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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused the
coronavirus disease 2019 (COVID-19) pandemic. Accurate detection of SARS-CoV-2
using molecular assays is critical for patient management and the control of the
COVID-19 pandemic. However, there is an increasing number of SARS-CoV-2
viruses with mutations at the primer or probe binding sites, and these mutations
may affect the sensitivity of currently available real-time reverse transcription-
polymerase chain reaction (RT-PCR) assays targeting the nucleocapsid (N), envelope
(E), and open reading frame 1a or 1b genes. Using sequence-independent single-
primer amplification and nanopore whole-genome sequencing, we have found that
the nonstructural protein 1 (nsp1) gene, located at the 5’ end of the SARS-CoV-2
genome, was highly expressed in the nasopharyngeal or saliva specimens of 9
COVID-19 patients of different clinical severity. Based on this finding, we have
developed a novel nsp1 real-time RT-PCR assay. The primers and probes are highly
specific for SARS-CoV-2. Validation with 101 clinical specimens showed that our
nspl RT-PCR assay has a sensitivity of 93.1% (95% confidence interval [Cl]: 86.2%-
97.2%), which was similar to those of N and E gene RT-PCR assays. The diagnostic
specificity was 100% (95% Cl: 92.9%-100%). The addition of nsp1 for multitarget
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1 | INTRODUCTION

In 2003, severe acute respiratory syndrome coronavirus (SARS-
CoV) cross species barrier and became the first coronavirus to be as-
sociated with a high fatality rate in humans.® In 2020, SARS-CoV-2, first
reported from Hubei province of China in December 2019, has become
the first coronavirus to cause a pandemic.”® Most patients with cor-
onavirus disease 2019 (COVID-19) present with respiratory symptoms,
while 18% exhibit gastrointestinal symptoms.” Radiologically, COVID-
19 is characterized by multifocal and peripheral ground-glass opacities,
but 2.9% of severe cases did not show any abnormalities in their lung
computed tomography.>> Complications include acute respiratory dis-
tress syndrome, arrhythmia, secondary bacterial infection, and multi-
organ failure.®” Pathologically, COVID-19 was characterized by diffuse
alveolar damage, endothelialitis interstitial lymphocyte infiltrates, and
multinucleated syncytial cells in the lung, and microvascular steatosis in
the liver.>**

The importance of diagnostic testing is well demonstrated with
COVID-19. Due to a shortage of diagnostic tests, a large number of
undiagnosed patients with relatively mild symptoms were unknowingly
spreading the virus in the community, and has led to the large out-
breaks in some countries.’”> Undocumented infection has been esti-
mated to be the source of 79% of laboratory-confirmed infections.

Laboratory confirmation of SARS-CoV-2 relies on accurate mo-
lecular assays. Many groups have shared their in-house real-time
reverse transcription-polymerase chain reaction (RT-PCR) protocol
with the World Health Organization during the early period of
COVID-19, which have tremendously helped clinical microbiology
laboratories around the world in the detection of SARS-CoV-2.'*
Currently, the gene targets of real-time RT-PCR for SARS-CoV-2
include the open reading frame 1a or 1b (ORFla or 1b), RNA-
dependent RNA polymerase (RdRp)/helicase (Hel), spike (S), envelope
(E), and nucleocapsid (N) genes.”***> The choice of these gene tar-
gets were based on previous experience with SARS-CoV and Middle
East respiratory syndrome coronavirus (MERS-CoV).' >’

Similar to other RNA respiratory viruses, SARS-CoV-2 can mutate
quickly due to the intrinsic infidelity of viral RNA polymerase. The
mean evolutionary rate of SARS-CoV-2 has been estimated to
be 1.8 x 10”2 substitutions per site per year.'® Mutations arising at the
current gene targets can lower the sensitivity of the existing assays.
Currently, three major phylogenetic types have been identified, in-
cluding two subclusters of type A (ancestral type), type B (character-
ized by T8782C of nsp4 gene and C28144T of orf8 gene) and type C
(characterized by G26144T of orf3a gene).'” According to an analysis
by GISAID, 0.02% to 0.53% of the genomes contain mutations in the

detection of SARS-CoV-2 can avoid false-negative results due to mutations at the

primers/probes binding sites of currently available RT-PCR assays.

COVID-19, diagnosis, nanopore sequencing, nspl, RT-PCR, SARS-CoV-2

last five nucleotides of the 3’ ends of the published RT-PCR primer
regions.”® Therefore, there is an urgent need to expand the number of
gene targets that can be used for RT-PCR diagnosis.

The aim of this study is to identify novel targets for molecular
detection of SARS-CoV-2. In our previous study, we have successfully
identified highly-expressed gene regions for influenza A virus using
nanopore sequencing, and have developed highly sensitive and spe-
cific novel PB2 and NS RT-PCR for detection of human and zoonotic
influenza A viruses.? Using the same strategy, we first used nano-
pore sequencing to identify highly-expressed gene regions of the
SARS-CoV-2 genome in clinical specimens. After identifying non-
structural protein 1 (nsp1) gene as a highly-expressed gene region,
we have designed the nspl RT-PCR which demonstrated high sen-

sitivity and specificity using clinical specimens.

2 | MATERIALS AND METHODS
2.1 | Clinical specimens

For nanopore sequencing, we have retrieved 22 original clinical speci-
mens of 14 patients with high viral load. For the determination of ana-
lytical specificity, we have retrieved the total nucleic acid (TNA) that
were extracted from 13 nasopharyngeal aspirate specimens previously
found to be positive for human coronaviruses (OC43, NL63, HKU1,
229E) by FilmArray Respiratory Panel 2 (BioFire; Biomerieux), which
werecollected between November 2018 and December 2019 (Table S1).

For clinical validation, we retrieved specimens that tested posi-
tive for SARS-CoV-2 using our in-house RdRp/Hel assay reported
previously.® These specimens included 101 clinical specimens col-
lected from COVID-19 patients admitted to Queen Mary Hospital, or
from COVID-19 patients admitted to Princess Margaret Hospital for
whom specimens were sent to Queen Mary Hospital for viral load
testing. For the 87 patients of Queen Mary Hospital, the specimens
were collected within 24 hours after hospital admission. For the
14 patients from Princess Margaret Hospital, we have retrieved their
first specimens that were sent to our laboratory for viral load testing.
We have also retrieved 50 nasopharyngeal specimens that tested
negative by LightMix Modular SARS and Wuhan CoV E-gene kit,
which were collected between 11 April and 14 April 2020. The TNA
of all specimens were extracted using NucliSENS easyMAG extrac-
tion system (BioMerieux, Marcy I'Etoile, France). Specimens with
insufficient volume of TNA were excluded from analysis.

This study was approved by the Institutional Review Board of

the University of Hong Kong/Hospital Authority Hong Kong West
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Cluster (HKU/HK HKW IRB) (UW 13-372). This study is reported
according to the Standards for Reporting of Diagnostic Accuracy
Studies (STARD) guideline.??

2.2 | Nanopore sequencing library

Nanopore sequencing was performed as we described previously
with modifications.”® To deplete host cells, nasopharyngeal or saliva
specimens were centrifuged at 16 000g for 2 minutes, and super-
natant was used for subsequent RNA extraction. RNA was extracted
from 140uL of supernatant using QlAamp Viral RNA Mini Kit
(Qiagen, Hilden, Germany) as we described previously. RNA was
DNase treated, concentrated and cleaned using RNA Clean &
Concentrator-5 (Zymo Research, Irvine, CA).

Sequence-independent single-primer amplification (SISPA) was
performed as described previously.>® Briefly, DNase-treated RNA
was reverse transcribed to single strand complementary DNA
(cDNA) using primer A (5-GTTTCCCACTGGAGGATA-N9-3'). Sec-
ond strand cDNA synthesis was performed using Klenow Fragment
(3'=5’ exo-) (New England BiolLabs, Ipswich, MA). PCR using primer
B (5-GTTTCCCACTGGAGGATA-3’) was used in generating the
amplified cDNA libraries. Nanopore sequencing library preparation
was performed according to manufacturer's instructions for Ligation
Sequencing Kit (SQK-LSK109, Oxford Nanopore Technologies).
Briefly, amplified PCR products were purified by 1x AMPure XP bead
(Beckman Coulter, California, CA). Equal molar of each amplified PCR
products were then subjected to DNA repair, end preparation, and
native barcode ligation (EXP-NBD104, Oxford Nanopore Technolo-
gies). Barcoded samples were pooled and were ligated to sequencing
adaptor. Sequencing was performed with Oxford Nanopore MinlON
device using R9.4.1 flow cell for 12 to 48 hours.

After sequencing, Guppy v3.4.5 was used in converting the raw
signal data into FASTQ format, demultiplexing, removal of nanopore
and SISPA adaptor sequences. Only reads with a minimum Q score of 7
were included for subsequent analysis. The sequencing run was quality-
checked using MinlONQC.?® Human reads were depleted by mapping
to reference human genome hg38, and unmapped reads were extracted
using SAMTools.”* The nonhuman reads were mapped to the reference
genome  SARS-CoV-2 Wuhan-Hu-1  (NCBI  GenBank:

MN908947.3). BCFtools Mpileup was used in creating a variant file.””
124

isolate
BCFtools call,?® vcfutils.pl,* and Seqtk seq?® were used in generating
the FASTA consensus sequence. Finally, the coverage data were ob-
tained using SAMtools.”* Only specimens with a mean coverage of 250x
were included for further analysis. The consensus sequences of five
specimens from four patients (HKU-902a, HKU-903a, HKU-903b, HKU-
907b, and HKU-908a) were previously deposited into NCBI GenBank
(accession number: MT114412, MT114414, MT114415, MT114417,
MT114418).°> The consensus sequences of HKU-904a, HKU-905a,
HKU-911a, HKU-913a, and HKU-915a have been deposited into NCBI
GenBank (accession number: MT365028-MT365032). Raw reads, after
excluding human reads, have been deposited into BioProject (Bioproject
ID: PRINA627286).

MEDICAL VIROLOGY

2.3 | Phylogenetic analysis

The phylogenetic tree of the whole SARS-CoV-2 genome was con-
structed using neighbour-joining method using MEGA software
package version 7.0. The bootstrap values from 1000 replicates were
calculated to evaluate the reliability of the phylogenetic trees. Phy-

logenetic types A, B, and C were defined as described previously.’

2.4 | Selection of primers and probes

Primers and probes targeting the nspl region was designed by the
multiple alignment of SARS-CoV-2, other human coronaviruses in the
genus Betacoronavirus (including lineage A HCoV-OC43 and HCoV-
HKU1, lineage B SARS-CoV, and lineage C MERS-CoV), and a bat-like
SARS-CoV (Bat/Yunnan/RaTG13/2013) which was closely related to
the human SARS-CoV-2 (Figure 1).?’

2.5 | Analytical sensitivity and specificity

The limit of detection (LOD) was determined using serially-diluted
SARS-CoV-2 virus culture isolates as described previously.'*?® SARS-
CoV-2 virus was cultured in VeroEé cells. The concentration of the
virus culture stock was 1.8 x 107 50% tissue culture infective doses
(TCID50)/mL. Triplicates were performed for each dilution in two
independent experiments.

Analytical specificity was determined using 13 clinical specimens
positive for human coronaviruses 229E (n=3), NL63 (n=3), OC43
(n=2), and HKU1 (n = 5), and from 17 virus culture isolates of SARS-
CoV, MERS-CoV, HCoV-229E, HCoV-NL63, HCoV-OC43, influenza
viruses (A [H1N1], A [H3N2], B, C), respiratory syncytial virus,
parainfluenza viruses 1 to 4, human metapneumovirus, rhinovirus/

enterovirus and adenovirus as described previously.?®

2.6 | Nsp1l gene real-time RT-PCR for nsp1 gene

Real-time RT-PCR targeting nspl gene was performed by QuantiNova
Probe RT-PCR Kit (Qiagen). A 20 uL reaction containing 4 uL of TNA,
10 uL 2x QuantiNova Probe RT-PCR Master Mix, 0.2 uL QN Probe RT
Mix, 1.6 uL of each 10 uM forward and reverse primer, 0.4 uL of 10 uM
probe, and 2.2 uL nuclease-free water. Thermal cycling was performed
at 45°C for 10 minutes for reverse transcription, followed by 95°C for
5 minutes and then 45 cycles of 95°C for 5seconds, 55°C for 30 sec-
onds. The sequences of primers and probes are listed in Table 1.

2.7 | E gene real-time RT-PCR

Real-time RT-PCR for E gene was performed according to a published
protocol, except that the total reaction volume was reduced to 20 uL

instead of 25 uL.*** Briefly, superscript Il one-step RT-PCR system
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(A) Nsp1 forward primer Nspl probe Nsp1 reverse primer
CATTCACGTACGCTCCTAGTCCTGAG TGCTCTCCTTCTCCCTCATGTGGG TACCACTGCCTTACCGCAAGG
e ... (T7949) P 2 1Y) ..(7932)
T ... (1) B R & § | C T..T.. ... ... A (1)
- (1) .. T..C..A..C .. (1) LA (2)
S (1) C. i T ..(1) AL ()
b 3 P <) i Tl (D)
Kooooiieianan. 2) G e (1) LGl (11)
. [ (1) e e e e T..(5) JR R (. (10)
T ... (1) LT i .. .. (8) P & § |
DN L. (2) Y.Ll (1)

Egene forward primer

ACAGGTACGT TAATAGTTAATAGCGT

Egene probe

ACACTAGCCATCCTTACTGCGCTTCG

R &
O (1)
LT (D)

Egene reverse primer

TGTGTGCGTACTGCTGCAATAT
ceee....(7963)

cee....(7963) ceee....(7955)
T (2)
Koo (1) T......QQ)
Y. ... (1) R & |
W........ L T.. R (2]
C ... (1) R P & B |
e CQ) A ..
N gene forward primer N gene probe N gene reverse primer
AAATTTTCCCGACCACGAC ATCTCCCGCATTGCCATCGA GTTGACCTACACAGCTGCCA
T - (7941) ceeeee ... (7946)
..C.. T..A...TQ) ... R.(1) e T........(3)
.Lco...»» L. A . .(2) (R [ ¢~ |
T....8» ... T.... .(2) e T (2)
..C.. T..A....1) ... A... () B (2)
Al @w . T.. G 1 T T(1)
T™a7n .. cC...(1) B (2)
............ C.......(1)
................. A . (3)
................. T..(2)
(B)
Nspl forward primer Nsplprobe Nspl reverse primer
Nspl CATTCAGTACGGTCGTAGTGRTGAG TGGTGTOCTTGTOCCTC ATGIGEG TACCAGTGGLT GG
NC_045512, 2 SARS-Co¥V=2 Wuhan-Hu=1 = = i ieiieisascescinetnssas sessessassesessas """Tuassass  sssssessses sreere
NT114412 SARS~CoV~2/HKU~902a/2020
NT114418 SARS-CoV=2/HKU-908a/2020  fiieiieieascsnnssnassssns  sesssssssssssssss  wesssss  aessesesses sisass
NT114414 SARS-CoV-2/HKU-903a/2020  ieivernannnsasnasnsnns  ssessssssssssssrss wessass sesseseeses sssass
NT114417 SARS-CoV-2/HKU-90Tb/2020 o oiieiveinanssnnnssnnsnns  smssssssssssssnss  wassass sessesseses sesess
SARS=CoV=2/Taiwan/2/2020 EPI_ISL 406031 = ... .ciceicerccencoasncnas  sssssssssssssssss  sasssss  ssssssseses sssess
SARS-CoV=2/USA/CA2/2020 EPI_ISL_406036 = tiiieiterineannsnnnnasnnnns  sesssssssnsssssss  wasswass  sssssssssss srwens
SARS-CoV-2/France/IDF0O372/2020 (EPI_ISL 406598 ... c.viivnrevrnrnmanmnnas  sescacesncasasnas
SARS-CoV-2/Australia/VIC01/2020 |EPI_ISL_ 406844  ....civeieerennnsnonsosnns sessssssssesssnss  sassess sesessseces sssees
SARS-CoV-2/Germa BavPat1/2020 EPI_ISL_406S62 $560808E00000N0RENEEREY  SBEEIEEsEssEINEI T ""ssssess 2 sessessesessesers
SARS-CoV~2/Be HB-08021/2020 |EPI_ISL 407976 ......ccivaiesnainnnncnas seessssassasassas ™ “eassass  sessssvesss sisesse
SARS~CoV~2 ¢/5/2020 EPI_ISL_410536
SARS~CoV=2/1t INMI1=cs/2020 EPI_ISL_410546
SARS-CoV-2/South Korea/SNUOL/2020 EPI_ISL 411929 .. .iciviiivernnrnrnnnnnnes sessssssssssssnss  sasssss  sessssseses sieass
SARS-CoV-2/Ca \ 020 EPI_ISL_413014 . cescscsasas®acnasa
NC_004718, 3 SARS co CC...AT..A......
MNS96532. 1_Bat/Yu C.... “"essess
NC_019843, 3 MERS coronavi AT... T.CATG i
NC_006213, 1 ¢ is 0C4 G. C..7G..C.T.GC... \ C
NC_006577. 2 Human ¢ us HKU1L ( G.. T. AAC,

FIGURE 1 Alignment of primers and probes in this study. A, In silico

analysis of nsp1, E and N gene primers/probe for SARS-CoV-2.

Sequences from GISAID are shown in Table S2. B, Alignment of our novel nsp1 primers and probes with SARS-CoV-2 and other human
coronaviruses in the genus Betacoronavirus, and the bat coronavirus Bat/Yunnan/RaTG13/2013. Sequences from GISAID are shown in Table S2.

E, envelope; N, nucleocapsid; nsp1, nonstructural protein 1; SARS-CoV-2,

with Platinum Taqg Polymerase (Thermo Fisher Scientific, Waltham, MA)
was used. A 20 ulL reaction containing 4 uL of TNA, 10 uL 2x Reaction
mix (containing 0.4 mM of each deoxyribonucleotide triphosphates
(dNTP) and 3.2 mM magnesium sulfate), 0.8 ug of nonacetylated bovine

severe acute respiratory syndrome coronavirus 2

albumin, 0.32 uL of a 50 MM magnesium sulfate solution, 0.8 uL of each
10 uM forward and reverse primer, 0.4 uL of 10 uM probe, 0.8 uL of
Superscript Il reverse transcriptase/Platinum Taq Mix, and 2.08 uL of

nuclease-free water. Thermal cycling was performed at 55°C for
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TABLE 1 Primers and probes used in this study

Target (source) Primer/probe

nspl Gene (this study) Forward
nspl Gene (this study) Reverse
nspl Gene (this study) Probe
E Gene (Corman et al’?) Forward
E Gene (Corman et al’?) Reverse
E Gene (Corman et al®?) Probe
N Gene (Shirato et al°) Forward
N Gene (Shirato et al®°) Reverse
N Gene (Shirato et al*®) Probe

Abbreviations: E, envelope; N, nucleocapsid; nsp1, nonstructural protein 1.

10 minutes for reverse transcription, followed by 95°C for 3 minutes
and then 45 cycles of 95°C for 15 seconds, 58°C for 30 seconds.

2.8 | N gene real-time RT-PCR

Real-time RT-PCR for N gene was performed using primers and
probes as described previously.>° QuantiNova Probe RT-PCR Kit
(Qiagen) was used. A 20 uL reaction containing 4 uL of TNA, 10 ul 2x
QuantiNova Probe RT-PCR Master Mix, 0.2 uL QN Probe RT Mix, 1.0
and 1.4 uL of each 10 uM forward and reverse primer, respectively,
0.4 uL of 10 uM probe and 3.0 uL of nuclease-free water. Thermal
cycling was performed at 45°C for 10 minutes for reverse tran-
scription, followed by 95°C for 5 minutes and then 45 cycles of 95°C
for 5seconds and 60°C for 30 seconds.

2.9 | Statistical analysis

Statistical analysis was performed using PRISM 6.0 for Windows. The
sensitivity of nsp1 and E gene real-time RT-PCT was compared using
Fisher's exact test.

3 | RESULTS

3.1 | Nanopore sequencing of SISPA-amplified
genome

Nanopore sequencing of SISPA-amplified genome was performed for
a total of 22 specimens from 14 patients. Ten specimens from nine
patients had a mean coverage of at least 250x and were included for
further analysis. For one patient, both the nasopharyngeal and saliva
specimen was included. For the other eight patients, there were
three saliva and five nasopharyngeal specimens. All patients were
hospitalized at Princess Margaret Hospital. The median age was

62 years. Four patients were female. Four patients required oxygen
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Sequence (5’-3’)
CATTCAGTACGGTCGTAGTGGTGAG
CCTTGCGGTAAGCCACTGGTA
FAM-CCCACATGAGGGACAAGGACACCA-IABKFQ
ACAGGTACGTTAATAGTTAATAGCGT
ATATTGCAGCAGTACGCACACA
FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ
AAATTTTGGGGACCAGGAAC
TGGCACCTGTGTAGGTCAAC
FAM-ATGTCGCGCATTGGCATGGA-BHQ

supplementation, two patients were admitted to the intensive care
unit, and one patient died. Phylogenetic analysis using the whole viral
genome showed that the virus strains from two patients belonged to
20905C subcluster of phylogenetic type A, and those from seven
other patients belonged to type B (Figure 2).

To identify gene regions that were highly expressed, coverage
map was visualized using integrative genomics viewer. The nsp1 gene

region was highly expressed in all specimens (Figure 3A).

3.2 | Nsp1l primers and probes

Specific primers and probes targeting SARS-CoV-2 were selected by
aligning more than 7000 SARS-CoV-2 sequences downloaded from
GISAID on 22 April 2020, other human Betacoronaviruses, and a bat
SARS-like coronavirus (Figure 1). The nsp1 primer and probe sequences
are well-matched with SARS-CoV-2 genome, but are distinct from 2003
SARS-CoV, MERS-CoV, OC43, and HKU1. Analysis showed that our nsp1
real-time RT-PCR target region was expressed more abundantly than the
gene targets of other published real-time RT-PCR assay (Figure 3B).

The LOD of nspl gen was 18 TCIDso/mL. Nsp1l RT-PCR had
tested negative for all 13 clinical specimens known to be positive for
coronaviruses, five virus culture isolates of coronavirus (SARS-CoV,
MERS-CoV, HCoV-229E, HCoV-NL63, HCoV-OC43), and 12 virus
culture isolates of other respiratory viruses (influenza virus A [H1N1]
and A [H3NZ2], influenza B virus, influenza C virus, rhinovirus, ade-
novirus, respiratory syncytial virus, human metapneumovirus, and
parainfluenza virus types 1-4).

3.3 | Diagnostic performance of nspl RT-PCR

A total of 101 archived respiratory tract specimens collected be-
tween 29th January and 7th April 2020, and tested positive for
SARS-CoV-2 by our-house RdRp/Hel assay, were retrieved. Of these
101 COVID-19 patients, SARS-CoV-2 was detected by at least one of
nspl, N or E gene RT-PCR assays in 99 patients (98.0%), and
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FIGURE 2 Phylogenetic tree of SARS-CoV-2 genomes. Nucleotide sequences were downloaded from NCBI Genbank and GISAID (Table S2).

The phylogenetic tree was constructed by neighbour-joining method with bootstrap values were calculated from 1000 trees. Sequences with
coverage map showing in Figure 3A are highlighted in red. SARS-CoV-2, s evere acute respiratory syndrome coronavirus 2



CHAN €T AL I 2731
MEDICAL VIROLOGY — YV | LEY—I—
(A)
nspl Nsp10/11 RdRp nsp1a . .
‘ e - = — 5
‘ : :
L —
o
B
(B) 150
2 100
Q
(=]
=
o 50 I
o w
D R RN
Lo L OO F £
A TARRIOEE SOARNEA
SEEER T Ao oXe
FPECE & LR
PSS S
& b"\o'} < ‘ooc_, 85
0‘\\ \Q \.Q
S
W

FIGURE 3 A, Coverage map of the nanopore sequencing of SISPA-amplified viral genome. X-axis shows the nucleotide position, while Y-axis
shows the number of reads. The coverage map was generated by integrative genomics viewer. B, Coverage information of nanopore sequencing
for each real-time RT-PCR target region. The mean coverage of each RT-PCR amplicon (nucleotide positions indicated in Table S3) is expressed
as the percentage of the mean coverage of the entire N gene (nucleotide position 28274-29533). Error bar indicates one standard deviation.
RT-PCR, reverse transcription-polymerase chain reaction; SISPA, sequence-independent single-primer amplification

85 patients (84.2%) were detected by all three RT-PCR assays (Table 2).
Two patients (2%) were positive by nsp1 gene RT-PCR only. The sen-
sitivity was 93.1% (95% confidence interval [Cl]: 86.2%-97.2%) for nspl
gene RT-PCR, 95.1% (95% Cl: 88.8-98.4) for N gene RT-PCR, and
89.1% (95% Cl: 81.3-94.4) for E gene RT-PCR (Table 3).

TABLE 2 Concordance of nspl, N, and E gene RT-PCR assays

RT-PCR Number (%) (n=101)
nspl N E

+ + + 85 (84.2)

+ + - 6 (5.9)

+ = + 1(1.0)

+ - - 2(2.0)

= + + 4 (4.0)

- + - 1(1.0)

- - + 0 (0)

- - - 2 (2.0)

Note: +, positive; -, negative.
Abbreviations: E, envelope; N, nucleocapsid; nsp1, nonstructural protein
1; RT-PCR, reverse transcription-polymerase chain reaction.

To determine the diagnostic specificity of the assay, we tested
nspl gene real-time RT-PCR on 50 nasopharyngeal specimens from
non-COVID-19 patients. All 50 specimens tested negative by nsp1 RT-
PCR, and therefore, the specificity was 100% (95% Cl: 92.9%-100%)

4 | DISCUSSION

In this study, we have developed a highly sensitive and specific nsp1
real-time RT-PCR for the detection of SARS-CoV-2. We first

TABLE 3 Sensitivity and specificity of nspl gene RT-PCR when
compared with those of E gene and N gene RT-PCR

Patients with

Patients without

RT-PCR COVID-19 COVID- Sensitivity (95%
target (n=101)" 19 (n=50) Cl) (%)

nspl 94 0 93.1 (86.2-97.2)
N 96 0 95.1 (88.8-98.4)
E 90 0 89.1 (81.3-94.4)

Abbreviations: Cl, confidence interval; COVID-19, coronavirus disease
2019; E, envelope; N, nucleocapsid; nsp1, nonstructural protein 1;
RT-PCR, reverse transcription-polymerase chain reaction.

?Detected by RdRp-Hel RT-PCR.
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identified nsp1 to be a highly-expressed gene target in clinical spe-
cimens using nanopore whole-genome sequencing, and designed a
real-time RT-PCR protocol based on nsp1 gene. This novel nsp1 real-
time RT-PCR did not cross react with other human coronaviruses or
other respiratory viruses, and has a sensitivity of 93.1%, which is
similar to real-time RT-PCR targeting N and E genes. In silico analysis
of the primers/probe regions showed that nsp1 is better than N gene
which has fewer mutations in the 3’ end of the primers/probe region
(Figure 1A). Together with the analysis done by GISAID,?° which
showed higher mutation rate in the published N gene primers/probe
region, nspl can serve as an alternative target for the detection of
SARS-CoV-2.

Identifying alternative targets for the detection of SARS-CoV-2
is important because genetic variations can affect the sensitivity of
RT-PCR. There are two major sources of genetic variations in cor-
onaviruses. First, the mutation rates in CoV are moderate to high
compared to other single-stranded RNA viruses. It was estimated
that the average substitution rate of SARS-CoV and MERS-CoV is
about 1072 substitutions per year per site.** Second, recombination is
well known to occur for coronaviruses. These recombination events
can occur between viruses in the same genus, same lineage, or even
in different lineages.®* The recombination occurs in both animal and
human coronaviruses.®>*? SARS-CoV-2 is also believed to arise due
to recombination event that involves the receptor-binding motif of a
closely related BatcoV RaTG13.>* Recombination is especially im-
portant because the current real-time RT-PCR targets are mainly
located in the middle or 3’ end of the genome. In contrast, nsp1 gene
is located in the 5’ end, and therefore, may not be affected by re-
combination events occurring between the nspl gene and RdRp
gene. Unlike other targets commonly used for diagnosis which are
located in the middle or 3' end of the viral genome, nsp1 is located in
the 5’ end of the genome.35 Since recombination can occur, it is
important to have a target at the 5’ end of the genome.

Nsp1 is usually not considered to be highly expressed. However,
our nanopore sequencing of clinical specimens has consistently shown
that nsp1 gene region is highly expressed. Traditionally, it was thought
that the subgenomic sequences arise from the leader sequence.
However, recently, it was shown that the subgenomic sequences arise
at the nspl-truncated nsp2 and/or truncated nsp3 region.>®

Shortly after the announcement of SARS-CoV-2 as the causative
pathogen of COVID-19, Shirato et al®® has reported the use of a con-
ventional nested RT-PCR targeting nspl gene, but require Sanger se-
quencing for confirmation. In this early report, the sensitivity and
specificity of their conventional nspl gene nested RT-PCR was not
reported.

The coverage map for SARS-CoV-2 from our study using of
SISPA and nanopore sequencing suggests that nspl was highly ex-
pressed in clinical specimens. In contrast, in a previous study, nspl
was not shown to be highly expressed in the coverage map from
lllumina sequencing.®” One possibility is the difference in library
preparation. In the paper by Wu et al, ribosomal RNA depletion was
performed to reduce the amount of human RNA in the specimen

before reverse transcription. Ribosomal RNA depletion has been

shown to introduce biased distribution of read coverage for influenza
virus.®® In contrast, our library preparation did not involve ribosomal
RNA depletion, which may have avoided this bias.

Another potential technique to survey expression is direct RNA
sequencing using nanopore technology. However, this technique re-
quires a large amount of high quality and pure viral RNA as starting
material, which is often unfeasible from clinical specimens. Moreover,
the protocol utilizes oligodT primers to capture the polyA tail to
allow the complex to be brought to the sequencing pore where the
RNA is read from the 3’ to 5’ direction. This technology may not be
useful in assessing abundance of particular regions as efficiency of
detection is higher in early reads resulting in coverage bias towards
the 3’ end of the genome.

Studies from SARS-CoV indicate that NSP1 protein suppresses the
antiviral response.>> NSP1 can bind to 40S ribosome to block the as-
sembly of ribosome and induce endonucleolytic cleavage and the de-
gradation of host messenger RNAs. Furthermore, NSP1 can change the
nuclear-cytoplasmic distribution of nucleolin.>? Since nsp1 gene is highly
expressed in our SARS-CoV-2 patients, it remains to be determined
whether the function of NSP1 is also enhanced in SARS-CoV-2.

There are several limitations of this study. First, although our
nanopore SISPA-based whole-genome sequencing allowed us to
identify highly-expressed gene regions, there can still be bias during
the library preparation which may affect the coverage of each posi-
tion in the viral genome. Second, our nanopore sequencing did not
encompass phylogenetic type C strains, which is mainly found in

Europe and in America.

5 | CONCLUSIONS

We have found that viral gene nsp1 is highly expressed in patients
with COVID-19. Our novel real-time RT-PCR assay targeting nspl
was highly sensitive and specific in the detection of SARS-CoV-2 in
clinical specimens. Our real-time RT-PCR is unique in that nsp1 gene
is located at the 5’ end of the SARS-CoV-2 genome, while other
currently published real-time RT-PCR protocols target genes located
in the middle or 3’ end of the viral genome. The incorporation of the
nspl gene in multiplex RT-PCR assays will likely improve the de-
tection of SARS-CoV-2.
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