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Abstract

Quantitative reverse-transcription PCR (qQRT-PCR) assays remains
the gold standard for detection of the SARS-CoV-2 virus because of
its sensitivity and specificity. However, successful design of qRT-PCR
assays requires accurate viral genome sequences. With mutations
accumulating as the virus is transmitted globally, we sought to compare
current assays recommended by the World Health Organization with
available SARS-CoV-2 genomic sequences in silico. While most sequences
were conserved, there were notable mismatches, particularly in assays
developed using early sequences when compared to more recentisolates.
We recommend that any assay being evaluated for diagnostic tests be
compared with prevalent sequence data from the region of proposed
testing and that continued publicly accessible sequence information
continue to be provided by the research community.
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Introduction

During infection outbreak in crisis like the COVID-19 pandemic,
diagnostics are a crucial step to manage the rate of infection, especially
when clinical symptoms are difficult to distinguish from other respiratory
infections such as influenza. Public health measures decisions, such as a
patientand contact tracing requiring further quarantine and surveillance
are intimately related to whether a suspected case has been confirmed.
Therefore, speed and accuracy of such tests are paramount, thus the
development and application of sensitive and reliable diagnostic tests
are critical.

Among several platforms available, quantitative (real-time) reverse-
transcription polymerase chain reaction (qRT-PCR) remains the
primary means for diagnosing the novel coronavirus SARS-CoV-2, the
pathogen responsible for COVID-19 [1] (reviewed in 1). Using short
DNA oligonucleotides (primers and probes) that are complementary to
specific sequences of viral genetic material, qRT-PCR diagnostic tests
thus are based on detection of the genetic material of the virus and
require accurate design to ensure detection sensitivity and specificity
[2,3]. Primers, one on each strand of DNA serve as starting points for
the DNA polymerase enzyme that carries out the RT-PCR reaction, while
probes bind between the primer sites and confer specificity. Design of
primers and probes is based on sequenced viral genomes that have been
publicly available since late December 2019 and typically target regions
of the open reading frame (ORF) 1ab, envelope (E) and nucleocapsid (N)
coding regions [4].

One of our major challenges in the diagnosis of COVID-19 is that
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detection sensitivity and specificity of SARS-CoV-2 genetic
material using qRT-PCR are variable and sometimes low
[5]. Multiple factors may have contributed to the low
sensitivity of SARS-CoV-2 detection: location of clinical
sampling; low patient viral load; sporadic shedding; and
variation in detection kits from different manufacturers.
One of the key factors determining kit detection sensitivity
is how efficiently primers and probes bind target genetic
material. This in turn is dependent on kit manufacturers
using the most appropriate viral genome sequence data. We
hypothesized that mutations between SARS-CoV-2 isolates
may cause imperfect binding of the primers and probes and
may contribute to ongoing issues with qRT-PCR detection
and sensitivity. To test our hypothesis, we performed a
sequence alignment between 375 SARS-CoV-2 genomes
available from the GenBank and probe-primer testing sets
recommended by the World Health Organization (WHO).

Materials and Methods

A systematic search was carried out in three major
electronic databases (PubMed, Embase and Cochrane
Library) to identify published studies examining the
diagnosis, therapeutic drugs and vaccines for Severe Acute
Respiratory Syndrome (SARS), Middle East Respiratory
Syndrome (MERS) and the 2019 novel coronavirus (2019-
nCoV), in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.

As of April 6, 2020, a total of 447 SARS-CoV-2 (COVID-19
pathogen) sequences were available from the GenBank,
including 375 complete or close to complete genome with
greater than 29,161 bp (hereafter name as full genome), 72
partial genome sequences with 87bp to 1,411 bp.

All 375 full-length sequences were downloaded and used
to create a custom SARS-CoV-2 genome database using a
bioinformatic software Geneious version 11.1 (Biomatters,
Auckland, New Zealand). PCR protocols were collected from
publication of WHO, US CDC and other literatures. Primers
and probes of each protocols were blast searched using
blastin (with low complexity filter, max E-value 10, gap cost
52) against the custom SARS-CoV-2 genome database, and or
analyzed with multiple sequence alignment using Geneious
version 11.1.

Results

We performed in silico evaluations of SARS-CoV-2 qRT-
PCR primers and probes listed in the protocols published on
the WHO website [6]. Summarized results are shown in table
1 with detailed explanations below:

China CDC protocols are designed to amplify SARS-CoV-2
ORF1ab and N regions. For the ORF1ab region, the forward
primers and probe had 100% identity to the binding sites of
374 (out of 375) full genome sequences. The reverse primer
had 1 bp mismatching with one full genome sequence.
However, for N gene amplification, athree base pair mismatch
was found in the first 3 bp at 5’ end of the forward primers
with the target site in sequences of 13 reported SARS-CoV-2
across various countries outside China. They are one each
from Spain, Israel, India and Peru, and 9 genome sequences
from the USA (Figure 1). This is significant, as a PCR reaction
with a primer with 3 bp mismatch with the primer biding
site may not be functional, i.e. the PCR may generate false
negative results when applied to above mentioned SARS-
CoV-2 infected samples. In addition, the forward primer
has 1 mismatched with sequence MT263410 (SARS-CoV-2/
human/USA/WA-UW330/2020) and MT246456 (SARS-
CoV-2/human/USA/WA-UW199/2020), and the reverse
primer 2 bp mismatch with sequence MT263411 (SARS-
CoV-2/human/USA/WA-UW331/2020).

Next, we looked at qRT-PCR assays for the detection of
SARS-CoV-2 from the Institut Pasteur, Paris. The primers
and probe sequences were based on the first sequences
of SARS-CoV-2 made available on the GISAID database on
January 11, 2020. The primers and probes (nCoV_IP2 and
nCoV_IP4) were designed to target the RNA-dependent RNA
polymerase (RdRp) gene within the ORF1ab region spanning
nt 12621-12727 and 14010-14116 (positions according
SARS-CoV, NC_004718). The E gene assay from the Charité
protocol was used as a confirmatory assay.

Institut Pasteur RdRp gene qRT-PCR primers and
probe of both target sites (RdRp gene/nCoV_IP2 and RdRp
gene/nCoV_IP4 ) have 100% identity to the binding sites
of 374/375 full genome sequences. The reverse primer
of the two PCR has 1 bp mismatching with sequence
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Figure 1: N gene primers of China CDC COVID-19 qRT-PCR had mismatches with multiple SARS-CoV-2 sequences. Note that primer and probe
sequences are annotated on the top line (“MT123292 China CDC N gene qPCR”) while sequence mismatches with other isolates are highlighted below.
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Table 1: Alignment of primer and probes with SARS-CoV-2 genomic sequences.

China CDC ORFlab REV primer 1 China LR757997
China CDC N FOR primer 3 Spain MT233522
China CDC N FOR primer 3 Israel MT276598
China CDC N FOR primer 3 India MT163714
China CDC N FOR primer 3 Peru MT263074
China CDC N FOR primer 3 USA MT246470
China CDC N FOR primer 3 USA MT276327
China CDC N FOR primer 3 USA MT276329
China CDC N FOR primer 3 USA MT276330
China CDC N FOR primer 3 USA MT263402
China CDC N FOR primer 3 USA MT258379
China CDC N FOR primer 3 USA MT259250
China CDC N FOR primer 3 USA MT259263
China CDC N FOR primer 3 USA MT246451
China CDC N FOR primer 1 USA MT263410
China CDC N FOR primer 1 USA MT246456
China CDC N REV primer 2 USA MT263411
Institute Pasteur RdRp REV primer 2 1 China MT226610
Institute Pasteur RdRp REV primer 4 1 USA MT259238
Institute Pasteur E Probe 1 Korea MT039890
USA CDC N FOR primer 2 1 USA MT258382
USA CDC N Probe 2 1 USA MT263435
USA CDC N Probe 2 1 USA MT263458
Japan N Probe 1 USA MT159720
Japan N FOR primer 1 Japan LC534419
Berlin B Probe 1 Korea MT039890
Hong Kong ORFlab REV primer 1 Iran MT163712
Hong Kong ORF1lab REV primer 1 USA MT276327
Hong Kong N Probe 1 USA MT263458
Hong Kong N Probe 1 USA MT263435
Thailand N REV primer 1? USA MTI184913
*Sequence MT/84913 had an ambiguous “Y” denoting C or T, which therefore has a mismatch likelihood of 50% with the primer.

MT226610 (SARS-CoV-2/human/CHN/KMS1/2020) and
MT259238 (SARS-CoV-2/human/USA/WA-UW246/2020),
respectively. The primers and probe of the confirmation E
gene qPCR had 100% identity with 376/377 SARS-CoV-2 E
gene sequences available in GenBank. The probe had 1 bp
mismatch with sequence MT039890 (isolate SNUO1 from a
Korean patient imported from Wuhan).

The current SARS-CoV-2 detection protocols provided by
the US CDC includes two targets within the N gene. US CDC
N gene 1 target primer and probe had 100% homology with
100% (387/387) available N gene (target 1) sequences of
SARS-CoV-2 in GenBank. The N gene 2 target primers and
probe are 100% homologous with 98.4% (379/385) N gene
(target 2) of SARS-CoV-2 sequences. The probe had 1 bp
mismatch with two sequences, i.e.MT263435 (SARS-CoV-2/
human/USA/WA-UW355/2020) and MT263458 (SARS-
CoV-2/human/USA/WA-UW379/2020). The forward
primer had 1 bp mismatch with 1 sequence (MT258382,
SARS-CoV-2/human/USA/CZB-RR057-014/2020).

Japan'’s protocols included those for both gel PCR and
gRT-PCR protocol. Here only the qRT-PCR primers and
probe are evaluated in silico. The primers and probe had
100% identity with the binding site for 99.5% (384/386)
of the available SARS-CoV-2 sequences. The probe had 1
bp mismatch with sequence MT159720 (2019-nCoV/USA-

CruiseA-4/2020) and the forward primer had 1 bp mismatch
with sequence LC534419 (SARS-CoV-2/Hu/Kng/19-437
RNA from Japan).

The protocol for diagnostic detection laid out in Berlin
on January 17, 2020 consists of RdRp and E gene qRT-PCR
using one probe (P2) specific for SARS-CoV-2 RdRp and a
generic probe (P1) that cross-reacts with SARS-CoV and bat
SARS-related CoVs, in addition to SARS-CoV-2. The other
set of primers and probe is specific for the E gene of SARS-
CoV-2.In Canada, Public Health Ontario uses these protocols
with E gene amplification for detection and RdRp gene
amplification for confirmation [7]. The RdRp gene primers
and probe were 100% identical to the biding sites of 100%
(388/388) available RdRp gene sequences of SERS-CoV-2
deposited in GenBank. The E gene qPCR primers and probe
were identical to the biding site of 99.7% (375/376). The E
gene probe had 1 bp mismatch with only 1 E gene sequence
MT039890 (SERS-CoV-2/SNUO01 from Korea).

Hong Kong’s qPCR protocol consisted of Assay 1 targeting
orflb-nsp14 and Assay 2 targeting the N gene. The orflb
primers and probe had perfect match with 99.5% (373/375)
of the SARS-CoV-2 sequences. The reverse primer had 1
base different from sequences MT163712 (SARS-CoV-2/
human/IRN/mehr1/2020 from Iran) and MT276327 (SARS-
CoV-2 isolate SARS-CoV-2/h uman/USA/GA_2742/2020).
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The N gene primers and probe had perfect match with
the biding sites of 99.5% (383/385) of the SARS-CoV-2
sequences with completed target sequences. The probe had
1 base different from sequences MT263458 (SARS-CoV-2/
human/USA/WA-UW379/2020) and MT263435 (SARS-
CoV-2/human/USA/WA-UW355/2020).

The Department of Medical Sciences, Ministry of Public
Health, Thailand used an assay targeting the N gene. The
primer and probe sequences are identical to all but one
of 386 SARS-CoV-2 sequences with available in GenBank.
Sequence MT184913 (2019-nCoV/USA-CruiseA-26/2020)
had an ambiguous code “Y” (for C/T) which has 50%
possibility aligning with “C” of the reverse primer.

Discussion

After looking at available primer and probe sequences, it
appears as though at present (April 2020) most sequences
for the qRT-PCR detection of SARS-CoV-2 largely match the
current reported genomic sequences. The three bp disparity
between the Chinese CDC N gene primers and strains isolated
from five different countries including Spain, Israel, India,
Peru and America highlights the importance to continue
monitoring the performance of the PCR protocol and re-
evaluate them at the least in silico when more sequences
become available.

Given the challenges in obtaining clinical samples
from which virus may be detected and variations between
laboratories, even single bp mismatches represent errors
of 5% in the primer sequence and depending on their
location and the nature of the substitution, these could
affect performance of the reaction and yield false negative
results [8]. Indeed, a single base pair mismatch was shown
to reduce sensitivity in a qRT-PCR test kit distributed during
the 2009 H1N1 pandemic [9]. This evaluation was on primer
and probe sequences only. The other characteristics, e.g.
annealing temperature, primer dimer and hair pin forming
possibility of the primers and probes were not evaluated.
Given substantial contributions to qRT-PCR efficiency
from these factors, sequence changes represent a point of
importance when considering diagnostic tests.

SARS-CoV-2 likely mutates at a rate similar to the first
SARS coronavirus, over 60 mutations per genome per
year [10]. It is important then, that continued sharing of
sequencing data becomes increasingly important as the
pandemic currently shows few signs of slowing down
and could remain in circulation for a number of years.
Already there are over 8,000 sequences in the GISAID
hCoV-19 database (as of mid-April 2020) that demonstrate
considerable phylogenetic diversity [11-13]. It is important
to note as well, that sequencing errors could also have played
arole in the incorrect sequences, but this is unlikely given a
conserved mutation in the aforementioned 13 isolates.

In the current emergency, the low sensitivity of qRT-
PCR implies that many COVID-19 patients may not be
identified and may not receive appropriate treatment in
time; such patients constitute a risk for infecting a larger
population given the highly contagious nature of the virus.
Particularly as countries around the world are rushing to
acquire sufficient testing capacity and develop containment
strategies [14], it will be particularly important to ensure
that design of primers and probes stays current with the
evolving SARS-CoV-2 genetic sequence.
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