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Abstract: When SARS-CoV-2 prevalence is low, many RT-qPCR-positive test results are false
positives. Sequencing of a 398-bp cDNA PCR amplicon derived from a highly conserved segment
with single nucleotide polymorphisms of the nucleocapsid (N) gene in presumptive positive
samples can verify true positives and differentiate at least 27 phylogenetically distinct strains of
SARS-CoV-2 for helping track virus strain movement between individuals and across geographical
areas. We report using this partial N gene sequencing method to confirm a case of mild COVID-19
disease. The patient was first seen on March 15, 2020, in the emergency department of the
university hospital in Dublin, Ireland. RT-qPCR test on a nasopharyngeal swab sample was positive
for SARS-CoV-2. Partial sequencing of the N gene in the residue of the tested RNA extract showed
a characteristic set of 3-consecutive GGG-to-AAC mutations at positions 28881, 28882, 28883,
which is known to first appear in samples collected in Continental Europe in February 2020. Using
this sequencing-based method to re-test 9 reference nasopharyngeal swab samples supplied by the
Connecticut State Department of Public Health Microbiology Laboratory revealed that 2 of the 9
positive samples had a single nucleotide mutation in the 398-base segment of the SARS-CoV-2
N gene. One of the 2 mutant samples showed a mutation at position 28821, which was first reported
in a sample recently collected in the neighboring New York state. The other sample showed a novel
frameshift nucleotide “A” insertion between position 29051 and position 29057, which co-existed
with its wildtype parental virus in one sample. Routine sequencing of RT-qPCR-positive samples
can minimize or eliminate false-positive SARS-CoV-2 test results that may cause unnecessary
anxiety among the population and prevent false-positive tests from shutting down schools and
workplaces unnecessarily as businesses try to resume normal operations in the community.
Keywords: false-positive, Sanger sequencing, phylogenetically distinct strains, COVID-19,
SARS-CoV-2 verification, single nucleotide mutation, partial N gene sequencing, virus strain
tracing

Introduction
According to the World Health Organization (WHO) Coronavirus disease (COVID-
19) Weekly Epidemiological Update and Weekly Operational Update report, as of
13 December 2020, the COVID-19 cases and deaths continued to rise with
70 million cumulative cases and 1.6 million deaths globally since the start of the
pandemic. The Regions of the Americas and Europe continue to shoulder the
burden of the pandemic, accounting for 85% of new cases and 86% of new deaths
globally. SARS-CoV-2 is the causative agent of the COVID-19 pandemic.’
Accurate diagnosis as well as identification and management of symptomatic
and asymptomatic COVID-19 cases are important for proper patient care and for
making appropriate public health policies.
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The first genome sequence for SARS-CoV-2 was offi-
cially published in the GenBank database on January 12,
2020 (GenBank Sequence ID# MN908947.1). This
allowed the rapid development of several real-time or
quantitative polymerase chain reaction (RT-qPCR) assays,
including the test kit panel developed by the US Centers of
Disease Control and Prevention (CDC).?

However, the accuracy of these tests marketed under
Emergency Use Authorization (EUA) remains unknown.
A nasopharyngeal swab RT-qPCR test can be inaccurate in
two ways. A false-positive result erroneously labels
a person infected by SARS-CoV-2, with consequences
including unnecessary quarantine and contact tracing, iso-
lation of non-infected nursing home residents with
COVID-19 patients in one room, and introduction of
uncertainty in vaccine efficacy evaluation. The additional
costs and consequences such results incur are inherently
difficult to quantify; however, are estimated to be
significant.’

False-negative results are more apparent, and were
thought to be more consequential because infected persons
who might be asymptomatic might not be isolated and
could infect others.* During the early months of the
COVID-19 outbreak when hospitalized patients received
the most attention, concerns were focused on the false-
negative results of RT-qPCR tests. For example, in the
month from January 6 to February 6, 2020, 308 of 413
(75%) patients admitted to a Wuhan teaching hospital in
China who tested negative for SARS-CoV-2 by an RT-
gPCR assay were found to have chest CT findings con-
sidered diagnostic of COVID-19 pneumonia.’ From
March 23 to May 19, 2020, one specialized hospital in
Italy admitted 16 patients with high suspicion of COVID-
19 based on clinical and chest high-resolution-computed
tomography (HRCT) findings for treatment despite nega-
tive test results of RT-qPCR on at least two consecutive
nasopharyngeal swabs. During the treatment course in the
hospital, only 3 of these 16 (18.7%) patients were found to
be RT-gPCR positive upon re-testing.’

However, when the RT-qPCR assays were used to test
the nasopharyngeal swabs of the patients with mild non-
specific symptoms or asymptomatic persons with suspected
infection, the problems of the false-positive test results
began to surface. For one notable example, 77 positive
SARS-CoV-2 test results on a group of football players in
the United States all turned out to be false positives on repeat
testing.” The US Food and Drug Administration (FDA) has
officially alerted clinical laboratory staff and health-care

providers of an increased risk of false-positive results with
some of these commercial test kits.™’

With
a population with low prevalence, many positive SARS-

indiscriminate testing or screening in
CoV-2 test results are in fact false positives. For exam-
ple, using two different nucleic acid assays to re-test 52
first-time SARS-CoV-2-positive samples, Skittrall et al
detected SARS-CoV-2 RNA in 29 (56%), but not in 23
(44%) of the 52 samples in the second-round testing for
confirmation of true SARS-CoV-2 infection.'® It is of
course questionable if the first positive tests, or the
repeat negative tests on some of these samples with
discordant results were correct. Elimination or minimiza-
tion of false-positive SARS-CoV-2 RNA test results will
reduce unnecessary anxiety among the population and
prevent false-positive test results from shutting down
schools and workplaces unnecessarily as businesses try
to resume normal operations in the community.

Even at the early stage of the COVID-19 outbreak,
both the WHO and the FDA had concerns about the
potential flaws of the RT-qPCR tests being used for mole-
cular detection of SARS-CoV-2 in clinical specimens.

In recognizing the fact that all nucleic acid-based tests
depend on determination of the sequence of the nucleo-
tides in the genome of the pathogen, the WHO guidance
titled “WHO Laboratory testing for coronavirus disease
(COVID-19) in suspected human cases-Interim guidance
dated 19 March 2020” advises

Routine confirmation of cases of COVID-19 is based on
detection of unique sequences of virus RNA by NAAT
such as real-time reverse-transcription polymerase chain
reaction (rRT-PCR) with confirmation by nucleic acid

: 1
sequencing when necessary.

Public records show that the FDA first issued a letter on
February 4, 2020, authorizing emergency use of the CDC
2019-Novel Coronavirus (2019-nCoV, renamed as SARS-
CoV-2) Real-Time Reverse Transcriptase (RT)-PCR
Diagnostic Panel for the presumptive qualitative detection
of nucleic acid from the 2019-nCoV in upper and lower
Therefore, RT-qPCR tests for
SARS-CoV-2 have been considered presumptive qualita-

respiratory specimens.'?

tive in nature by the FDA from the early days of the
pandemic.

To resolve the problems caused by these inherently
inaccurate tests, the FDA’s position is that false test results
can be investigated using an additional EUA RT-qPCR
assay, and/or Sanger sequencing.'> As another EUA RT-
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gPCR test may also generate false-negative or false-
positive results, Sanger sequencing is the more reliable
option.

Full-length genome sequencing can provide unques-
tionable evidence for SARS-CoV-2 detection,'* and has
been used to identify phylogenetically distinct virus strains
that are required for evaluation of COVID-19 reinfection
cases as well as for tracing virus infection pathways and
designing preventive strategies.'>'” However, routine
sequencing of the almost 30,000-base full-length SARS-
CoV-2 genome on every presumptive positive sample for
diagnostic confirmation is costly and impractical in clin-
ical practice.

According to the FDA guidance on molecular diagno-
sis of viral infection caused by human papillomavirus
(HPV), a conventional PCR detection of genomic DNA
followed by Sanger sequencing on both strands of the PCR
that
a minimum of 100 contiguous bases is acceptable as

amplicon (bi-directional sequencing) contains
valid diagnostics for HPV infection provided the sequence
matches the reference or consensus sequence, eg with an
Expected Value (E Value) <10° for the specific HPV
DNA target based on a BLAST search of the GenBank
database.'® Based on this FDA guidance, a protocol using
the nested PCR amplicon of a 398-base SARS-CoV-2
N gene cDNA as the template for Sanger sequencing
was developed for confirmatory diagnosis.'

We report our initial experience of using this partial
N gene sequencing protocol for verification of a case of
mild COVID-19 and discuss the possible use of the
sequence data to reconstruct the possible immediate path-
way of the infection. Routine analysis of the hypervariable
regions of this highly conserved 398-base segment of the
N gene on PCR-positive samples may identify many phy-
logenetically distinct strains for timely tracking SARS-
CoV-2 strain movement between individuals and across
geographical areas in a community.

Case Report and Partial Sequencing
of Positive Samples

Case Report

On March 15, 2020, a 25-year-old female health-care
worker with no significant past medical history presented
to the Emergency Department of Mater Misericordiae
University Hospital, Dublin, Ireland, with fever, sore
throat, dry cough, fatigue and myalgia on a background
of recent travel to France. A nasopharyngeal swab RT-

qPCR testing for SARS-CoV-2 was positive (VIASURE
SARS-CoV-2 Real Time PCR Detection Kit), with a Ct
value 26.58. Vital signs were all within normal range.
Laboratory investigations and Chest X-Ray were unre-
markable. Following a 24-hour period of observation, the
patient was discharged for a planned 14 days of self-
isolation. The patient had an uneventful clinical course,
reporting full resolution of symptoms, except for ongoing
fatigue, and returning to work 19 days after initial symp-
tom onset.

In mid-April, 36 days following the initial positive
swab result and 40 days following the initial onset of
symptoms, the patient re-presented to the Emergency
Department reporting a 5-day history of mild dry cough,
myalgia and 10 days of sore throat/coryzal symptoms.
Vital signs showed O2 saturations via pulse oximetry of
99% on room air, a respiratory rate of 16 breaths
per minute, heart rate of 122 beats per minute, blood
pressure of 156/98 mmHg and a temperature 37.1°
C. A chest radiograph revealed a focus of patchy opacifi-
cation in the medial right lower zone. Repeat SARS-CoV
-2 PCR testing was positive, with a Ct value of 30.72.
A nasopharyngeal aspirate screening test reported negative
for a broad range of other respiratory viruses. The severity
of symptoms did not warrant admission and the patient
was discharged for a further 14 days self-isolation.
A subsequent SARS-CoV-2 PCR test performed 38 days
post initial result (42 days post symptom onset) was posi-
tive with a Ct value 39.4 (Xpert® Xpress SARS CoV-2
kit). A negative result was obtained 40 days after first
positive result and 44 days following illness onset. Anti-
SARS-CoV-2 IgG was detected via point of care testing 58
days post original positive swab result. The patient made
a full clinical recovery. An aliquot of the residue of the
nasopharyngeal RNA extract tested positive on March 15,
2020, was sent on July 21, 2020, to Milford Molecular
Diagnostics Laboratory for confirmatory DNA sequencing
test according to a protocol previously published.'® A bi-
directional sequencing of the heminested PCR amplicon of
the ¢cDNA showed a typical 398-base SARS-CoV-2
N gene sequence with 28881, 28882, 28883 GGG-to-
AAC mutations as illustrated in Figure 1, panel a in com-
parison with panel b of the Wuhan-Hu-1 prototype
sequence.

Partial Sequencing of 9 Positive Samples
The partial N gene sequencing protocol was also used to re-
test 9 SARS-CoV-2 RNA-positive human nasopharyngeal
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A SARS-CoV-2 with 28881, 28882, 28883 GGG-to-AAC mutation (Sequence ID : MT750411)
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B SARS-CoV-2 Wuhan-Hu-1 sequence (GenBank Seq. ID# NC_045512), for comparison with sequence a.
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Figure | Panels of computer-generated base-calling DNA sequencing electropherograms, each excised from a 398-base highly conserved SARS-CoV-2 N gene sequence
showing samples of prototype SARS-CoV-2 Wuhan-Hu-1 strain and 3 single nucleotide polymorphisms. (A) 3-consecutive 28881, 28882, 28883 GGG-to-AAC (underlined)
mutations; (B) Prototype Wuhan-Hu-| sequence of a; (C) 28821 C-to-A (underlined) mutation; (D) Prototype Wuhan-Hu-| sequence of ¢; (E): A mutant sequence with
a novel nucleotide “A” insertion between position 29051 and position 29057, resulting in an extra “A” at position 29057 (indicated by an arrow) and its wildtype parental
sequence derived from one sample, causing a downstream frameshift in DNA sequencing with overlapping of two sets of base-calling peaks after position 29056. No SARS-
CoV-2 mutant with a nucleotide “A” insertion between position 29051 and position 29057 was registered in the global database updated on October 30, 2020.2'
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samples received from Connecticut State Department of
Public Health Microbiology Laboratory on April 30, 2020.
The results showed that 7 of the 9 RT-PCR-positive samples
contained the prototype SARS-CoV-2 N gene sequence
identical to that of the Wuhan-Hu-1 strain in this 398-base
segment.

Two of the 9 positive samples showed a single nucleotide
mutation within the 398-base sequence. One of the mutations
occurred at position 28821 as illustrated in Figure 1C, in
comparison with panel d of a prototype sequence. This C-to-
A mutation (Sequence ID# MT370913) was first reported in
a “nasal swab” specimen collected on March 17, 2020, in the
State of New York (a contiguous State with Connecticut)
according to information retrieved from the GenBank database
updated in June 2020.

The other mutation detected was a single nucleotide
“A” insertion, as shown in Figure 1E. This novel mutant
co-infecting the host along with its wildtype parental virus
caused a frameshift in Sanger sequencing. Frameshift
nucleotide deletions in the SARS-CoV-2 genome have
been observed occasionally.”” However, a SARS-CoV-2
mutant with frameshift nucleotide insertion in the genome,
especially co-existing with its wildtype parental virus in
one patient sample, has not been previously reported.**'

It is generally assumed that all SARS-CoV-2 genomic
nucleotide sequences shared one common ancestor towards
the end of 2019 before undergoing numerous mutations as it
spreads throughout the globe.?' The N gene appears to be the
most conserved within the SARS-CoV-2 genome.? Yet as of
October 30, 2020, the total known number of single nucleotide
mutations in the 1260-base N gene reached 948.2' However,
the virus number with each specific mutation varies widely
from 1 to >39,000. The most frequent 46 of the 948 single
nucleotide mutation sites with > 200 virus number’' (ie
reported in at least 200 sequenced isolates) are summarized
in Figure 2.

Since 27 of the 46 most frequent single nucleotide muta-
tions are located within a cluster of the 398-base SARS-CoV-2
N gene targeted for diagnostic confirmation (Figure 2), these
single nucleotide polymorphisms (SNPs) or mutations, if pre-
sent and demonstrated in the Sanger sequencing electrophero-
gram, can also be used to identify phylogenetically distinct
strains for tracking strain movement.

Discussion

The patient described in this case report first presented to
the Emergency Department with fever, sore throat, dry
cough, fatigue and myalgia, and again with one focus of

afebrile mild pneumonia 36 days later. This clinical picture
is non-specific. The diagnosis of a “mild case” of COVID-
19 was supported by a positive VIASURE SARS-CoV-2
Real Time PCR test. The VIASURE SARS-CoV-2 (N1 +
N2) Real Time PCR Detection Kit was adapted for the BD
MAX System.”* However, the FDA has also cautioned all
clinical laboratory staff and health-care providers that
false-positive results can be generated with BD SARS-
CoV-2 Reagents for the BD Max System.”

According to the FDA guidance, demonstration of
a minimum of 100 unambiguous contiguous bases of
a DNA sequence matching a unique reference genome
sequence published in the GenBank database is acceptable
as evidence for detection of HPV in a clinical sample.'®
The Sanger sequencing data of a 398-bp cDNA amplicon
of the N gene derived from the residue of the first sample
RNA extract verified that this patient was indeed infected
with a strain of SARS-CoV-2 beyond a reasonable doubt.

The SARS-CoV-2 detected in this had
a characteristic set of 3-consecutive GGG-to-AAC muta-
tions at positions 28881, 28882, 28883 in its N gene
(Figure 1A). These 3-consecutive nucleotide mutations

case

were first observed in strains isolated in Continental
Europe in February 2020.'?' Based on the GenBank
database, the first American strain of SARS-CoV-2 with
GGG-to-AAC mutations at positions 28881, 28882, 28883
was discovered in a nasopharyngeal swab sample collected
in California on April 15, 2020 (GenBank Sequence ID#
MT750411). Therefore, the source of the SARS-CoV-2
found in Ireland on March 15, 2020, could not be linked
to the United States.

The COVID-19 pandemic reached the Republic of
Ireland on February 29, 2020.%° In March, the full-length
genomes of 10 SARS-CoV-2 isolates in human specimens
collected from March 3 to March 10, 2020, were
sequenced and the nucleotide sequences deposited in the
GISAID database.?' Nine of the 10 deposited sequences
showed 4-9 SNPs in various genes. Only one isolate
retained the prototype Wuhan-Hu-1 genome sequence.
Among the 9 mutants, there were 5 SARS-CoV-2
sequences with the 3-consecutive 28881, 28882, 28883
GGG-to-AAC mutations. Chronologically, these latter 5
specimens were collected on March 6 in Dublin
(GISAID Accession ID# EPI ISL 418548), on March 6
in Tipperary (GISAID Accession ID# EPI ISL 418516),
on March 8 in Dublin (GISAID Accession ID#
EPI ISL 418581), on March 8 in Cord (GISAID
Accession ID# EPI ISL 418580), and on March 10 in
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28321
28381
28441
28501
28561
28621
28681
28741
28801
28861
28921
28981
29041
29101
29161
29221
29281
29341
29401
29461
29521

cgaacaaact
gtttggtgga
atcaaaacaa
cactcaacat
caatagcagt
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ttBaact@@a
tgctgetcett
taaaggccaa
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tattgacgca
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tgctglagat
aactcaggcc

aaaatgtctg
ccctcagatt
cgtcggcccce
ggcaaggaag
ccagatgacc
aaaatgaaal
ggacttccct
aatacaccaa
caacttcclc
agtcaagcct
ggcagcalta
gBtttgctge
caacaacaag
caaaaacgta
gaacaaaccc
cattggccge
attggcatgg
gatgacaaag
tacaaaacat
caagccttac
ttggatgatt
taaactcatg

ataatggacc
caactggcag
aaggtttacc
accttaaatt
aaattggcta
atctcagtcc
atggtgctaa
aagatcacat
aaggaacaac

ttctecgttce
haalttc
tgcttgacag
gccaaactgt
ctgccactaa
aaggaaattt
aaattgcaca
aagtcacacc
atccaaattt
tcccalcaac
.cagalaca
tctccaaaca
cagaccacac

ccaaaatcag
taaccagaat
caataatact
Clctcgagga
ctaccgaaga
aagatggtat
Iaaalalggc
tggcacccge
attgccaaaa
ctlatlacgt
tcctg@tala
attgaaccag
cactaagaaa
agcataaat

tggggaccag
atttgcccce

ttclggaacg
caaagatcaa
agagcctaaa
gaagaaacag
attgcaacaa

aaggcagatg

cgaaatgcac
ggagaacgca
gcgtcttggt
caaggcgttc
gctaccagac
ttltactacc
atcatatggg
aatcctgcta
ggcttctacg
a tcgcaala
atggctggca
lttgagagca
tctgctgcectg
gtaacacaag
gaactaalca
agcgcttcag
tggttgacct
gtcattttgce
aaggalaaaa
caaactgtga
tccatgagca
ggctatataa

cccgcattac
gtggggclcg
tcaccgctct
caattaacac
gaattcgtgg
taggaactgg
ttgcaactga
acaatgctgc
cagaagggag

ttlaagaaa
atggcggtga
aaatftBtag
aggcttctaa
ctttfggcag
gacaaggaac
cgttcttcgg
acacaggtgc
tgaataagca
agaagaaglc
ctcttcecttcecc
gtgctgaltc
acgttttcgce

Figure 2 SARS-CoV-2 Wuhan-Hu-I N gene reference sequence (retrieved from the GenBank database-Sequence ID# NC_045512.2) with common single nucleotide
mutation sites high-lighted green. According to the global variation annotation database published by China National Center for Bioinformation 2019 Novel Coronavirus
Resource,?' the total worldwide reported virus number with single nucleotide variation reached 87,568 as of October 30, 2020. Within the SARS-CoV-2 N gene, there are
46 single nucleotide polymorphisms each of which has been reported for 2200 times (>39,000 times at positions 28881, 28882 and 28883). These mutations are not evenly
distributed in the N gene. As shown in Figure 2, 27 of the 46 frequent mutation sites (highlighted green) cluster in a 398-base segment of the 1260-base N gene. These 27
hypervariable nucleotides are flanked by two highly conserved sequences at both ends (typed in red), which serve as the nested PCR primer sites for amplification. As
reference, the start codon (atg) and the stop codon (taa) of the N protein gene are highlighted yellow. The NI sequence (28287-28358) and N2 sequence (29164-29230)
targeted by the CDC RT-qPCR test kit for SARS-CoV-2 RNA detection are bold-faced and grey-shaded for location comparisons.

Wicklow (GISAID Accession ID# EPI_ISL 418584),%
four southern-southeastern counties in Ireland. Since the
patient in the current report apparently had her initial onset
of symptoms on March 11, 2020, and the COVID-19
incubation period may range from 2 to 14 days,*® the
source of her infection could be traced back to possible
contacts with symptomatic or asymptomatic patients from
these 4 counties if her recent trip to France was ended
prior to February 25, 2020, ie 14 days before her initial
onset of symptoms. This notwithstanding, the patient
described in this report was not the first person carrying
this mutant of SARS-CoV-2 into the Republic of Ireland,
an island nation on the periphery of Europe.

Re-testing 9 SARS-CoV-2 positive samples collected
in the state of Connecticut, USA showed 2 isolates with
single nucleotide mutation in the 398-base N gene seg-
ment. One of them involved a recent mutation at position
28821 (Figure 1C). Based on the information retrieved
from the GenBank database updated in June 2020, the
first SARS-CoV-2 N gene C-to-A mutation at position

28821 was discovered in a specimen collected in
New York State on March 17, 2020. Confirmation of this
viral strain with this SNP in a sample supplied by the
State of Public Health
Microbiology Laboratory on April 30 suggests that this

Connecticut Department
virus strain probably spread from the neighboring
New York State after March 17. The reported SARS-
CoV-2 virus number with single nucleotide mutation at
position 28821 reached 732 worldwide on November 4,
2020, from zero in early March 2020.%" If routine sequen-
cing of this 398-bp cDNA had been performed immedi-
ately on all positive SARS-CoV-2 samples in New York
and Connecticut, the infection pathways of many phylo-
genetically distinct virus strains could have been tracked to
assist public health policy development.

The finding of a SARS-CoV-2 mutant with frameshift
nucleotide “A” insertion between position 29051 and posi-
tion 29057, which co-existed with its wildtype parental
virus in one sample (Figure 1E), was unexpected because
frameshift nucleotide insertion in the N gene was not
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reported and entered into the global database. During
genome replication within the host, viruses often acquire
genome mutations. The rates of spontaneous mutation vary
widely among viruses. RNA viruses mutate faster than
DNA viruses. However, only when those mutations can
be passed down to descendant viruses in subsequently
infected individuals,?’ the mutations can be observed,
documented, and reported to the GenBank. If the frame-
shift nucleotide “A” insertion was detrimental to the
virus,?” this mutation could not be passed to the viral
progeny and would not have been recorded in the
GenBank database. Since the cDNA of the mutated
sequence was co-amplified along with the cDNA of its
wildtype parental sequence during the nested PCR process,
based on evaluation of the electropherogram of the over-
lapped sequences (Figure 1E) the viral load of the mutant
in the clinical sample was probably comparable to that of
its wildtype parental virus. The biological significance of
such a frameshift nucleotide insertion on the host is
unknown.

When there are proven false-positive SARS-CoV-2 RT-
gPCR tests, regulators and literature reviewers tend to lay
blame on technical errors, such as reagent or sample cross

contaminations,>2%

or lack of quality control for manufac-
turing a specific test kit,*’ for the cause of the false
positives. However, the inherent flaw of PCR, especially
qPCR, as a diagnostic tool for infectious diseases warrants
discussion.

Real-time or quantitative PCR (qPCR) was first
described in 1993 to monitor the accumulation of double-
stranded DNA (dsDNA) being generated in each PCR
using the increase in the fluorescence of ethidium bromide
(EtBr) that results from its binding to dsDNA as the PCR
products. The kinetics of fluorescence accumulation dur-
ing thermocycling are directly related to the starting num-
ber of DNA copies. The basic principle dictates that the
fewer cycles necessary to produce a detectable fluores-
cence, the greater the number of target sequences in the
sample being tested. Results obtained with this approach
indicate that a kinetic approach to PCR analysis can quan-
titate DNA.?’ This is referred to as dye-based gPCR for
quantitation of small amounts of target DNA known to
exist in a sample. It was not designed to determine if
a target DNA is present in the sample being tested.

When qPCR is adapted into a “plus/minus” or a “yes/
no” assay for the purpose of making diagnosis of an
infectious disease, the dye-based qPCR is converted to
a probe-based qPCR. Instead of a free dye like EtBr,

a target-specific probe that is an oligonucleotide (ssDNA)
of about 25 bases long, complementary to a segment of the
target DNA sequence, is introduced into the probe-based
gPCR in addition to the PCR primers. The most common
probe type is a hydrolysis probe, which incorporates
a fluorophore attached to the 5’ end and a quencher
attached to the 3’ end of the probe, as the TagMan® probes
commonly used in the SARS-CoV-2 RT-qPCR test kits.

Fluorescence resonance energy transfer (FRET) pre-
vents fluorescence emission of the fluorophore due to
proximity of the quencher while the probe is intact. If
a target DNA template is present in the PCR mixture, the
probe is hydrolyzed during enzymatic primer extension
and amplification of the specific sequence to which the
primer is bound. The cleavage and degradation of the
probe by the 5'-3" exonuclease activity of the 7ag poly-
merase separate the fluorophore from the quencher, allow-
ing fluorescence of the fluorophore and resulting in an
amplification-dependent increase in fluorescence. In other
words, diagnostic qPCR actually uses the PCR process to
test if DNA/DNA binding (hybridization) has taken place
between a set of known oligonucleotides (primers and
probe) and a DNA molecule in the sample. It assumes
the primers and the probe were all bound to their respec-
tive segments of a target ssDNA with fully matching bases
before a fluorescence signal was emitted as the result of
PCR amplification-dependent degradation of the probe.

In reality, however, this assumption is not always valid.
In the nasopharyngeal swab samples taken from the
patients, there are numerous human cells, bacteria, viruses,
plasmids and fungi all of which can contribute nucleic
acids, namely DNAs and RNAs, to the sample extract
being tested even when there is no SARS-CoV-2 RNA in
the specimen. In the absence of fully matching SARS-CoV
-2 genomic RNA or cDNA as the preferred target tem-
plate, the PCR primers and the probe can bind to partially
matched DNA and initiate enzymatic primer extensions
and probe degradation. A minimum of only 6 nucleotides
matching the sequence of any DNA at the 3’ end of
a primer is required to initiate enzymatic primer
extension.*® PCR amplification may take place if there is
a nontarget DNA with two segments of sequences partially
matching those of the primer pair in the reaction mixture
to initiate the first PCR cycle. Exponential primer-defined
PCR amplification of non-target DNA will proceed after
the first PCR cycle is completed.

If such an undesirable PCR should take place and if the
interprimer region of the PCR product also had a sequence
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matching part of the probe, the probe would attach to the
PCR product and undergo hydrolysis by the action of the
DNA polymerase during PCR amplification, leading to
separation of the fluorophore from its quencher cycle
after cycle, and eventually to a false-positive result.

PCR amplification of undesirable DNA in clinical diag-
nostic work is a well-known phenomenon although it is only
infrequently reported in the world literature. For examples,
PCR amplification of unintended DNA from Pusillimonas, an
environmental bacterial species often contaminating patient
blood samples, by a pair of specific primers designed for
Borrelia burgdorferi DNA amplification,’' PCR amplification
of human genomic DNA by PCR primers designed for human
papillomavirus L1 gene DNA amplification,*” and unexpected
PCR amplification of Homo sapiens BAC clone RP11-154F14
by the CDC’s primers designed for human RNase P gene'’
have been confirmed by DNA sequencing and reported in
peer-reviewed journals. These Sanger sequencing-proven non-
specific PCR amplifications observed during testing clinical
samples, all due to partial base-matching between primer and
unintended DNA, have provided a mechanism for false posi-
tives in PCR-based SARS-CoV-2 tests.

Diagnostic qPCR has been known to be associated with
high frequency of false-positives.*® Since its success depends
on a high ratio of template/non-template DNA in the reaction
mixture,** gPCR is not suitable for diagnosis of spirochetemia
in Lyme disease patients due to the presence of an overwhelm-
ing amount of human genomic DNA in the blood sample.
A group of researchers concluded in 2001 that until the speci-
ficity of gPCR techniques is determined, the clinical utility of
such testing relative to other testing modalities for Lyme dis-
ease will remain uncertain.>> The same conclusion should
apply to the use of RT-qPCR for the diagnosis of COVID-19,
amore pressing and pivotal public health at present than Lyme
disease.

Conclusion

In the setting of low SARS-CoV-2 prevalence, routine
sequencing of a unique 398-base highly conserved seg-
ment of the N gene with clustered single nucleotide poly-
morphisms can confirm PCR-based true-positive test
results and eliminate false positives beyond a reasonable
doubt and may provide valuable information for tracing
virus strain movement in the community. As businesses
and schools attempt to return to normal operations, extre-
mely accurate molecular tests for SARS-CoV-2 with 100%
specificity must be implemented for timely verification of
true asymptomatic or mild cases of COVID-19 for making

appropriate public health policies, thus mitigating the
unnecessary panic in a population and negative impacts
on local economies resulting from false-positive results.
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