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Abstract: In consideration of the increasing prevalence of COVID-19 cases in several countries and
the resulting demand for unbiased sequencing approaches, we performed a direct RNA sequencing
(direct RNA seq.) experiment using critical oropharyngeal swab samples collected from Italian pa-
tients infected with SARS-CoV-2 from the Palermo region in Sicily. Here, we identified the sequences
SARS-CoV-2 directly in RNA extracted from critical samples using the Oxford Nanopore MinION
technology without prior cDNA retrotranscription. Using an appropriate bioinformatics pipeline,
we could identify mutations in the nucleocapsid (N) gene, which have been reported previously in
studies conducted in other countries. In conclusion, to the best of our knowledge, the technique used
in this study has not been used for SARS-CoV-2 detection previously owing to the difficulties in the
extraction of RNA of sufficient quantity and quality from routine oropharyngeal swabs. Despite
these limitations, this approach provides the advantages of true native RNA sequencing and does
not include amplification steps that could introduce systematic errors. This study can provide novel
information relevant to the current strategies adopted in SARS-CoV-2 next-generation sequencing.

Keywords: MinION; direct RNA nanopore sequencing; SARS-CoV-2; COVID-19; swab

1. Introduction

Currently, the characterization of the SARS-CoV-2 genome has become a priority for
global healthcare in order to identify more suitable vaccines and therapeutic drugs [1].
The use of third-generation sequencing technologies has significantly increased in recent
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years, because these methods yield reliably long reads even from biological samples with
noise [2]. In addition, the use of swab samples for RNA extraction shows critical issues,
regarding both the fragmentation level and concentration. Such limitations affect the read
coverage of sequencing, which is decreased in a considerable manner. Protocols used for
RNA library construction often require at least 100 ng total RNA. However, under certain
conditions, it is not possible to obtain that much RNA to satisfy this requirement. In these
cases, in order to increase RNA amount, several protocols suggest RNA enrichment by
reverse transcription and amplification of the cDNA, prior to library preparation [3].

Even though cDNA sequencing is considered the gold standard for the analysis of
critical materials [3], DNA polymerase may introduce certain read errors during the DNA
synthesis step, which can considerably affect the analysis [4,5].

For directly sequencing the coronavirus genome from clinical samples, such as na-
sopharyngeal or oropharyngeal swabs, the suggested protocol by Oxford Nanopore is
the PCR tailing of SARS-CoV-2 [6]. It has been developed by the Artic Network for the
sequencing of Ebola, Zika, and Chikungunya genomes [7,8]. Consequently, it was promptly
adjusted for rapid sequence determination of SARS-CoV-2 RNA, in January 2020 [9]. Ad-
ditional studies have led to improvements of this protocol, such as the simplification of
the sequencing library preparation and increased sample multiplexing (up to 96), which
has brought down the costs of the sequencing for a single sample to about GBP 10 [9].
In this way, this approach has become affordable for epidemiologic surveillance of the
pandemic [10].

The PCR tailing of the SARS-CoV-2 protocol is based on a multiplex primers scheme
that allows coverage of the whole genome. However, sequencing protocols taking advan-
tage of target enrichment through the primers set, such as the PCR tailing of SARS-CoV-2,
might be difficult in recovering individual mutations in underrepresented amplicons. This
aspect may be considered relevant for the exceptional genetic plasticity of the genomes of
RNA viruses. Indeed, the high mutation and recombination rates during genome repli-
cation by viral RNA-dependent RNA polymerases lead to populations of closely related
viruses, so-called “quasispecies.” [11].

Conversely, the direct RNA sequencing (direct RNA seq.) of SARS-CoV-2 has the
advantage of displaying its native sequence, Figure 1. In fact, the direct RNA seq. (SQK-
RNA002) protocol enables exploring attributes of native RNA without contamination by
artifacts originating from the in vitro cDNA amplification step, which is often necessary for
target enrichment [4,5].

In this study, we investigated the suitability of Nanopore Oxford MinION Mk1B [12],
a third-generation nanopore-based platform, for the identification of a critical target such
as SARS-CoV-2 native RNA from a swab sample and, at the same time, tested its sensitivity
in the characterization of the viral mutational landscape. Finally, we analyzed RNA
samples extracted from oropharyngeal swabs of ten patients with COVID-19 and sequenced
them in two pools following the direct RNA seq. protocol SQK-RNA002, Nanopore
Technologies [13]. Although the concentration of the library loaded in the sequencing flow
cell was approximately 200 times lower than that required for the protocol, we clearly
identified two mutations in the nucleocapsid phosphoprotein (N) gene with respect to the
sequence of the strain isolated in Wuhan, which has been described in the literature [14].
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bound in 3′ to 5′ direction. Thereby, only the RNA strand will be sequenced, whereas the cDNA 
strand will be excluded. 
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to arrange it for sequencing, as recommended by Oxford Nanopore in the Input 
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either by Sanger sequencing or by real-time PCR (qPCR) assays. 
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Samples. For this study, we collected RNA samples from ten Sicilian patients be-

tween 19 and 23 March, 2020. The patients tested positive in the 2019-Novel Coronavirus 
(2019-nCoV) Real-Time rRT-PCR Panel (Centers for Disease Control and Prevention 
(CDC) Atlanta, GA 30333, USA). Furthermore, to compare the nanopore sequencing re-
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to assay the suitability of our custom primers and to avoid possible PCR artifacts derived 
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swab, we used negative controls of high-quality RNA extracted from brain biopsies of two 
patients who underwent surgery before the beginning of the epidemic in Italy. The biop-
sies were made available from the Department of Experimental Biomedicine and Clinical 
Neurosciences, School of Medicine, Neurosurgical Clinic, University of Palermo. 

RNA extraction. The swab buffer kit was assayed using the QIAamp Viral RNA Mini 
Kit in Automated purification of RNA on QIAcube Instruments (Qiagen, Hilden, Ger-
many; Cat. No. 9001292) according to the manufacturer’s instructions. 

Assessment of concentration and fragmentation level. The quality of the fragmented 
sample was assessed with an Agilent Bioanalyzer 2100 (Agilent, GA, USA; Cat. No. 
G2939BA) using the Agilent RNA 6000 Pico assay (Agilent, GA, USA; Cat. No. 5067-1513). 
We assayed 1 µL of each pure sample. The RNA extracted from the samples showed high 

Figure 1. Representative scheme of the direct RNA seq. protocol (SQK-RNA002, Nanopore Tech-
nologies). dsRNA-DNA hybrids are synthesized during the library preparation. Next, the adapters
needed for sequencing through nanopores are added at the 3′ poly A end, with the motor protein
bound in 3′ to 5′ direction. Thereby, only the RNA strand will be sequenced, whereas the cDNA
strand will be excluded.

2. Materials and Methods

After the collection of ten oropharyngeal swab samples from Italian patients with
COVID-19, we assayed the concentration and fragmentation level of the extracted RNA to
arrange it for sequencing, as recommended by Oxford Nanopore in the Input DNA/RNA
quality control guidelines [15]. Next, we prepared two sequencing libraries from two
distinct pools, as described below, and launched a computational pipeline for aligning
the obtained reads. Lastly, we confirmed the mutation frequency in our sample either by
Sanger sequencing or by real-time PCR (qPCR) assays.

2.1. Input RNA Collection and Quality Control Steps

Samples. For this study, we collected RNA samples from ten Sicilian patients between
19 and 23 March, 2020. The patients tested positive in the 2019-Novel Coronavirus (2019-
nCoV) Real-Time rRT-PCR Panel (Centers for Disease Control and Prevention (CDC)
Atlanta, GA 30333, USA). Furthermore, to compare the nanopore sequencing results, we
included two samples from uninfected individuals as negative controls. In order to assay
the suitability of our custom primers and to avoid possible PCR artifacts derived from high
fragmented and very low concentrated RNA, such as that extracted from the swab, we used
negative controls of high-quality RNA extracted from brain biopsies of two patients who
underwent surgery before the beginning of the epidemic in Italy. The biopsies were made
available from the Department of Experimental Biomedicine and Clinical Neurosciences,
School of Medicine, Neurosurgical Clinic, University of Palermo.

RNA extraction. The swab buffer kit was assayed using the QIAamp Viral RNA Mini
Kit in Automated purification of RNA on QIAcube Instruments (Qiagen, Hilden, Germany;
Cat. No. 9001292) according to the manufacturer’s instructions.

Assessment of concentration and fragmentation level. The quality of the fragmented
sample was assessed with an Agilent Bioanalyzer 2100 (Agilent, GA, USA; Cat. No. G2939BA)
using the Agilent RNA 6000 Pico assay (Agilent, GA, USA; Cat. No. 5067-1513). We
assayed 1 µL of each pure sample. The RNA extracted from the samples showed high
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fragmentation and the lowest concentration levels with an RIN index between 2.6 and 2.1
and concentration between 19 and 829 pg/µL.

2.2. Preparation of the Libraries and the Computational Pipeline

The samples were organized in two pools (A and B), each with a final volume of 10 µL.
Pool A included samples from three patients: two with a PCR cycle threshold (Ct) value of
18 and one with a Ct value of 20. To elaborate, we pooled 8 µL of samples from the first two
patients (4 µL from each) and 2 µL from the last patient. Pool B included RNA samples
collected from ten patients (1 µL from each patient): three samples were common in Pool
A, while the other seven had decreasing Ct values and were collected from two patients
with a Ct value of 21, two with 22, two with 23, and one with 24.

Library preparation, priming, and commencement of a sequencing run. Both pools
were sequenced using a MinION Mk1B sequencer with the SQK-RNA002 protocol. After
preparing the sequencing libraries A and B, as previously described, to ligate retrotran-
scription adapters (RTA) to the 3′ end of the RNA molecules, we combined each library
with 6 µL of a mix comprising 3 µL of NebNext Quick Ligation Reaction Buffer, 1.5 µL
of T4 DNA Ligase, 1 µL of RTA, and 0.5 µL of 110 nM RNA CS (RCS). Each reaction was
incubated for 10 min at 22 ◦C. Next, the reactants were mixed with 9 µL of nuclease-free
water, 8 µL of 5× first-strand buffer, 4 µL of 0.1 DTT, and 2 µL of 10 mM dNTPs. For cDNA
synthesis, we added 2 µL of SuperScript III, following which both reactions were incubated
under the following conditions: 50 ◦C for 50 min, 70 ◦C for 10 min, and 4 ◦C in Mastercycler
Pro S (Eppendorf, Hamburg, Germany, Order No. 6325EJ921257) before proceeding to the
next step.

The subsequent wash step was performed according to the procedure for the specified
protocol.

Next, we measured the concentration of 1 µL of each library using a Qubit 3.0 Fluorime-
ter and the dsDNA HS assay kit (Life Technologies, Cat. No. Q32851). The concentrations
were 1.2 ng/µL and 0.6 ng/µL for Libraries A and B, respectively. Next, we performed the
attachment of the 1D sequencing adapter step according to the manufacturer’s instructions
and recorded final concentrations of 0.9 ng/µL and 0.3 ng/µL for A and B, respectively.
Lastly, 20 µL of sample from each library was mixed with 17.5 µL of nuclease-free water
and 37.5 µL of RNA running buffer (RRB) in a final volume of 75 µL. The assessment of
the R9.4 Flow Cell, which was performed prior to the loading of the libraries, revealed
that 1575 active pores were available for sequencing. We performed a new MinKNOW [16]
(v19.12.5) experiment using only the A loading mix in the flow cell.

In MinKNOW we selected the SQK-RNA002 Kit and continued the sequencing process
until approximately 80% of pores were available (i.e., after 4 h). At this point, we paused
the process and loaded the B loading mix in the flow cell. Next, the run was resumed and
continued till the number of reads generated was unvaried at 397 k (i.e., after approximately
27 h). At the end of the sequencing process, we obtained the “Fast5” raw data files.

Computational pipeline. We developed a computational pipeline to analyze the
output from the Oxford Nanopore MinION device. The first step in the process involved
the conversion of “Fast5” in “Fastq” format. For this, we used the GPU version of the
Nanopore Guppy base caller (v3.4.4) tool [17] with the following parameters: “flow cell =
FLO-MIN106” and “kit = SQK-RNA002”.

As a second step, we performed read quality control using the PycoQC (v2.5.0.21)
software [18] with standard parameters. This tool computes metrics and generates mul-
tiple quality plots for nanopore technologies that allow the initial evaluation of the se-
quenced reads.

PycoQC can subsequently provide an overview of the overall quality of the reads. To
clean the input data, we filtered the quality and read length using the NanoFilt (v2.7.0) tool [19].
This tool can also analyze the sequencing summary file generated by guppy_basecaller to
refine the filtering process. For these reasons, we filtered the reads using the sequencing
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summary file under the following parameters: minimum read length ≥500 nt and read
quality ≥8.

Thereafter, only the filtered reads were considered in further analysis.
At this point, we created an alignment process that mapped reads to a reference

genome and identified the exact genomic loci corresponding to each read. Given that,
we did not use primers for amplification of the SARS-CoV-2 genome, and we had to
remove all the reads that were mapped with other material sequenced from the swabs.
In this study, to remove the contaminating sequences, we considered humans, fungal,
and bacterial reference genomes, respectively. To elaborate, we used the “Homo sapiens
genome assembly GRCh38 (hg38)” from the Genome Reference Consortium [20] as the
human reference genome and all sequences from both fungal and bacterial genome projects
from NCBI. Lastly, we used the NCBI SARS-CoV-2 sequence NC_045512.2 [14] as a reference
genome for SARS-CoV-2.

For each of these reference genomes, we mapped the reads using the minimap2 (v2.17–
r941) tool [21] based on earlier reports that demonstrated the effective performance of this
tool with the splice-aware alignment of nanopore direct RNA reads against a reference
genome [22]. As suggested by authors who reported the performance of minimap2, we
set the parameter k = 13 to increase the sensitivity and to map noisy nanopore direct RNA
seq. reads.

Next, we extracted both unmapped reads and reads with mapping quality lower than
10 using the “view” utility in the samtools (v1.7) library [23] for each reference genome
except for that of SARS-CoV-2.

Resultantly, we obtained a subset of the sequenced long reads that did not map with
the genomes of humans, fungi, or bacteria.

Lastly, we mapped the remaining reads against the SARS-CoV-2 reference genome
using minimap2 tools with the same parameters used earlier. We successively analyzed the
results of the mapping process using the BCFtools (v1.9) library [24], a set of utilities for
variant calling. In particular, we first used the mpileup tool [16] to generate a summary of
the coverage of the mapped reads on the SARS-CoV-2 reference genome at single base-pair
resolution, followed by the call tool [25] for generating calls. We set these tools to perform
as the standard consensus caller with only the variant sites returned. The results of this
pipeline were enlisted as SARS-CoV-2 variants detected in the sequenced samples from
the swabs.

2.3. Calculation of Mutation Frequency

Sanger sequencing. The samples were sequenced using the BigDye™ Terminator v3.1
Cycle Sequencing Kit (Life Technologies, Carisbad, GA, USA; Cat. No. 4337455) with an
ABI PRISM 3100 Genetic Analyzer upgraded to the Applied Biosystems® 3130xl System
(Life Technologies; Cat. No. 4359571). To enrich the identified mutation region in the N
gene, we adopted a nested PCR approach using outer and inner primer sets. Both primer
sets are reported in Table S1.

Two-step RT-qPCR. The ten sequenced samples and the two uninfected control RNAs
were retrotranscribed using the ExcelRT™ Reverse Transcription kit (SMOBIO, Taiwan,
China; Cat. No. RP1300). First, 16 µL of each sample was mixed with 2 µL of 50 µM of
Oligo (dT)20 primer and 2 µL of dNTP Mix (10 mM each). The mixes were incubated at 70 ◦C
for 5 min and placed on ice for at least 1 min. Next, 8 µL of 5× RT buffer (DTT), 8 µL of DEPC-
treated water, 2 µL of RNAok™ Rnase Inhibitor, and 2 µL of ExcelRT™ Reverse Transcriptase
was added to each sample. The reactions were incubated at 25 ◦C for 10 min, at 44 ◦C for
50 min, and at 85 ◦C for 5 min, and were subsequently held at 4 ◦C in Mastercycler Pro S
(Eppendorf, Hamburg, Germany; Order No. 6325EJ921257).

Next, to amplify the region containing the NC_045512:c.608_609_610delinsAAC muta-
tion, we designed two primer sets to distinguish between a wild type (WT) and a mutated
viral strain. The two sets used the same reverse primer, with divergence at the last three
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bases at the 3′ end of the forward primer. In fact, one forward primer was specific to the
mutated sequence, whereas the other recognized the reference sequence.

Furthermore, we used two other sets as controls. One set consisted of the primers
N2 from the 2019-Novel Coronavirus (2019-nCoV) Real-Time rRT-PCR Panel (Centers
for Disease Control and Prevention (CDC) Atlanta, GA 30333, USA), which was used to
confirm the presence of the N gene target (Figure S1 and Table S2). The second set consisted
of a custom-specific primer for human GAPDH cDNA, which was used as an endogen
control for the PCR (Figure S2 and Table S3). All primer sequences are listed in Table S1.

Moreover, a plasmid vector carrying a synthetic reference SARS-CoV-2 N gene (Ori-
gene, Rockville, MD, USA; Cat. No. VC202563) was used as a reference control.

First, both analysis samples and uninfected control cDNA samples were diluted at a 1:2
ratio, while the reference control was concentrated to 0.8 ng/µL. Next, 4 µL of each sample
in 20 µL of reaction mixture was assayed by qPCR using the Quantinova SYBR Green
PCR kit (Qiagen, Hilden, Germany; Cat. No./ID: 208052) according to the manufacturer’s
instructions in a Rotor-Gene Q 2plex HRM Thermocycler (Qiagen, Hilden, Germany; Cat.
No./ID: 9001861). The following PCR thermal profile was used: 95 ◦C, 2 min; 95 ◦C, 5 s;
and 57 ◦C, 10 s for 35 cycles.

3. Results

To characterize the SARS-CoV-2 mutational landscape, we used RNA extracted from
samples collected from five male and five female patients who tested positive for SARS-CoV-
2 in the swab test, with the corresponding Ct values ranging from 18 to 24. First, we assessed
the concentrations and the fragmentation levels in the samples. The overall samples had
significantly low concentrations (in the order of pg/µL) and high fragmentation levels with
an RIN index ranging from 2.6 to 2.1. Next, we prepared Pools A and B from the samples.
We prepared the former to increase the abundance of sequencing output and the latter to
improve the heterogeneity in the data.

We set up each pool at a final volume of 10 µL and prepared the libraries for direct RNA
seq. After each purification step, the concentrations were 1.2 ng/µL and 0.6 ng/µL in the
initial eluates and 0.9 ng/µL and 0.3 ng/µL in the final eluates at the presequencing stage
for Pools A and B, respectively. Although the library concentrations were 200 times less
than that required for the protocol, we opted to load the libraries and to launch MinKNOW
to test the suitability of MinION. To perform a single MinION sequencing run, we loaded
Library A in the flow cell at the beginning of the run with 1575 active pores enabled, while
Library B was loaded when 1260 active pores remained active. Because the final library
concentration was suboptimal, we observed that only a limited number of pores were
active at a time, as shown in the MinKNOW duty time plot in Figure 2.

Next, we launched the base calling of the reads using Guppy tools and obtained a set
of 397,465 reads in the Fastq format file.

As stated previously, the overall quality of reads is affected by the adopted sequencing
technique, i.e., the direct RNA seq. of samples derived from the swabs. In this experiment,
the average read length was lower than that of standard long reads, and the quality of
certain reads was below conventional levels. Therefore, we preferred to discard the reads
that had low quality (<8), as well as a short length (<500 nt). We obtained a subset of 20,940
good-quality reads.

At this point, we aimed to identify and remove sequences from contaminant species
contained in the swab; for this, we used the minimap2 tool to filter out reads that mapped
with sequences from human, fungal, and bacterial genomes.

Using this method, we filtered 97.63% of the reads; details of the composition of
these reads are provided in Table S4. Lastly, we attempted to map the remaining 2.37%
of reads with the SARS-CoV-2 reference genome and observed that 10.89% of the reads
(i.e., 54 reads) were mapped. These reads did not cover the entire SARS-CoV-2 reference
genome; however, these were sufficient for mapping the N gene.



Life 2022, 12, 69 7 of 13Life 2022, 11, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 2. The MinKNOW duty time plots depict the sum of total channel activity within a particular 
period of time. The number of sequencing pores decrease over time. In the categorized plot, the 
imbalance of adapters is apparent. 

Using this method, we filtered 97.63% of the reads; details of the composition of these 
reads are provided in Table S4. Lastly, we attempted to map the remaining 2.37% of reads 
with the SARS-CoV-2 reference genome and observed that 10.89% of the reads (i.e., 54 
reads) were mapped. These reads did not cover the entire SARS-CoV-2 reference genome; 
however, these were sufficient for mapping the N gene. 

Next, we analyzed the coverage of the mapped reads and the variant calling related 
to the N gene using the SAMtools and BCFtools libraries. 

The analysis revealed the existence of the following mutation region with a quality 
score greater than 94.99: NC_045512:c.28881_28882_28883delinsAAC. The N gene se-
quence generated is available in the GenBank database and can be accessed at: 
https://www.ncbi.nlm.nih.gov/nuccore/MT457389 (accessed on 12 May 2020). 

Figure 3 shows the results of the alignment phase with the Integrative Genomic 
Viewer (IGV) (v2.8.2) tool. The manner in which the reads mapped considerably well with 
the region of interest in the SARS-CoV-2 reference genome is apparent, and the coordi-
nates where the mutation appears are clearly visible. 

To determine the frequency of mutation in the samples, we adopted two different 
approaches: Sanger sequencing and qPCR. Using the former approach, we amplified the 
region that contained the mutation prior to sequencing it. As shown in Figure 4, all sam-
ples (100%) contained the NC_045512:c.28881_28882_28883delinsAAC mutation. 

Figure 2. The MinKNOW duty time plots depict the sum of total channel activity within a particular
period of time. The number of sequencing pores decrease over time. In the categorized plot, the
imbalance of adapters is apparent.

Next, we analyzed the coverage of the mapped reads and the variant calling related to
the N gene using the SAMtools and BCFtools libraries.

The analysis revealed the existence of the following mutation region with a quality
score greater than 94.99: NC_045512:c.28881_28882_28883delinsAAC. The N gene sequence
generated is available in the GenBank database and can be accessed at: https://www.ncbi.
nlm.nih.gov/nuccore/MT457389 (accessed on 12 May 2020).

Figure 3 shows the results of the alignment phase with the Integrative Genomic Viewer
(IGV) (v2.8.2) tool. The manner in which the reads mapped considerably well with the
region of interest in the SARS-CoV-2 reference genome is apparent, and the coordinates
where the mutation appears are clearly visible.

To determine the frequency of mutation in the samples, we adopted two different
approaches: Sanger sequencing and qPCR. Using the former approach, we amplified the
region that contained the mutation prior to sequencing it. As shown in Figure 4, all samples
(100%) contained the NC_045512:c.28881_28882_28883delinsAAC mutation.

https://www.ncbi.nlm.nih.gov/nuccore/MT457389
https://www.ncbi.nlm.nih.gov/nuccore/MT457389
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Figure 4. The sequences obtained by Sanger sequencing of RNA extracted from swabs that tested
positive for SARS-CoV-2 infection. The rectangle covers coordinates from 28,881 to 28,883 for
underlines, as all samples contained the NC_045512:c.28881_28882_28883delinsAAC mutation.

In the qPCR assay, we used custom primer sets designed to distinguish between WT
and mutated sequences and another pair set. We compared two uninfected controls and the
synthetic SARS-CoV-2 N cDNA, which was similar to the positive control of the reference
genotype. All the samples yielded positive results with the primer set specified for the
mutated sequence (Figure S3 and Table S5) and negative for the WT sequence (Figure S4
and Table S6), in contrast to that for the positive reference control, consistent with the results
of the Sanger sequencing experiment. The uninfected samples tested negative for both
mutated and WT sets, which confirmed the absence of a possible off-target from the host.

At last, we investigated whether findings from other studies on SARS-CoV-2 were
consistent with our findings. To this end, we considered sequence variations from the China
National Center for Bioinformation (CNCB) portal [26]. CNCB is the largest, daily-updated,
publicly available SARS-CoV-2 genome variation repository. It contains more than 21,000
high-quality, human-hosted, complete SARS-CoV-2 genomes (last download on 12 June,
2020) from several countries worldwide. We retrieved this dataset and prepared a script to
check for the presence of the identified mutation region (NC_045512:c.28881_28882_28883
delinsAAC) in the sequences of the N gene present in the CNCB dataset. As shown in
Figure 5A, we considered three sets: (1) cases that only contained identified mutations,
(2) cases that also contained identified mutations, and (3) cases that did not contain the
identified mutations. We found that the same N gene sequence we reported was reported
in approximately 18% of COVID-19 cases, and we took into account the distribution of
these cases over time.
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Figure 5. Identification of the reported mutation in the CNCB database. (A) Strains isolated from
18.3% of COVID-19 cases (over 21,000 complete genomes sequenced from isolated strains) contained
the reported mutation. (B) Plot depicting the distribution of these cases from the end of February to
the beginning of June.

As shown in Figure 5B, we reported the presence of the mutation in cases treated per
week from February to June and noticed that the majority of cases were reported between
the second week of March and the fourth week of April. This period coincided with that of
swab collection from patients.

4. Discussion

Nowadays, next-generation sequencing technologies may be used to analyze whole
RNA transcriptomes of complex organisms and whole DNA or RNA genomes of microor-
ganisms, within a short duration and at an affordable cost [3]. The coverage and depth
of the sequencing reads are remarkably influenced by the harvest of the sample and on
the matrix and protocol used for extraction [27,28]. Protocols used for the sequencing
RNA library preparation often require at least 100 ng total RNA, and unfortunately, some
biological matrices, such as an oropharyngeal swab, do not satisfy this request. In this
case, in order to comply with guidelines and to increase the likelihood to obtain sufficient
RNA amount in terms of the coverage and depth for the robustness of the sequencing
data [29], RNA enrichment through amplification reactions of the polymerase enzymes is
necessary [3]. However, the nature of the polymerases is to introduce errors of the read
and/or other synthesis artifacts [30]. Thus, for example, during the synthesis of cDNA, the
development of artificial RNA–RNA chimeras is possible, which can generate noise during
the assembly of the reads [11]. Other research has used several library preparation protocols
suitable for different NGS platforms, including nanopore, reporting several drawbacks
of cDNA sequencing. For instance, amplicons of viral transcriptomes, which were inves-
tigated using sequencing-based nanopores, showed bias from reverse transcription and
amplification [31–33]. This aspect makes the protocols of cDNA sequencing less suitable
for specific analyses, such as the identification of nucleotide variants [4,5].
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Oxford Nanopore protocols SARS-CoV2 PCR tailing based are suggested to sequence
the coronavirus genome directly from nasopharyngeal or oropharyngeal swabs. In order to
cover the whole genome, these protocols, exploiting the technology based on an array of
nanopores, use a multiplex primers scheme , which generate longer amplicons and tend
to produce close-to-finished genomes more quickly than short reads based sequencing
platforms [9]. Moreover, despite a single nanopore long read can have a more relatively
higher error rate than short read, studies that compare the genome assembly derived from
both technologies demonstrated that through Nanopore it is possible to achieve highly
accurate consensus single nucleotide variant (SNV) calling with >99% sensitivity and >99%
precision with a minimum of about 60-fold coverage [9].

On other hand, these protocols produce a higher percentage of reads that are not
analyzable by the bioinformatic pipelines, likely due to a combination of fragmentation of
synthesized molecules and prematurely aborted molecules during sequencing [9]. Brejová
et coworkers dissected the genome assembly generated by sequencing of amplicons derived
from samples of the same biological material using schemes of primers set, which produced
long reads of 400-bp, 2-kb, and 2.5 kb. These experiments highlighted that the protocols
based on more long amplicons generated a higher percentage of failed reads compared to
the sequencing of shorter amplicons, after the quality filters used from Artic pipeline. The
majority of failed reads was due to the low quality or incompleteness, often leading to the
inability to recognize either barcodes. Moreover, the authors reported that the coverage of
some amplicons widely varied, with regions which showed lower depth or were completely
missing, in that cases where mutations involved sites overlapping PCR primers.

In this study, we showed as direct-RNA seq. on an array of nanopores can help to
identify the native sequences of the genome of microorganisms at RNA, which could
be present in clinical samples such as nasopharyngeal or oropharyngeal swabs. This
protocol has the advantage of directly detecting the ribonucleobases passing through the
pores without RT or PCR amplification, and this approach is free of possible biases or
mis-amplifications introduced during such steps. This direct sequencing also simplifies the
gene annotation process, allowing so the identification of more complex or novel transcript
isoforms genome wide [34,35], and better able to differentiate transcript haplotypes [36].
Moreover, the direct-RNA seq. is more suitable than the conventional RNA-seq method for
the study of RNA viral genomes, because they show several challenges such as multiple
reading frames, anti-sense gene locations, inefficient termination signals, and complex
splice forms, and gene annotation [37]. In point of fact, the nanopore direct-RNA seq. has
been used to study the transcriptome of DNA viruses such as HSV [37] and to completely
sequenced the genome of influenza A in its original form [38].

Given the increasing prevalence of SARS-CoV-2 cases confirmed in several countries
and the resulting need for unbiased sequencing approaches, our research group performed
an Oxford Nanopore direct-RNA seq. experiment on oropharyngeal swab samples of
Italian patients bearing SARS-CoV-2 from the Palermo area (Sicily).

A similar approach was described on RNA of good quality extracted from cell cul-
tures [11].

In our study, we identified COVID-19 sequences from both high fragmentation (RIN
index ranging from 2.6 to 2.1) and very low concentration RNA (in the order of pg/µL),
which is directly extracted from the routine oropharyngeal swab.

Therefore, in order to improve the abundance and the heterogeneity of the sequencing
reads, we chose to sequence two libraries, A and B, in the same experiment, as previously
described.

Despite these limitations, through an appropriate bioinformatics pipeline used to
analyze the Fast5 sequencing data, we detected in all samples used in this study the
presence of the NC_045512:c.28881_28882_28883delinsAAC mutation, which is a set of
mutations in the SARS-CoV2 phylogenetics already described in the literature.

In order to confirm the robustness of the obtained data, we compared the in silico results
using Sanger sequencing and qPCR assays, as described in the Results section (Section 3).
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These assays identified in all samples the presence of the NC_045512:c.28881_28882_28883deli
nsAAC mutation, as well as the results of the nanopore direct RNA seq., confirming this
method.

5. Conclusions

The nanopore direct RNA seq. protocol allows carrying out true native RNA sequenc-
ing, without PCR request, to explore attributes of native RNA such as modified bases and
to remove bias introduced from RT or PCR. Moreover, it might be recommended in the
occurrence of RNAs that are difficult to reverse transcribe [5,11].

Additionally, it could be used for the direct sequencing of the SARS-CoV2 RNA
genome, as well as other RNA viral genomes, i.e., in HIV viruses, and it could be also
considered advantageous for both surveillance and epidemiologic studies.
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J. Nanopore sequencing of SARS-CoV-2: Comparison of short and long PCR-tiling amplicon protocols. PLoS ONE 2021, 16,
e0259277. [CrossRef]

10. Tyson, J.R.; James, P.; Stoddart, D.; Sparks, N.; Wickenhagen, A.; Hall, G.; Choi, J.H.; Lapointe, H.; Kamelian, K.; Smith, A.D.; et al.
Improvements to the ARTIC multiplex PCR method for SARS-CoV-2 genome sequencing using nanopore. BioRxiv Prepr. Serv.
Biol. 2020. [CrossRef]

11. Viehweger, A.; Krautwurst, S.; Lamkiewicz, K.; Madhugiri, R.; Ziebuhr, J.; Hölzer, M.; Marz, M. Direct RNA nanopore sequencing
of full-length coronavirus genomes provides novel insights into structural variants and enables modification analysis. Genome
Res. 2019, 29, 1545–1554. [CrossRef]

12. MinION Mk1B Device Specs. Available online: https://community.nanoporetech.com/requirements_documents/minion-mk1b-
spec.pdf (accessed on 23 November 2020).

13. Direct RNA Sequencing (SQK-RNA002) Protocol. Available online: https://community.nanoporetech.com/protocols/direct-rna-
sequencing-sqk-rna002/v/drs_9080_v2_revp_14aug2019 (accessed on 14 August 2019).

14. Wu, F.; Zhao, S.; Yu, B.; Chen, Y.-M.; Wang, W.; Song, Z.-G.; Hu, Y.; Tao, Z.-W.; Tian, J.-H.; Pei, Y.-Y.; et al. A New Coronavirus
Associated with Human Respiratory Disease in China. Nature 2020, 579, 265–269. [CrossRef]

15. Input DNA/RNA QC. Available online: https://community.nanoporetech.com/protocols/input-dna-rna-qc/v/idi_s1006_v1
_revb_18apr2016 (accessed on 16 July 2019).

16. MinKNOW Technical Document. Available online: https://community.nanoporetech.com/technical_documents/minknow-tech-
doc/v/mitd_5000_v1_revaa_16may2016 (accessed on 17 September 2021).

17. Guppy Protocol. Available online: https://community.nanoporetech.com/protocols/Guppy-protocol/v/gpb_2003_v1_revaa_14
dec2018 (accessed on 27 October 2021).

18. Leger, A.; Leonardi, T. pycoQC, interactive quality control for Oxford Nanopore Sequencing. J. Open Source Softw. 2019, 4, 1236.
[CrossRef]

19. De Coster, W.; D’Hert, S.; Schultz, D.T.; Cruts, M.; Van Broeckhoven, C. NanoPack: Visualizing and processing long-read
sequencing data. Bioinforma. Oxf. Engl. 2018, 34, 2666–2669. [CrossRef]

20. Schneider, V.A.; Graves-Lindsay, T.; Howe, K.; Bouk, N.; Chen, H.-C.; Kitts, P.A.; Murphy, T.D.; Pruitt, K.D.; Thibaud-Nissen, F.;
Albracht, D.; et al. Evaluation of GRCh38 and de novo haploid genome assemblies demonstrates the enduring quality of the
reference assembly. Genome Res. 2017, 27, 849–864. [CrossRef]

21. Li, H. Minimap2: Pairwise alignment for nucleotide sequences. Bioinforma. Oxf. Engl. 2018, 34, 3094–3100. [CrossRef]
22. Lin, H.-N.; Hsu, W.-L. GSAlign: An efficient sequence alignment tool for intra-species genomes. BMC Genom. 2020, 21, 182.

[CrossRef]
23. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. 1000 Genome Project Data

Processing Subgroup The Sequence Alignment/Map format and SAMtools. Bioinforma. Oxf. Engl. 2009, 25, 2078–2079. [CrossRef]
24. Li, H. A statistical framework for SNP calling, mutation discovery, association mapping and population genetical parameter

estimation from sequencing data. Bioinforma. Oxf. Engl. 2011, 27, 2987–2993. [CrossRef]
25. Robinson, J.T.; Thorvaldsdóttir, H.; Wenger, A.M.; Zehir, A.; Mesirov, J.P. Variant Review with the Integrative Genomics Viewer.

Cancer Res. 2017, 77, e31–e34. [CrossRef]
26. Zhao, W.-M.; Song, S.-H.; Chen, M.-L.; Zou, D.; Ma, L.-N.; Ma, Y.-K.; Li, R.-J.; Hao, L.-L.; Li, C.-P.; Tian, D.-M.; et al. The 2019

novel coronavirus resource. Yi Chuan Hered. 2020, 42, 212–221. [CrossRef]

http://doi.org/10.26434/chemrxiv.12153615
http://doi.org/10.1111/dgd.12608
http://doi.org/10.7171/jbt.15-2601-001
http://doi.org/10.1038/srep08056
http://doi.org/10.1002/cpmc.99
https://community.nanoporetech.com/protocols/classic-pcr-tiling-SARS-CoV-2/v
https://community.nanoporetech.com/protocols/classic-pcr-tiling-SARS-CoV-2/v
http://doi.org/10.1038/nature16996
http://doi.org/10.1038/nprot.2017.066
http://doi.org/10.1371/journal.pone.0259277
http://doi.org/10.1101/2020.09.04.283077
http://doi.org/10.1101/gr.247064.118
https://community.nanoporetech.com/requirements_documents/minion-mk1b-spec.pdf
https://community.nanoporetech.com/requirements_documents/minion-mk1b-spec.pdf
https://community.nanoporetech.com/protocols/direct-rna-sequencing-sqk-rna002/v/drs_9080_v2_revp_14aug2019
https://community.nanoporetech.com/protocols/direct-rna-sequencing-sqk-rna002/v/drs_9080_v2_revp_14aug2019
http://doi.org/10.1038/s41586-020-2008-3
https://community.nanoporetech.com/protocols/input-dna-rna-qc/v/idi_s1006_v1_revb_18apr2016
https://community.nanoporetech.com/protocols/input-dna-rna-qc/v/idi_s1006_v1_revb_18apr2016
https://community.nanoporetech.com/technical_documents/minknow-tech-doc/v/mitd_5000_v1_revaa_16may2016
https://community.nanoporetech.com/technical_documents/minknow-tech-doc/v/mitd_5000_v1_revaa_16may2016
https://community.nanoporetech.com/protocols/Guppy-protocol/v/gpb_2003_v1_revaa_14dec2018
https://community.nanoporetech.com/protocols/Guppy-protocol/v/gpb_2003_v1_revaa_14dec2018
http://doi.org/10.21105/joss.01236
http://doi.org/10.1093/bioinformatics/bty149
http://doi.org/10.1101/gr.213611.116
http://doi.org/10.1093/bioinformatics/bty191
http://doi.org/10.1186/s12864-020-6569-1
http://doi.org/10.1093/bioinformatics/btp352
http://doi.org/10.1093/bioinformatics/btr509
http://doi.org/10.1158/0008-5472.CAN-17-0337
http://doi.org/10.16288/j.yczz.20-030


Life 2022, 12, 69 13 of 13

27. Trost, B.; Walker, S.; Haider, S.A.; Sung, W.W.L.; Pereira, S.; Phillips, C.L.; Higginbotham, E.J.; Strug, L.J.; Nguyen, C.; Raajkumar,
A.; et al. Impact of DNA source on genetic variant detection from human whole-genome sequencing data. J. Med. Genet. 2019, 56,
809–817. [CrossRef]

28. Zhu, Q.; Hu, Q.; Shepherd, L.; Wang, J.; Wei, L.; Morrison, C.D.; Conroy, J.M.; Glenn, S.T.; Davis, W.; Kwan, M.L.; et al. The
impact of DNA input amount and DNA source on the performance of whole-exome sequencing in cancer epidemiology. Cancer
Epidemiol. Biomark. Prev. 2015, 24, 1207–1213. [CrossRef]

29. Stupnikov, A.; McInerney, C.E.; Savage, K.I.; McIntosh, S.A.; Emmert-Streib, F.; Kennedy, R.; Salto-Tellez, M.; Prise, K.M.; McArt,
D.G. Robustness of differential gene expression analysis of RNA-seq. Comput. Struct. Biotechnol. J. 2021, 19, 3470–3481. [CrossRef]

30. Potapov, V.; Ong, J.L. Correction: Examining Sources of Error in PCR by Single-Molecule Sequencing. PLoS ONE 2017, 12,
e0181128. [CrossRef]
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