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Abstract

COVID-19 is a complex disease phenotype where the underlying microbiome could
influence morbidity and mortality. Amplicon and metagenomic MinlON based
sequencing was used to rapidly (within 8 hours) identify SARS-CoV-2 and assess the

microbiome in nasopharyngeal swabs obtained from patients with COVID-19 by the

ISARIC 4C consortium.
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Introduction

Mechanisms of life-threatening disease in COVID-19 including factors associated with
morbidity and mortality. Middle East respiratory syndrome (MERS) can provide
important parallels: one of the risk factors associated with severe disease and/or a
fatal outcome is the presence of other infections [1, 2]. Other infections may therefore
exacerbate COVID-19. A case study in China identified the presence of other
microorganisms in patients with COVID-19 and included specific nucleic acid based
detection for six common respiratory virus and the use of culture [3]. No viruses were
identified but the study identified Acinetobacter baumannii, Klebsiella pneumoniae,
and Aspergillus flavus in a single patient and several cases of fungal infection were
diagnosed including Candida albicans and Candida glabrata. The ability to rapidly
identify both the primary pathogen and other infections that may be present early in
disease may provide opportunities for targeted intervention in patients suspected or
confirmed with COVID-19. The advantage of both laboratory [4] and field-based
sequencing approaches [5] was illustrated in the West African Ebola virus outbreak in
characterising viral infection and also providing an assessment of the contribution of
potential co-infections to outcome [6]. Rapid sequencing of SARS-CoV-2 itself
provides utility in two main areas. First, specific amplicon-based sequencing of SARS-
CoV-2 allows for potential contact tracing, molecular epidemiology and studies of viral
evolution. Second, the use of metagenomic approaches like SISPA provides a check
on sequence divergence for amplicon-based approaches. This is particularly important
for SARS-CoV-2 as the virus could undergo recombination with other human
coronaviruses and mutation and this may also affect both vaccine and antiviral

efficacy.
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Methods

Ethics and clinical information. Patients used in this study gave informed consent
and were recruited under the International Severe Acute Respiratory and emerging
Infection  Consortium  (ISARIC) Clinical Characterisation Protocol CCP
(https://isaric.net/ccp), reviewed and approved by the national research ethics service,
Oxford (13/SC/0149). Sequencing approaches were validated on samples from two
patients, Patient 1 who was asymptomatic and Patient 2 who experienced a 4-day flu-

like illness. Samples were timed from the day of recruitment.

RNA extraction and preparation. Nasopharyngeal swabs collected from patients
with COVID-19 were placed in a viral transport medium and RNA isolated using
QlAamp viral RNA mini kit (Qiagen) by spin-column procedure according to the
manufacturer’s instructions. Total RNA was purified from SARS-CoV-2 infected Vero
cells using the Qiagen RNA minikit following AVL inactivation. Infection of Vero cells
was conducted at Containment Level 3 at Public Health England, Porton Down. RNA

samples were treated with Turbo DNase (Invitrogen).

Primer design. The SARS-CoV-2 reference sequence from NCBI (NC_045512.2)
was aligned to 16 SARS-CoV-2 sequences published on GISAID. Primer binding sites
were chosen according to defined conserved regions after alignment. Primers,
available by request, were chosen that sequentially amplified roughly 1000 bp with an

~200 bp overlapping region.

RT-PCR. SuperScript IV was used to generate single strand cDNA using random

hexamers. The primer sets were used to generate 30 amplicons from the cDNA. The
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reaction conditions were; denaturation at 98°C for 30 sec followed by 35 cycles of 10
sec denaturation at 98°C, 30 sec annealing at 66°C, and then 50 sec of extension at

72°C. A final extension step was done for 2 min at 72°C.

SISPA. For round A, RNA was reverse-transcribed with SuperScript IV Reverse
Transcriptase (Invitrogen) using Sol-PrimerA (5-GTTTCCCACTGGAGGATA-N9-3'),
followed by second-strand DNA synthesis with Sequenase DNA polymerase 2.0
(Invitrogen). For the round B reaction, Round A-labeled cDNA was added to the Q5-
high-fidelity 2xmaster mix (NEB) per sample with Sol-PrimerB (5-

GTTTCCCACTGGAGGATA-3').

Library preparation for MinlON sequencing. PCR products were purified using
AMPure XP beads (Beckman Coulter [A63880]). NEBNext FFPE DNA Repair Mix
(M6630) and NEBNext End repair/dA-tailing module (E7546) reagents were added to
the PCR mix. Following end-repair of the amplicons, ligation buffer, NEBNext Quick
T4 ligase (E6056) and Adapter mix (AMX [ONT]) were added. Amplicons with ligated
adapters were then quantified on the qubit fluorometer before loading onto the flow

cell. One flow cell was used for each sample with no multiplex.

EPI2ME (WIMP). Fast5s generated by the MinlON sequencer were base called into
fastgs by Guppy. Fastq files were uploaded to Oxford Nanopore Technology’s (ONT's)
cloud-based pipeline EPI2ZME (WIMP rev. 3.2.2) workflow to retrieve information about

the identity of the nucleic acid in the clinical samples.


https://doi.org/10.1101/2020.03.05.20032011

medRXxiv preprint doi: https://doi.org/10.1101/2020.03.05.20032011.this version posted March 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Results

To identify and sequence SARS-CoV-2 two complementary techniques were used.
First, an amplicon-based system and the second, a metagenomic approach, that can
also be used to assess the background microbiome. For the amplicon-based system,
a series of primers were designed such that the SARS-CoV-2 genome could be
amplified in appropriately 1000 base paired sequential fragments, with an
approximately 200 base pair overlap to allow sequence assembly from the amplicon
data (Fig. 1A). The primers were selected on the basis of conserved regions in the
SARS-CoV-2 genome based upon an initial deposition of 17 genomes. The rationale
to generate short amplicons was also to allow the selection of primer pairs that could
amplify longer segments should one set of primers fail on a particular sample. To test
whether the primers could generate amplicons, RNA was purified from Vero cells that
had been infected with an isolate of SARS-CoV-2 (MT007544.1 GenBank). This RNA
was used as a template for cDNA synthesis followed by PCR using the conserved
primers. This generated 30 amplicons covering the SARS-CoV-2 genomes and these
were sequenced using MinlON (Fig. 1B). The amplicon-based approach was then
evaluated on nasopharyngeal swabs collected from two patients with COVID-19.
Three samples were used - Patient 1 — Days 1 and 3 and Patient 2 — Day 1. Amplicons
were generated and sequenced using the MinlON with reads mapping to SARS-CoV-
2 (Fig. 1C). The data indicated that potentially some amplicons were potentially more
abundant than others, but nevertheless resulted in identification and sequencing of

the viral genome.

To assess the respiratory microbiome, and to provide an alternative approach to

identify SARS-CoV-2 in a clinical sample, a metagenomic approach was used. This
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made no prior assumptions as to what nucleic acid was present in the RNA extracted
from the oropharyngeal swabs. Here, amplification by sequence-independent single
primer amplification (SISPA) was used. This had previously been used to identify
dengue, chikungunya, influenza and Lassa fever viruses in clinical samples [7-9]. To
provide an internal control, samples were spiked with nucleic acid from a plasmid
expressing the VP35 RNA from Ebola virus (EBOV) [10]. Samples were not bar coded
and each sample was processed on a single flow cell. Sequence reads were mapped
to retrieve information about the identity of the nucleic acid in the clinical samples. The
total reads classified were 8,698,559, 9,890,327 and 5,849,966 for Patient 1 — Day 1,
Patient 1 — Day 3 and Patient 2 — Day 1, respectively. Unsurprisingly, the majority of
reads mapped to the human genome with 6,833,956, 9,661,370 and 5,422,187, for
Patient 1 — Day 1, Patient 1 — Day 3 and Patient 2 — Day 1, respectively (data not
shown). Nucleic acid mapping to the spike-in was identified in each sample and was
correctly identified by the mapping software, providing confidence in the approach
(data not shown). Nucleic acid mapping to bacteria was also identified and was used
to identify at both the genus level (Fig. 1D) and species level as well. For example, in
in Patient 2 — Day 1, 58,645 reads were mapped to Fusobacterium periodonticum.
Reads mapping to viruses could also be identified and these included SARS-CoV-2
and human betaherpes virus 5 (human cytomegalovirus) (Fig. 1D). Coverage of the
SARS-CoV-2 genome in the three samples was not uniform (Fig. 1E) and
unsurprisingly the read depth was much lower than with the amplicon-based approach

(Fig. 1C).
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Discussion

This work demonstrates that amplicon-based sequencing is feasible for the study of
the SARS-CoV-2 genome in samples from patients. Although not formally timed, we
estimate that using this approach coupled to MinlON based sequencing, then genomic
information can be obtained within ten hours. One of the limitations is working at higher
containment. We would note that our base calling used Epi2ZME and artefacts are often
observed by Kraken. BLAST analysis provides greater accuracy but takes longer.
Sequencing of viral genomes during outbreaks provides much needed information in
terms of viral adaptation [4] and informs molecular epidemiological studies [11]. Due
to recombination in coronaviruses (e.g. [12, 13]) current diagnostics may not remain
fit for purpose and therefore metagenomic approaches provide independent
verification of the presence of viral genomes as well information on the underlying
microbiome — which may contribute to severe disease in COVID-19. One limitation of
the metagenomic approach is the limit of detection and in this study, not all of the
SARS-CoV-2 genome was sequenced using the SISPA approach. For diagnostic
purposes, RT-qPCR generally is more sensitive, provided that the primer binding sites
remain conserved in the pathogen being tested. In this case, RT-gPCR diagnostic
reagents can be revaluated based upon using sequencing as sentinel for these events.
Determining the background microbiome in near real time can inform potential
treatment strategies in the event specific co-infections are identified. Future efforts will

quantify the limits of detection using genome sequencing by these approaches.


https://doi.org/10.1101/2020.03.05.20032011

medRXxiv preprint doi: https://doi.org/10.1101/2020.03.05.20032011.this version posted March 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Funding

This work was supported by the United States Food and Drug Administration grant
number HHSF223201510104C ‘Ebola Virus Disease: correlates of protection,
determinants of outcome and clinical management’ amended to incorporate urgent
COVID-19 studies. Awarded to J.A.H., A.D., D.A.M. and M.W.C.

Recruitment, sample acquisition, transport, laboratory and management costs were
supported by the Medical Research Council “Protocol for Severe Emerging Infection”
grant number MC_PC_19025 awarded to J.K.B., M.G.S., and P.J.M.O.

This work was supported by Research Center, King Fahad Medical City, Saudi Arabia
grant number 019-003 ‘Elucidating the viral biology of MERS-CoV and the host
response using high resolution sequencing’. Awarded to W.A.

This work was supported by the Medical Research Council Discovery Medicine North
Doctoral Training Partnership and directly funds the studentship of R.P.-R.

This work was supported by the National Institute for Health Research Health
Protection Research Unit (NIHR HPRU) in Emerging and Zoonotic Infections at
University of Liverpool in partnership with Public Health England (PHE), in
collaboration with Liverpool School of Tropical Medicine. The views expressed are
those of the author(s) and not necessarily those of the NHS, the NIHR, the Department
of Health or Public Health England. Awarded to T.S.

L.T. is a Wellcome Trust clinical career development fellow, supported by grant

number 205228/Z/16/Z.

10


https://doi.org/10.1101/2020.03.05.20032011

medRXxiv preprint doi: https://doi.org/10.1101/2020.03.05.20032011.this version posted March 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Author contributions

Conceptualisation: M\W.C., M.G.S., J.KB., PJM.O., WA, LT. and J.AH.
Methodology: S.M., R.P.-R.,,L.T., M.A,, X.D.,,D.W.C.,ZM,,D.AM.,R.V., WA., S.T.P.
and A.D.D. Software: R.P.-R., X.D. and D.A.M. Validation: S.C.M., R.P.-R. and M.A.
Formal analysis and investigation: S.C.M., R.P.-R., M.A,, X.D., S.T.P., D.B., D.W.C.,
D.P.C,JKB. QZ.,Y.S, CH. and J.D. Resources: S.T.P., D.P.C., J.K.B., M.B.J.B,,
J.C, LT, L.F.P.N, L.R,, D.AM., AD.D. and J.D. Data Curation: R.P.-R. and X.D.
Writing - Original Draft: S.C.M. R.P.-R., M.A., L.T. and J.A.H. Writing - Review &
Editing: All authors. Visualization: R.P.-R., X.D. and M.A. Supervision: J.A.H., L.T.,
M.W.C., E.-M.Z. and W.A. Funding acquisition: J.A.H., MW.C., W.A., T.S,,L.T., J.K.B.

P.J.M.O. and M.G.S.

11


https://doi.org/10.1101/2020.03.05.20032011

medRXxiv preprint doi: https://doi.org/10.1101/2020.03.05.20032011.this version posted March 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

References

1. Arabi YM, Al-Omari A, Mandourah Y, et al. Critically lll Patients With the Middle
East Respiratory Syndrome: A Multicenter Retrospective Cohort Study. Crit
Care Med 2017; 45(10): 1683-95.

2. Al-Hameed F, Wahla AS, Siddiqui S, et al. Characteristics and Outcomes of
Middle East Respiratory Syndrome Coronavirus Patients Admitted to an
Intensive Care Unit in Jeddah, Saudi Arabia. J Intensive Care Med 2016; 31(5):
344-8.

3. Chen N, Zhou M, Dong X, et al. Epidemiological and clinical characteristics of
99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive
study. Lancet 2020; 395(10223): 507-13.

4. Carroll MW, Matthews DA, Hiscox JA, et al. Temporal and spatial analysis of
the 2014-2015 Ebola virus outbreak in West Africa. Nature 2015; 524(7563):
97-101.

5. Quick J, Loman NJ, Duraffour S, et al. Real-time, portable genome sequencing
for Ebola surveillance. Nature 2016; 530(7589): 228-+.

6. Carroll MW, Haldenby S, Rickett NY, et al. Deep Sequencing of RNA from
Blood and Oral Swab Samples Reveals the Presence of Nucleic Acid from a
Number of Pathogens in Patients with Acute Ebola Virus Disease and Is
Consistent with Bacterial Translocation across the Gut. Msphere 2017; 2(4).

7. Kafetzopoulou LE, Efthymiadis K, Lewandowski K, et al. Assessment of
metagenomic Nanopore and lllumina sequencing for recovering whole genome
sequences of chikungunya and dengue viruses directly from clinical samples.

Euro Surveill 2018; 23(50).

12


https://doi.org/10.1101/2020.03.05.20032011

medRXxiv preprint doi: https://doi.org/10.1101/2020.03.05.20032011.this version posted March 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

8. Kafetzopoulou LE, Pullan ST, Lemey P, et al. Metagenomic sequencing at the
epicenter of the Nigeria 2018 Lassa fever outbreak. Science 2019; 363(6422):
74-7.

9. Lewandowski K, Xu Y, Pullan ST, et al. Metagenomic Nanopore Sequencing of
Influenza Virus Direct from Clinical Respiratory Samples. J Clin Microbiol 2019;
58(1).

10.  Garcia-Dorival I, Wu W, Armstrong SD, et al. Elucidation of the Cellular
Interactome of Ebola Virus Nucleoprotein and Identification of Therapeutic
Targets. J Proteome Res 2016; 15(12): 4290-303.

11. Dudas G, Carvalho LM, Bedford T, et al. Virus genomes reveal factors that
spread and sustained the Ebola epidemic. Nature 2017; 544(7650): 309-15.

12.  Kottier SA, Cavanagh D, Britton P. Experimental evidence of recombination in
coronavirus infectious bronchitis virus. Virology 1995; 213(2): 569-80.

13.  So RTY, Chu DKW, Miguel E, et al. Diversity of Dromedary Camel Coronavirus
HKU23 in African Camels Revealed Multiple Recombination Events among
Closely Related Betacoronaviruses of the Subgenus Embecovirus. J Virol

2019; 93(23).

13


https://doi.org/10.1101/2020.03.05.20032011

medRxiv preprint doi: https://doi.org/10.1101/2020.03.05.20032011.this version posted March 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Genome Location 30

5" UTR orf3a M | | N 3" UTR
orf7a orf8
B [ s 2
C or!7b
§ . ™ iR N ™ wmr e - '
g f v '-‘d'r—w -
i v -
g f / /
' P
» - 4
| 5 § |iN 11
0.00000% -
D 1
g 1.00000% 4
©
2 0 .10000%
G
“g 0.01000% -
§ 0.00100%
X 0.00010% 4
0.00001% <
<~? éf "’ éfo 4 (»’” &
f"@f}‘yf‘“@ f‘f”ff ST
m %
Fad i
=Patient 1, Day 1 = Patient 1, Day 3 wPatient 2, Day 1
E.
§ h
: f
5
8
e l .o
o 000 o 20000 = P>

14


https://doi.org/10.1101/2020.03.05.20032011

medRXxiv preprint doi: https://doi.org/10.1101/2020.03.05.20032011.this version posted March 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
All rights reserved. No reuse allowed without permission.

Fig. 1. (A) Schematic diagram of the SARS-CoV-2 genome with the position of the
amplicons illustrated above. (B). Validation and sequence read depth analysis of
amplicons generated from RNA isolated from Vero cells infected with SARS-CoV-2.
(C). Sequence read depth analysis of amplicons generated from RNA isolated from
patients with COVID-19. Blue is Patient 1, Day 1, orange is Patient 1, Day 3, and grey
is Patient 2, Day 1. (D). Proportion of reads for each patient mapping to SARS-CoV-2
and other identified nucleic acids for bacteria, virus and fungi using a metagenomic
approach. (E). Location of mapped sequences on the SARS-CoV-2 genome using the
metagenomic approach, Blue is Patient 1, Day 1, orange is Patient 1, Day 3, and grey

is Patient 2, Day 1.
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