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a b s t r a c t 

Early detection of pathogens at the point of care helps reduce the threats to human and animal health from emerg- 
ing pathogens. Initially, the disease-causing agent will be unknown and needs to be identified; this often requires 
specific laboratory facilities. Here we describe the development of an unbiased detection assay for RNA and DNA 

viruses using metagenomic Nanopore sequencing and simple methods that can be transferred into a field setting. 
Human clinical samples containing the RNA virus SARS-CoV-2 or the DNA viruses human papillomavirus (HPV) 
and molluscum contagiosum virus (MCV) were used as a test of concept. Firstly, the virus detection potential was 
optimized by investigating different pretreatments for reducing non-viral nucleic acid components. DNase I pre- 
treatment followed by filtration increased the proportion of SARS-CoV-2 sequenced reads > 500-fold compared 
with no pretreatments. This was sufficient to achieve virus detection with high confidence and allowed variant 
identification. Next, we tested individual SARS-CoV-2 samples with various viral loads (measured as CT-values 
determined by RT-qPCR). Lastly, we tested the assay on clinical samples containing the DNA virus HPV and 
co-infection with MCV to show the assay’s detection potential for DNA viruses. 

This protocol is fast (same day results). We hope to apply this method in other settings for point of care 
detection of virus pathogens, thus eliminating the need for transport of infectious samples, cold storage and a 
specialized laboratory. 
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. Introduction 

Viruses continuously emerge or re-emerge, causing diseases in hu-
ans and animals, and sometimes in both, as seen with the zoonotic
OVID-19-pandemic. In the stages of initial incidence, it is crucial to be
ble to detect the disease-causing agent rapidly because early detection
an assist interventive measures in order to avoid an extensive outbreak.

Conventional diagnostic tests are often targeted towards a single or a
anel of specific pathogens and can be relatively fast and powerful labo-
atory tools. These assays can be, e.g., PCR (conventional or real-time),
erological such as ELISA assays or microarrays that can test for multiple
athogens simultaneously [16] . Although sensitive, these tests are only
s good as the suspicion about the disease-causing agent because the
rimers and/or probes for the molecular assays are targeted towards
pecific viruses. This can be a problem since different pathogens can
roduce similar symptoms that can lead to multiple independent tests
eing required to provide an accurate diagnosis. It can also be time con-
uming to design and validate primers and/or probes for specific viruses
∗ Corresponding author. 
E-mail address: ANFD@ssi.dk (A.S. Fomsgaard) . 
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nd these can furthermore become obsolete if the agent changes in the
argeted region, e.g. as observed for SARS-CoV-2 in the S-gene [23] . 

Metagenomic next-generation sequencing (mNGS) has the ability to
dentify pathogens in a hypothesis-free manner compared to targeted
trategies. All nucleic acid (NA) in a sample is sequenced and the reads
enerated can be assigned to different organisms in the given sample,
esulting in both host and pathogen being detected simultaneously [20] .
here are multiple platforms for mNGS such as Illumina, Ion Torrent,
acific Biosciences and Oxford Nanopore. These platforms have differ-
nt properties and, as a user, there are several factors to consider when
hoosing the platform that is best for a particular purpose, for example
ead-length, base-calling error rate, sequencing time, price, hands-on
teps, etc. Oxford Nanopore sequencing offers long-read generating real-
ime sequencing of multiple samples on the small portable MinION de-
ice. Multiple library preparation kits are available, some with as little as
0 minutes preparation time prior to sequencing. Nanopore technology
as been compared extensively with the Illumina technology that pro-
uces short reads and has higher accuracy but requires more hands-on
teps, is immobile and does not provide real-time analysis. mNGS is not
 October 2022 
ticle under the CC BY-NC-ND license 
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ithout challenges, e.g. the proportion of the viral genomes can be very
mall compared to the host-genome, bacterial genomes, plant genomes
nd other nucleic acids in a given clinical sample [20] . This “viral nee-
le in a metagenomic haystack ” has proven troublesome. In attempts
o overcome this problem, two main strategies have been used, either
irus enrichment or host depletion. Virus NA enrichment may involve
ome degree of positive virus selection, e.g. probe capture or poly-(A)-
election. However, these methods are targeted, to at least some degree,
ince the probes are virus specific and not all viral RNAs have poly-(A)
ails. In contrast, host depletion involves removing as much non-viral NA
s possible. Host depletion can include pretreatment of samples by low-
peed centrifugation, ultracentrifugation, filtration, polyethylene glycol
recipitation or, depending on the pathogens of interest, the level of
NA or RNA genomes can also be reduced, e.g. using particular nucle-
ses [ 1 , 2 , 6 , 7 , 10–13 , 19 ]. Pretreatments have been extensively used but
e wanted to investigate which very simple pretreatment steps could
ake virus detection in a metagenomics assay more efficient and we ex-

luded other well-known pretreatments if they could not be made field
eployable as easily. 

Here, we present a protocol that includes simple to use sample pre-
reatments, NA extraction, isothermal random-amplification followed
y non-targeted sequencing using the Oxford Nanopore Technology sys-
em for real-time identification of viral NA from different clinical swab
amples. 

During the course of this project, the newly emerged SARS-CoV-2
ad been identified in China during late 2019 and developed into a pan-
emic [ 21 , 22 ]. The purpose of this project was to improve non-targeted
oint of incidence testing. The COVID-19 pandemic provided clinical
amples containing a RNA virus and thus SARS-CoV-2 samples were
sed as test of concept to assess the ability of different pretreatments
o detect and identify viral pathogens. After choosing the best pretreat-
ents, we tested individual samples containing SARS-CoV-2 or human
apillomavirus (HPV) for RNA and DNA virus detection, respectively. 

. Method 

.1. Clinical samples 

All SARS-CoV-2 samples in this study were oropharyngeal swabs in
BS collected between August and September 2021. The samples were
rocessed and diagnosed using the RT-qPCR assay described by Corman
t al. [3] on the same day as they were collected at the Test Center
enmark (TCDK), Statens Serum Institut (SSI). All HPV samples in this

tudy were cervical swabs in PBS. These samples had been frozen at
80°C and were thawed for this study because it was not possible to
btain fresh non-frozen HPV samples at the time. 

.1.1. Pooled samples 

To test the effect of different pretreatments on indistinguishable sam-
le materials, equal volumes of 16 fresh non-frozen SARS-CoV-2 real-
ime PCR positive samples (median CT-value of 22 IQR = 7.7 [3] ) were
ooled and aliquoted into four portions. Each aliquot received a differ-
nt pretreatment: no pretreatment, DNase I treated, filtration or DNase
 treatment followed by filtration as described in 2.2.1 and 2.2.2. The
ample material was then processed through the rest of the protocol
rom 2.2.3 (see also Supplementary Figure 1). 

.1.2. Individual samples 

Fourteen SARS-CoV-2 RT-qPCR positive samples covering a broad
ange of SARS-CoV-2 input material (CT-values 18 to 36 determined
sing the assay described by Corman et al. [3] ) and a negative clinical
ample (with CT > 38) were collected for pretreatment analysis. All pos-
tive samples had been typed to be of the Delta variant B.1.617 using the
ariant-PCR surveillance program from TCDK screening for the L452R
ubstitution in the spike protein coding sequence but with the absence
2 
f the deletion H69-70 or the N501Y and the E484K substitutions that
ave been used to type other variants. 

Ten cervical swabs in PBS, were included in the study to test the
bility of the method to detect DNA viruses. Eight of the samples were
PV positive, one sample was also positive for molluscum contagiosum
irus subtype 1 (MCV-1) and two were negative clinical samples. The
amples had been received in 2021 from clinicians to aid diagnosis of
atients using the in-house microarray described by Rosenstierne et al.
16] . 

.1.3. Ethics 

Exemption for review by the ethical committee system and informed
onsent was given by the Committee on Biomedical Research Ethics -
apital region in accordance with Danish law on assay development
rojects. Samples were anonymized prior to analysis. 

.2. Pretreatment and extraction 

.2.1. DNase treatment 

For DNase treatment, we used the Zymo Research DNase I Set (Zymo
esearch) essentially according to the manufacturer’s recommenda-

ions. A down-scaled sample volume of 300 μL was mixed with 37.5
L DNase I and 37.5 μL DNase I buffer and incubated for 15 minutes at
oom temperature. Due to the subsequent filtration step (2.2.2.), small
ample volumes were diluted to 1 ml with PBS to avoid the sample being
ost in the filter’s dead-volume. Only the undiluted sample was DNase
reated, then after 15 minutes, PBS was added to 1 ml and then filtered
irectly into the MagNA Pure Lysis and Binding-buffer (MPLB-buffer)
Roche Life Sciences) for NA extraction (2.2.3). 

.2.2. Filtration 

For filtration treatment, we used a 5 ml syringe attached to a 0.22 μM
inisart® Syringe Filter (Sartorius Stedim Biotech, France) to process
 ml of sample. An additional 1 ml of air in the syringe ensured that the
iquid otherwise lost in the filter’s dead-volume was recovered. 

.2.3. Nucleic acid recovery 

NA extraction was performed using the MagNA Pure LC Total Nucleic
cid Isolation Kit (Roche Life Sciences) by adding 1 ml sample directly

nto 1 ml of MPLB-buffer following the field extraction method of Rosen-
tierne et al. [15] . Briefly, sample and MPLB-buffer were mixed for ly-
is, before the magnetic glass particles (MGPs) were added and the con-
ents mixed by gently flipping the tube. Using a small magnet, the MGPs
ere captured within the tube and washed three times with kit-included
uffers in order to release unbound nucleic acids. The MPLB-buffer con-
ains guanidine iso-thiocyanate and detergent; which efficiently inacti-
ates virus and proteins including the added DNase I and thereby avoids
he need for heat or EDTA treatment. 

.3. Double-stranded cDNA synthesis and random amplification 

For random amplification, we used Whole Transcriptome Amplifica-
ion (WTA) for SARS-CoV-2 samples and Whole Genome Amplification
WGA) for HPV samples from the REPLI-g Cell WGA & WTA Kit (Qia-
en, Hilden, Germany). The kit includes five steps including cell lysis,
enomic DNA removal for WTA, reverse transcription or genomic DNA
epair for WTA and WGA, respectively, ligation of small gDNA or cDNA
ragments and random amplification with the phi29 DNA polymerase.

e made three modifications of the protocol: firstly, we omitted the
ell lysis step because the samples had been lysed with MPLB-buffer.
econdly, the 10 μL input material required in the REPLI-g protocol
emained bound to the MGPs from the NA extraction step as recom-
ended by Rostenstierne et al. [15] . Thirdly, instead of using the oligo
T primers provided in the kit for the reverse-transcription step, we used
0 μM 5 ′ -phosphorylated random hexamers (P-N6) as described earlier
16] . 
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Table 1 

Sample pretreatments enhance viral RNA sequence detection efficiency (data after 20 hours of sequencing for 
quality trimmed reads). 

Sample pretreatment Number of BLAST hits assigned 
to SARS-CoV-2/Total number of 
BLAST hits (%) 

Coverage of SARS-CoV-2 
reference genome (%) 

Fold increase in mean 
number of viral reads 
per 100,000 reads 

No pretreatment 7/22 (31.8) 7.5 1 
Filtration alone 34/51 (65.4) 32.8 3.3 
DNase I alone 654/687 (95.3) 94.1 36.2 
DNase I and filtration 10736/10747 (99.9) 99.3 525 
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.4. Library preparation and nanopore sequencing 

Between 4 and 12 individual samples were multiplexed using the
apid Barcoding Kit (Oxford Nanopore Technology). The DNA concen-

rations of the samples were determined using a Qubit Fluorimeter (Life
echnologies) and used to normalize the input material for sequenc-

ng libraries. Here, sample concentrations were standardized to contain
00 ng DNA (in 7.5 μL) when possible, incubated with 2.5 μL of the
ndividual barcodes for 1 minute at 30°C and then 80°C, before 10 μL of
ultiplexed samples were incubated for another 5 minutes at room tem-
erature with the rapid adaptor enzyme. Some samples were included
espite not meeting the library input recommendations (400 ng). The
rotocol suggestion of a bead purification step when multiplexing four
r more samples was omitted for faster library preparation with field
se in mind. The libraries were loaded and sequenced on R9.4.1 flow-
ells on the MK1C device (Oxford Nanopore Technology) with default
ettings, fast base calling enabled and a run length of 1200 minutes (20
ours). To investigate the efficiency and speed of the protocol’s ability
o detect viral reads the first three hours of sequencing were extensively
onitored. DNase/RNase free water was included as a negative control

ample. 

.5. Data analysis 

.5.1. Trimming 

Reads were de-multiplexed using MinKNOW (version 21.02.1)
efore being imported to Geneious Prime version 2021.2.2
 https://www.geneious.com ) for data analysis. Using the quality
rimming plugin tool BBduk2 (version 1.0), the raw reads were quality-
rimmed with a minimum quality score of 7 at each end of each read
s recommended for Oxford Nanopore reads by Geneious Prime and a
ead length above 150 nt. 

.5.2. Metagenomic analysis of reads 

The trimmed reads were blasted using Virosaurus (version 98,
020_4.2), a curated offline database made for clinical metagenomics
nalysis, which contains full-length genome and segment (for segmented
iruses) sequences from all known viral pathogens of vertebrates [5] .
IV-1 was excluded to avoid the ethical dilemma resulting from ran-
omized finds, which could not be acted upon. Only hits with an e-value
t or below 1e-5, with a minimum length of 100 nt, a pairwise identity
f ≥ 90% and ≥ 10 hits were considered valid. 

.5.3. Mapping of reads and virus typing 

The reads from hits identified using BLAST were mapped to the rel-
vant reference sequence from Virosaurus using MiniMap2 for long-
ead assembly [9] in Geneious Prime (version 2021.2.2.) using default
arameters. For typing SARS-CoV-2 reads, a consensus sequence con-
tructed manually from 15 randomly selected sequences of the then most
ommonly circulating Delta (B.1.617.2) variants in Denmark was used
s the reference genome sequence for the reads obtained after a full se-
uence run of 20 hours. Consensus sequences were generated with ma-
ority vote SNP calling and incorporation into the consensus sequence
nd typed using the online COVID-19 lineage assigner, Pangolin (version
3 
.1.16, lineages version 2021-11-25 available at https://pangolin.cog-
k.io/ ). For typing reads for the DNA viruses, the HPV-type specific
eference genomes identified in the Virosaurus database using BLAST
ere mapped to the relevant reference in Virosaurus and the MCV-1

onsensus sequence was extracted from the Virosaurus genome refer-
nce alignment and confirmed using BLASTn NCBI (see Supplementary
able 1 for reference genomes’ Genbank IDs). 

.5.4. Data analysis and visualization 

Statistics and figures were performed using Microsoft Excel 2016 and
raphPad Prism version 8.3.0 for Windows (GraphPad Software, San
iego, California USA, www.graphpad.com ). 

For graphic protocol presentation, please see Supplementary Fig-
re 1. 

. Results 

.1. Evaluation of pretreatments on pooled samples 

For the purposes of developing the methodology, a pool of clinical
amples with known presence (or absence) of SARS-CoV-2 was used. 

.1.1. Effect of pretreatments 

We initially compared three known sample pretreatment options: i)
Nase I treatment, ii) filtration, iii) DNase I treatment followed by fil-

ration and no pre-treatment (as control) on the 16 pooled samples de-
cribed in 2.1.1. As shown in Table 1 , adding two pretreatment steps
o the metagenomic sequencing protocol increased the percentage of
LAST hits corresponding to SARS-CoV-2 from 31.8% (7 correct hits
f 27 hits in all) without any treatment to 99.9 % % (10736 correct
its of 10747 hits in all) using just DNAse I followed by filtration. Fur-
hermore, these pretreatments lead to a much faster accumulation of
ARS-CoV-2 mapped reads ( Fig. 1 A and B). In contrast, without any
retreatments, too few SARS-CoV-2 BLAST hits to meet the quality re-
uirement of > 10 hits were obtained. With DNAse I or filtration as in-
ividual pretreatments alone, SARS-CoV-2 hits also met the quality re-
uirements ( Table 1 ) but BLAST hits for Orthohepevirus A (accession
o.: MF444119) were also observed (data not shown). 

.1.2. Assembling reads to reference genomes to spot false-positive BLAST 

its 

The sequence reads obtained following each pretreatment of the sam-
les were assembled on the genomes that met the BLAST hits require-
ents as described in Section 2.5.2 . and visually inspected. As indicated

bove, matches to Orthohepevirus A sequences also met the quality re-
uirements for samples pretreated with the DNase I alone or filtration
lone. However, upon inspection, it was apparent that all the reads pro-
uced following these single pretreatments tiled at just two regions of
20 nt and 124 nt in the reference genome, respectively (genome cover-
ge = 1.7% using either pretreatment) and were, therefore, disregarded
s false-positive matches. This contrasted with the reads that mapped to
he SARS-CoV-2 reference genome, which were evenly spread across the
ntire genome and were, therefore, regarded as true positive matches.
ollowing the combination of DNase I and filtration pretreatments, no

https://www.geneious.com
https://pangolin.cog-uk.io/
http://www.graphpad.com
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Fig. 1. Influence of virus genome content and sample pretreatment on the number of SARS-CoV-2 sequence reads obtained. Pooled samples: A ) Coverage of the 
SARS-CoV-2 (NC045512) reference genome (%) for each evaluated sample pretreatment, B ) Comparison of accumulated SARS-CoV-2 sequence reads over time for the 
indicated pretreatments. Individual samples processed with pretreatment DNase I followed by filtration : C ) Coverage of the SARS-CoV-2 (NC045512) reference 
genome (%) for samples previously diagnosed using real-time RT-PCR. X axis: clinical samples A-N (divided into CT-range 18-36 in biological replicates shown as 
sub-X axis), clinical negative sample: O, water control: P. Left Y axis: Sequencing time; Right Y axis: Percentage coverage of the SARS-CoV-2 (Acc. No. NC045512) 
reference genome (%) achieved. D ) Coverage of first detectable HPV reference (upper HPV-type for each sample in Table 3 ) from samples previously diagnosed using 
in-house microarray. X axis: clinical samples 1-8, 9-10 clinical negative swab and 11-12 being water controls (microarray results shown as sub-X axis (sample 3 
co-infected with HPV and MCV-1). Left Y axis: Sequencing time; Right Y axis: Percentage coverage of the typed HPV or MCV-1 reference genomes (%) achieved. 
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irus other than SARS-CoV-2 was detected with BLAST hits requirements
nd only 10 minutes of sequencing time were needed before over 50%
53.3%) of the SARS-CoV-2 genome sequence was covered. For compar-
son, using DNase I pretreatment alone, it took 40 minutes of sequencing
o obtain coverage of 52.5% of the reference genome. 

.2. Evaluation of pretreatment on individual samples 

Using the same pretreatment conditions of DNase I treatment fol-
owed by filtration, 15 SARS-CoV-2 samples with various CT-values de-
ived from TCDK were analyzed ( Fig. 1 C). All samples with a CT-value
t or below 30 achieved a high reference sequence coverage ( > 56.6-
00%) after only 180 minutes and almost total coverage (85.8-100.0%)
fter 1200 minutes of sequence accumulation compared to 40.0-60.5%
or samples with a CT-value between 33 and 36 ( Fig. 1 C, Table 2 ). How-
ver, it should be noted that even negative control samples (CT > 38) ap-
arently produced some reads that mapped to the SARS-CoV-2 genome.
he negative control reads mapped to a lower proportion ( < 50%) of the
eference genome and probably arose from a low level of index hopping
r cross-contamination. However, this was orders of magnitude lower
han that observed for the samples with a Pangolin lineage assignment.
his is discussed further below (see 3.3 and 4.2). To evaluate the detec-
ion ability of the protocol towards DNA viruses, 8 samples with various
PV-types in each sample were analyzed. The mNGS protocol detected
PV in 7 out of 8 samples within 180 minutes of sequencing with almost
4 
ull coverage (92.9-100.0%) of the genome after 1200 min sequencing
 Table 3 ). Furthermore, it also correctly detected a co-infection of HPV-
1 and MCV-1 in one of the samples ( Fig. 1 D, Table 3 ). 

.3. Typing of detected viruses 

Consensus sequences were obtained for each of the SARS-CoV-2 sam-
les and lineage typed as described in Section 2.5.3 .. Pangolin identified
arious different Delta sub-lineages for the 10 samples with a CT-value
elow 33 ( Table 2 ). For five of these samples, 100% of the reference
equence was covered. Samples with a lower level of viral RNA (CT of
3-36) could not be assigned to a lineage and reads only mapped to
0-60% of the genome which is insufficient for lineage assignment in
angolin that requires at least 75% genome coverage for SARS-CoV-2-
yping [14] . 

All the HPV positive samples except “Sample 7 ” contained multiple
PV-types ( Table 3 ). It was not possible to find reads for all types that
ad been detected using the microarray. The HPV-types detected with
he mNGS assay showed congruence with the results of the in-house
icroarray, with proper HPV-typing for at least one of the HPV-types
resent and no false-positive detection of HPV-types were observed
 Table 3 ). For nine of these HPV-alignments, 100% of the reference se-
uence was covered. The mNGS assay detected the co-infection of two
ifferent viruses, HPV and MCV-1, in congruence with the in-house mi-
roarray. 
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Table 2 

Quality trimmed read processing characteristics and lineage matching to SARS-CoV-2 Delta consensus sequence after 20 hours sequencing 
time of individual samples. Samples A-N: SARS-CoV-2 positive clinical samples. Sample O: SARS-CoV-2 negative clinical sample. Sample P: 
H2O negative control. 

Sample name SARS-CoV-2 
CT-value 

Mapped reads Mapped viral reads 
pr. 100,000 reads 
generated 

Fraction of 
reference 
covered (%) 

Mean sequencing 
depth 

Lineage using 
Pangolin 

A 18 1,188,028 92,459 100.0 18216.8 AY.4 
B 18 401,143 97,894 100.0 5018.7 AY.4 
C 21 14,267 5,277 91.3 228.3 AY.4.5 
D 21 18,084 13,096 95.1 283.4 AY.43 
E 24 3,648 63,921 87.3 35.5 AY.42 
F 24 445,092 84,910 100.0 6720.0 AY.29 
G 27 8,543 2,043 92.1 88.8 AY.42 
H 27 171,421 54,764 100.0 1974.0 AY.33 
I 30 3,248 1,783 85.8 28.3 AY.42 
J 30 367,216 68,210 100.0 5892.7 B.1.617.2 
K 33 819 2,588 53.2 10.1 FAIL 
L 33 550 233 56.1 7.4 FAIL 
M 36 1,902 1,151 60.9 14.3 FAIL 
N 36 1,130 1,073 57.6 15.3 FAIL 
O > 38 439 457 36.8 5.4 FAIL 
P (H 2 O) No Ct 575 273 49.1 7.3 FAIL 

Table 3 

Quality trimmed read processing characteristics and type matching to reference sequence after 20 hours sequencing time for individual clinical samples 
containing DNA viruses. Samples 1-8: HPV positive clinical sample. Samples 9-10: HPV negative clinical sample. Sample 11-12: water negative control. 

Sample name Number of 
mapped reads 

Mapped viral reads 
pr. 100,000 reads 
generated 

Fraction of reference 
sequence covered 
(%) 

Mean sequencing 
depth 

Typing results 
for mNGS assay 

In-house microarray detection 
results 

1 6653 7708 100.0 206.7 HPV-91 HPV-33, HPV-43, HPV-91 
555 678 100.0 49.2 HPV-33 

2 6279 7034 100.0 425.2 HPV-91 HPV-6, HPV-43, HPV-51, 
HPV-91, HPV-108 5647 6350 100.0 394 HPV-6 

3 100 101 92.9 9.8 HPV-91 HPV-59, HPV-87, HPV-91, MCV-1 
21423 18356 54.6 48.3 MCV-1 

4 1127 16322 100.0 99.6 HPV-91 HPV-43, HPV-66, HPV-91 
5 8282 9379 100.0 222.7 HPV-27 HPV-2, HPV-27, HPV-57 
6 ND ND ND ND ND HPV-62, HPV-81 
7 247 282 100 11.2 HPV-6 HPV-6 
8 4552 3786 100 168.2 HPV-6 HPV-6, HPV-11, HPV-33, 

HPV-52, HPV-54 318 271 100 46.2 HPV-54 
9 No virus 

detected 
ND ND ND No virus 

detected 
No virus detected 

10 No virus 
detected 

ND ND ND No virus 
detected 

No virus detected 

11 No virus 
detected 

ND ND ND No virus 
detected 

NA 

12 No virus 
detected 

ND ND ND No virus 
detected 

NA 
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. Discussion 

Detection of emerging or re-emerging virus infections at the point
f care is important to alert relevant health authorities to enable a fast
esponse before substantial outbreaks develop. This can be challeng-
ng because a wide variety of viral agents can cause similar symptoms
nd novel viruses cannot be anticipated. mNGS allows non-biased in-
estigation and detection of viral agents that could ease the need for
ighly specialized knowledge of symptoms and pathogens should this
ot be available at the point of care. The protocol described here has
een shown to provide correct identification of the relevant pathogen
SARS-CoV-2, HPV, MCV-1). 

.1. Comparison to other metagenomic protocols for virus detection 

One of the major challenges with unknown pathogen detection using
NGS is the low proportion of viral NA in a given clinical sample com-
ared to the high levels of non-viral NA. This can consequently lead to
he pathogen not being detected in an infected individual. A well-used
5 
trategy to overcome this problem is depletion of host sequences using
ucleases while filtration treatments are also commonly used strategies
longside centrifugation [7] . The method described here is a further
evelopment from the in-house microarray methods described in Er-
andsson et al. [4] and Rosenstierne et al. [16] but with field deployable
retreatments, NA extraction and mNGS using the Oxford Nanopore sys-
em. Others have also reported on virus detection and diagnosis using
arious pretreatments, and metagenomic assays. 

Allander et al. [1] reported that their pretreatment, similar to our
retreatment, increased the successful identification of two bovine par-
oviruses. They filtered (0.22 μM) serum using microcentrifugation
ollowed by a DNase I (Stratagene) treatment for 2 hours at 37°C.
hey reported their Sequence-independent, Single-Primer Amplification
ethod to take approximately 9 hours incubation time excluding a PCR

eaction with 40 cycles which would not be suitable for a fast point
f incidence test whereas the DNase I (Zymo research), as used in our
rotocol, followed by syringe filtration takes approximately 15 min, the
and extraction method taking 5-10 min per sample and the whole tran-
criptome amplification using REPLI-g requires under 3 hours and 40
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inutes incubation. Others have reported that nuclease treatment alone
enerated a higher proportion of viral reads than a passage through a
.45 μm filter followed by nuclease treatment [17] . However, that study
ooked at virus in spiked serum and tissue samples using a protocol de-
eloped for metagenomic virus detection in a laboratory. That study
sed TURBO DNase, which has been used in several viral metagenomic
tudies [6–8] . The use of DNase I, as described here, halves the treat-
ent time and avoids the incubation at 37°C to use room temperature

nstead. Furthermore, the use of Illumina sequencing, which can gener-
te more reads of a higher quality, is not feasible for point of care use.
reninger et al. [6] demonstrated a metagenomic approach using the
ore portable Nanopore technology for RNA virus detection and this
ethod has been used by others during disease outbreaks, e.g. for Lassa

ever [8] . However, their method required a thermal cycler. By switch-
ng to isothermal reactions, as in our protocol, a mNGS protocol can be
ade less complex and more suitable for less specialized mobile labo-

atory systems and even field-testing. Furthermore, the library prepa-
ation for Nanopore sequencing used by Greninger et al. [6] includes
any “hands-on ” steps (e.g., three magnetic purification steps during

ibrary preparation) whereas the Rapid Barcoding kit used here has the
dvantage of not requiring purification steps plus quick fragmentation
nd adapter ligation. Using the similar Rapid Sequencing kit, the con-
entration normalization step can also be avoided when sequencing only
ingle samples. The protocol presented in this study has been developed
ith the aim of excluding large non-mobile advanced equipment such
s centrifuges, extraction robots, thermal cyclers and sequencing robots
e.g., the Illumina apparatus) in an attempt to obtain simpler and mo-
ile metagenomic pathogen detection systems. Russell et al. [18] also
erformed metagenomic Venezuelan Equine Encephalitis Virus (VEEV)
etection using field-deployable methods such as Nanopore technology.
espite the detection, the VEEV reads were relatively few ( < 1%) and

imilar results were found for this study. Inclusion of the proper pretreat-
ent steps investigated and presented in this study drastically improved

he number of reads and highlights how essential these steps are for the
hole protocol of virus detection using metagenomics. 

.2. Limitations and evaluation 

Our protocol has shown to correctly detect the virus in a given clin-
cal sample. However, this protocol has a variety of limitation that we
ill list and discuss below. 

Like any diagnostic assay, the efficiency of mNGS as a diagnostic
ool depends strongly on the amount of virus nucleic acid in the sam-
le [17] . Thus, the higher viral loads at the start of the symptomatic
nfection may facilitate detection by mNGS because the amount of viral
A can be larger. For this protocol, the CT-values of the SARS-CoV-
 samples after NA extraction were higher (i.e. lower levels of RNA)
han for the same samples when immediately tested at the TCDK the
ame day (data not shown). However, by removing free-floating DNA
ith DNase I and filtering away larger components like host-cells, bac-

eria and other potentially interfering contaminants, the proportion of
ARS-CoV-2 RNA derived reads increased enough to be detected read-
ly in the samples. The drop in apparent sensitivity might be explained
y this protocol selecting only for extracellular viral RNA whereas the
A extraction methods used at the TCDK and the SSI allow for both

ntra- and extracellular viral RNA detection. The inclusion of the REPLI-
 WTA and WGA step for random amplification was thus an attempt to
utweigh this loss of sensitivity. 

Other possible pitfalls, when using mNGS for pathogen detection,
re the risks of false-negative and false-positive results and it is there-
ore important to have negative controls included such as water [20] .
here are no accepted golden guidelines for proper mNGS protocols for
irus detection yet. Therefore, defining a cut-off for a negative result
absence of pathogen) needs to be empirically determined. Here, some
eads mapping to the SARS-CoV-2 genome were observed from negative
wab samples and water controls in the reads accumulated after 1200
6 
inutes ( Table 2 ), albeit these reads mapped to a much lower propor-
ion of the genome than for “true ” positive samples. This could have
een caused at one or several steps during the procedure, e.g., as cross-
ontamination during the sample processing, from the environment or
rom extraneous sources of DNA from reagents used in the workflow.

e therefore used a SARS-CoV-2-specific one-step qPCR assay to moni-
or contaminants after the NA extraction and after the random amplifi-
ation using the phi29 DNA polymerase. The reverse transcriptase was
mitted from the post random amplification step to look only for ds-
DNA from SARS-CoV-2, which could have been generated following
he REPLI-g WTA protocol and subsequently sequenced. In duplicate
PCR assays, no positive signals were detected for the water control nor
or negative swab sample following the one-step qPCR assay but showed
 clearly amplified signal (lower CT-values) for SARS-CoV-2 in clinical
ositive samples after random amplification (data not shown). A possi-
le explanation seems to be that reads from other samples in the library
ave been misassigned to the negative controls during demultiplexing. 

The aim of this study was to optimize and investigate the ability
f the mNGS assays to detect a viral pathogen in a sample under sim-
le field conditions. After successfully detecting virus in congruence
ith commonly used diagnostic assays we went a step further to test

he mNGS assay’s typing ability. In this study, the mNGS assay reliably
enerated Pangolin typing-grade sequences when the CT-value was 30
r below, whereas this could not be obtained with higher CT-values
 Table 2 ). For the samples containing DNA viruses, 7 out of 8 samples
ere found to have HPV. Because of the methodology of HPV diagnosis
sing a microarray, no viral quantitative measure were available for the
PV types, thus the reasoning for not detecting HPV-62 or HPV-81 is not
lear, however it could tentatively be suggested that the viral load might
ave been above the detection limit of this protocol as seen for SARS-
oV-2 samples with CT > 30. Regarding HPV-typing, this method was
ot able to find all the multiple HPV-types present in the same sample
s identified by the in-house microarray. All, except one, had multiple
PV-types as identified by the microarray but not all of these types were
etected for each sample using this mNGS assay. Some of the HPV-types
dentified in each sample were closest relatives e.g. HPV-43 and HPV-
1 in sample 1, 2 and 4 or HPV-2, HPV-27 and HPV-57 in sample 5. It
as noticed that when closely related HPV-types were both present in a

ample, only one would be detected using this mNGS assay. It is worth
oting that the REPLI-g workflow can produce chimeric reads due to
he ligation step that is needed because of the long DNA strand prefer-
nce of the phi29 in the subsequent step [18] . In combination with the
ong-read Nanopore sequencing method it can become troublesome to
ype specific alignments. However, the combination still allows for viral
etection [18] , which is the primary goal of this method. Should more
xtensive typing be relevant, we recommend to take and aliquot of raw
ample material into MPLB-buffer. The MPLB-buffer can act as a storage
uffer until the sample can reach a laboratory with proper equipment
or high-throughput virus diagnosis and typing. 

Lastly, although we used Virosaurus, which is an actively curated
nd broad database for viral detection, and also checked manually that
t contained reference sequences for the virus species detected in our
linical specimens by other methods (i.e. RT-PCR and Microarray), we
annot rule-out that other virus species might have been present in some
f the samples. This is especially an essential point to consider, when
pplying this method to samples with an unknown viral composition
lbeit in low concentration. The use of pretreatments like DNase I or
ltration alone did provide some spurious BLAST hits that fitted within
he initial quality requirements, especially for Orthohepevirus A, but
ere removed upon closer inspection of mapped reads to the Orthohep-
virus reference (accession no.: MF444119). This showed that database
earches can be misleading and that manual inspection by trained per-
onal of the results may be necessary. However, this was not relevant
or this study since 99.9% of the BLAST hits were to SARS-CoV-2, but
his might change with different sample types or for other viruses. One
pproach could be to circumvent the BLAST step and assemble the qual-
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ty trimmed reads directly onto all known virus genomes; however, this
atabase would need to be built with careful selection and continuous
pdating. 

.3. Future investigations 

Our field extraction method using MPLB-buffer was originally de-
eloped for whole blood samples and urine [15] . Within this study, the
ethod has also proven useful for oropharyngeal, vesicular and cervical

wab materials. For mNGS on tissue samples, the hand extraction proto-
ol as described by Rosenstierne et al. [15] may need optimization but
his remains to be investigated on other types of sample material. 

. Conclusions 

The world is regularly experiencing emerging viruses infecting hu-
ans, most recently the pandemic zoonotic RNA virus SARS-CoV-2. For

apid detection in a point of care setting, the response-time to the rel-
vant stakeholders needs to be short and equipment should be trans-
ortable. By introducing a 15-minute pretreatment, with DNase I treat-
ent followed by a 0.22 μM filtration step, the field-deployable proto-

ol with Nanopore sequencing technology greatly increased the proba-
ility of detecting RNA and DNA viruses in a clinical sample. The in-
rease in the proportion of generated viral reads obtained in the subse-
uent Nanopore sequencing allowed for a simple BLAST identification of
ARS-CoV-2. The reads mapped with even coverage across the genome
o a reference sequence, which enabled identification of the virus clade
nd often even the lineage. This principle may be useful for prompt
dentification of virus pathogens in clinical samples. 
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