. Two
ONT kits were used to prepare the DNA library: The Rapid
Barcoding kit (SQK-RBK004) and the Ligation Sequencing
Kit (SQK-LSK109).

The first library was sequenced using a R9.4 flow cell by
loading 175 ng onto the SpotON flow cell, according to the
manufacturer’s instruction. The other library was sequenced
using the R10 flow cell using the same amount of DNA. Both
flow cells (FC) ran until exhaustion. Most of the reads were
obtained during the first two hours of the run. The flow cells
were controlled and monitored using theMinKNOW software
(version 4.0.20, ONT).

Reads were basecalled using Guppy version 4.0.11
(community.nanoporetech.com), and the high accuracy
version of the flip-flop algorithm.

Assembly

The SARS-CoV-2 virus from Wuhan strain Hu-1 genome
(MN908947) was used as reference. The reads were aligned
against SARS-CoV-2 genome using Minimap2 aligner (Li
2016), a general purpose alignment program to map DNA or
long mRNA sequences against a reference database.

The total coverage of the genome for both sets of reads was
calculated from the alignments using GenomeCoverageBed
utility of the bedtools suite (Quinlan and Hall 2010),
quantile-normalized and smoothed using a window width of
200 bp.

Variant calling

The variant calling genotyping from alignment files was
performed using LoFreq (Wilm et al. 2012), VarScan
(Koboldt et al. 2012) and Pilon (Walker et al. 2014).
LoFreq is a fast and sensitive variant-caller for inferring
single nucleotide variants (SNVs) and indels from Next

Table 1 Minimap2 alignment
summary results Flow cell and sequencing

kit
Reads Aligned

reads
Unaligned
reads

%aligned Non-sense read
fraction

R9-RBK004 16,991 15,827 1164 93.15 42%

R10-LSK009 9658 9548 110 98.86 18%
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Generation Sequencing data. It makes full use of base-call
qualities and other sources of errors inherent in sequenc-
ing. VarScan employs a robust heuristic/statistic approach
to call variants that meet desired thresholds for read
depth, base quality, variant allele frequency, and statisti-
cal significance. This program needs to pre-process the
alignment file to generate a mpileup format file. Pilon
identifies small variants with high accuracy as compared
to state-of-the-art tools and is unique in its ability to ac-
curately identify large sequence variants including dupli-
cations and resolve large insertions. Deviations from the
reference were analyzed.

De-novo assembly

The de novo assembly was performed using Canu (Koren
et al. 2017). Canu is a fork of the celera assembler designed
for high-noise single-molecule sequencing (such Oxford
Nanopore MinION). In order to improve de genome assem-
bly, we used Pilon to automatically improve draft assemblies.
Pilon requires as input a FASTA file of the assembly along
with the BAM files of reads aligned to the input FASTA file.
Pilon uses read alignment analysis to identify inconsistencies
between the input assembly and the evidence in the reads. The
new assembled genomes were compared with reference ge-
nome using Gepard (Krumsiek et al. 2007) in order to thor-
oughly check the new assemblies.

Results

Quality check

After the quality control for ONT reads, a total of 16,991 (N50
= 409) and 9658 (N50 = 1059) good quality reads (Table 1)
were retained from the R9 and R10 FC, respectively. The R9
yielded 6.48 Mb and the R10 7.73 Mb. ONT runs may yield
much larger number of bases, however, in this case, the
amount of DNA was limiting. The R9 yielded 90% of the
reads within the first two hours, whereas 40% of the reads
were sequenced during the same time in the R10 FC. The
GC content distribution was computed from both runs using
LongQC (Fukasawa et al. 2020). The SARS-CoV2 reference
genome has a GC% of 37.97. Reads from R9 averaged a GC
content of 39.99% (s.d. = 3.134), whereas GC content from
R10 reads averaged 37.91% (s.d. = 3.30). Fig. 1 represents the
GC fraction in reads obtained from each FC. The entire reads

Fig. 1 GC content distribution from ONT sequences from (a) R9 set, (b) R10 flow-cells. The blue bars come from entire reads, and the red ones were
computed from chunked (150 bp) subsequences

Fig. 2 Fraction of mismatches per read against the SARS-CoV-2 refer-
ence genome
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are expected to show sharper distribution, because they have
smaller deviation due to longer sequences. The reads were
chunked in 150 bp fragments, showing the same GC average
contents although with slightly larger variability. This latter
strategy is more robust to sequencing or sample differences,
and this should be comparable to other data if the same target
(biological replicates) is sequenced.

Alignment

Brief statistics of the alignments are shown in Table 1. A larger
proportion (98.86%) of reads from R10 were aligned to the
reference genome. Almost 7% of reads from R9 were not
aligned to the reference genome vs only 1.1% from R10 reads.

The alignments show a good quality of reads for the process.
However, a larger amount of non-sense reads (Fukasawa et al.
2020) were detected fromR9 FC. Nonsense reads are defined as
unique reads that cannot be mapped onto sequences of any other
molecules in the same library. This concept is similar to
unmappable reads; however, mappability depends on refer-
ences. According to Fukasawa et al. (2020), non-sense read
fraction should be less than 30%. If the fraction of non-sense
reads is a way high, it might indicate that either sequencing had
some issues or simply coverage is insufficient.

Fig. 2 shows the mismatches per aligned read against the
SARS-CoV2 reference genome. Themismatches distributions
showed a mode of 3.5 and 7% of read length for R9 and R10,
respectively. The R9 FC showed a lower rate of mismatches

Fig. 3 Read accuracy at homopolymeric sites in the SARS-CoV-2 genome for each FC type

Fig. 4 Smoothed normalized coverage of reads by position from each type of FC (R9 and R10) against the SARS-CoV-2 genome (smoothing window
width = 200 bp)

3228 Appl Microbiol Biotechnol (2021) 105:3225–3234



than R10, although it might be led by a shorter length of the
reads, which is a consequence of the Rapid Barcoding kit
(SQK-RBK004) used to prepare this library, as this kit re-
quires a transposase fragmentation. However, the library load-
ed in the R10 FC was prepared using the Ligation Sequencing
kit (SQK-LSK109) which does not fragment the DNA and is
optimized for throughput. This might explain the slightly larg-
er yield outcome from the library loaded in the R10 FC.

The read accuracy at the homopolymeric sites from each
FC was evaluated. Homopolymeric sites in the SARS-CoV-2
reference genomewere located with SeqKit (Shen et al. 2016).
Longer homopolymeric regions in the SARS-Cov-2 reference
genome were composed of thymine (7 nucleotides) and ade-
nine (6 nucleotides), whereas guanine and cytosine homopol-
ymers had a longer region of 3 nucleotides. Mismatches (Fig.
3A) and deletions (Fig. 3B) at homopolymer sites with length
>2were considered. The R9 chemistry produced a lower num-
ber of mismatches at the homopolymeric sites, but was more
prone than R10 to produce deletions, mainly in thymine and
adenine homopolymeric sites. The R10 chemistry produced a
larger rate of mismatches, but a lower rate of deletions, al-
though a rate >20% of deletions was observed at homopoly-
mers <4 nucleotides. Both chemistries showed larger accuracy

in adenine and thymine homopolymeric sites than in cytosine
and guanine sites.

Genome coverage

Fig. 4 shows the log2 normalized smoothed coverage plus 1
(to avoid zeroes) plot, generated using GNUPLOT (Williams
and Kelley 2011). Most regions showed a coverage above
50×, and a coverage >200× was obtained for many regions
regardless the FC type. Both FC types had lower coverage in
the same regions. It denotes that the primers used produce a
good coverage of the whole SARSCoV2 genome, although
the 19 k–20 k region and the ending region showed a lower
coverage than the rest of the genome.

Variant calling

Indels and SNP (single nucleotide polymorphism) variants
were identified using three softwares: LoFreq, Pilon, and
VarScan. There was a large variability for the number of de-
tected variants between different programs. LoFreq detected a
larger number of SNP variants from R9 (25 vs 9), Pilon

Fig. 5 Common and unique
SNPs (a) for R9 set, (b) for R10
set

Fig. 6 Common and unique SNPs detected by (a) LoFreq, (b) Pilon, (c) VarScan
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reported similar number of SNPs for both FC (6 vs 7), whereas
VarScan detected larger number of SNPs fromR10 (35 vs 12).
Common SNPs detected in both FC were consistent, with 6–7
SNPs detected in common in both FC in all the analyses. Figs.
5 and 6 show the Venn diagrams of common SNPs by FC and
software, respectively. The common SNP variants detected
were in frequency >0.5, as shown in Fig. 7. Requiring a large

frequency (>0.60) of the detected variants from nanopore long
reads was consistent with the SNP variants detected from sev-
eral software. Eight indels were reported in common from R9
and R10, however none of them were found with frequency
>0.5 (Fig. 8). Forty-seven other indels were detected only
from R9 FC, and 31 indels only from R10. The combination
of these strategies (i.e. large variant frequency and selecting

Fig. 7 Allele frequencies of SNPs located in the SARS-CoV-2 genome detected by VarScan, LoFreq and Pilon
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common variants reported from different software) seems to
be a reliable strategy for variant calling from error prone long
reads.

De-novo assembly

Figs. 9 and 10 show the dotplot comparison between the
SARS-CoV-2 reference genome and the assembly from R9
and R10 FC. Note that the R9 assembly is much shorter and
sparse than the R10 assembly, with a larger number of contigs.

Discussion

A clinical sample with RT-qPCRCt = 19.84 for SARS-CoV-2
was used in this study to amplify and sequence the

coronavirus genome using nanopore long reads. Two chemis-
tries and two different protocols were used in the study. A
library prepared with the Rapid Barcoding kit (SQK-
RBK004) was sequenced on an R9 FC, whereas a library
prepared with the Ligation Sequencing kit (SQK-LSK109)
was sequenced on an R10 FC.

Both runs yielded similar coverage of the SARS-CoV-2
reference genome. The R9 FC showed a smaller number of
mismatches against the reference genome. The Rapid
Barcoding kit resulted on shorter sequences as expected, as
it uses a transposase fragmentation to insert the barcodes. The
alignments showed a large number of variants but most of
them in low frequency. Setting a threshold of 0.50 for the
variant frequency led to a consistent number of variants per
FC and library preparation kit of 6 to 7 variants, regardless of
the software used. Despite of the larger number of mismatches

Fig. 8 Allele frequencies of INDELs detected by VarScan located in the SARS-CoV-2 genome

Fig. 9 Dotplot comparison of SARS-CoV-2 reference (x-axis) vs. R9 assembly (y-axis)
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from R10, the consensus sequence resulted in the same vari-
ants detected as from R9. Previous attempts to sequence the
SARS-CoV-2 genome have provided accurate results for new
variants discovery using rapid workflows based on the
ARTIC protocol (Chan et al. 2020; Li et al. 2020; Moore
et al. 2020). Other studies also showed amplicon sequencing
using ONT flongle flow cells (Chan et al. 2020).

A de-novo assembly was attempted from both runs. In
this case, the R10 FC yielded a more complete genome
than the R9 run. We interpret that the larger size of the
fragments and the larger number of Mb obtained,
explained this better behavior, which is mainly due to the
library preparation with the Ligation Sequencing Kit rather
than to the R10 chemistry. Bull et al. (2020) achieved
highly accurate consensus-level sequences, with SNVs de-
tected at >99% sensitivity and >99% precision. Our results
show that nanopore sequencing offers robust consensus
sequence regardless of the chemistry used. This may help
to optimize time and future protocols when sequencing
SARS-CoV2 using ONT. Although the R10 FC is expect-
ed to achieve higher accuracy at homopolymeric regions
than R9 FC, the errors are corrected in the consensus se-
quence. It must also be pointed out that a de novo assembly
is not strictly necessary for genomic epidemiology

surveillance. Mapping against a genome reference can be
used instead, which would also facilitate the variant
discovery.

All called mutations were already described in the GISAID
(https://www.gisaid.org/) database by the date the sample was
collected, except a mutation at position 21,727 with a C:T
substitution on the S protein, which implies an amino-acid
change S:P. This mutation was not observed further in the
databases, hence we hypothesize that either this is a sequence
error, or the transmission of this mutation was unsuccessful
due to the strict lockdown imposed in Madrid from March to
May 2020. The consensus sequences from both FC were in-
troduced in the pangolin (v2.0) website tool (Rambaut et al.
2020). Both consensus reads belonged to the B1 lineage (Boni
et al. 2020), which carries the D614Gmutation. This variant is
thought to have arisen in Italy at the beginning of the pandem-
ic in Europe, and spread across Europe and later overseas.
This mutation has been related with larger infectivity
(Korber et al. 2020). This mutation has been previously de-
tected in other studies in Spain (Díez-Fuertes et al. 2020).

It must be pointed out that an important limitation of this
study is that each library preparation kit was only tested on
one of the FC chemistry. It would have been informative to
test the performance SQK-LSK109 on R9 and SQK-RBK004

Fig. 10 Dotplot comparison of
SARS-CoV-2 reference (x-axis)
vs. R10 assembly (y-axis)
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on R10. This was not possible due to limited availability of
DNA material. Nonetheless, we were able to extract some
conclusions regarding the benefits and drawbacks from each
chemistry and library preparation protocols regarding their
convenience to sequence the SARS-CoV-2 genome. The re-
sults from this study suggest that the R10 chemistry does not
improve the quality of the sequenced SARS-CoV-2 genome,
and the Ligation Sequencing Kit is preferred for whole ge-
nome sequencing, as it yielded a higher sequencing depth
and a much better genome assembly. This should be the kit
of choice mainly at low initial DNA concentrations as in the
case of this study. Nanopore offers a quicker turnaround ge-
nome sequencing for genomic epidemiology surveillance.
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