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Abstract: Both SARS-CoV-2 and SARS-CoV initially appeared in China and spread to other parts of
the world. SARS-CoV-2 has generated a COVID-19 pandemic causing more than 6 million human
deaths worldwide while the SARS outbreak quickly ended in six months with a global total of 774
reported deaths. One of the factors contributing to this stunning difference in the outcome between
these two outbreaks is the inaccuracy of the RT-qPCR tests for SARS-CoV-2, which generated a large
number of false-negative and false-positive test results that have misled patient management and
public health policy-makers. This article presented Sanger sequencing evidence to show that the
RT-PCR diagnostic protocol established in 2003 for SARS-CoV can in fact detect SARS-CoV-2 accu-
rately due to the well-known nonspecific PCR amplification of DNAs with similar sequences. Using
nested RT-PCR followed by Sanger sequencing to retest 50 patient samples collected in January,
2022 and sold as RT-qPCR positive reference confirmed 21 (42%) were false-positive. Although the
other 29 positive isolates were categorized as Omicron variant by partial sequencing of the N gene,
and the RBD and the NTD of the S gene, 9 (31%) showed focal to complete sequencing failure in the
S gene segments due to multi-allelic SNPs. During the course of the study, an Omicron variant iso-
late containing a BA.1 NTD and a BA.2 RBD in its S gene was also detected. Timely routine partial
S gene sequencing of all PCR-positive samples can discover multi-allelic SNPs and viral recombina-
tion in the circulating variants for investigation of their impacts on vaccine efficacies, therapeutics
and diagnostics.
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1. Introduction

The SARS-CoV-2 virus that causes the COVID-19 pandemic is genetically closely re-
lated to the SARS-CoV virus that caused the outbreak of severe acute respiratory syn-
drome (SARS) in late 2002. Both viruses have a genome of single-stranded positive-sense
RNA of nearly 30,000 nucleotides that share a 79% similarity [1,2], and both use the angi-
otensin-converting enzyme 2 (ACE2) as their major receptor to enter the host cell [3].

As of 4 April, 2022, there were more than 491 million cumulative human cases and
more than 6 million deaths due to COVID-19 [4], which were reported worldwide with a
case fatality rate of 1.22% since its outbreak in late 2019. By contrast, the SARS outbreak
ceased in July, 2003 with a global total of 8098 reported cases and 774 deaths [5], a case
fatality rate of 9.7%, which is 7.95-fold higher than that of the COVID-19 pandemic.

Although the SARS-CoV-2 is less lethal than the SARS-CoV, in the past two years the
COVID-19 pandemic has resulted in massive loss of life and an unprecedented economic
crisis with far-reaching social impacts because the SARS-CoV-2 is a highly transmissible
and more contagious virus [6,7]. Cell culture studies showed that SARS-CoV-2 spreads
through cell-to-cell contact, which is mediated by the spike glycoprotein; and in compar-
ison, the SARS-CoV-2 spike protein is more efficient in facilitating cell-to-cell transmission
than is the SARS-CoV spike [8].
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When RNA viruses are allowed to transmit from population to population, genetic
changes invariably occur due to RNA polymerase copying errors, which may lead to sin-
gle nucleotide nonsynonymous mutations and indel mutations, creating new variants;
and the new variants may be more transmissible than their predecessors. The most re-
cently emerging Omicron variant with its highest number of amino acid mutations is even
more contagious than the earlier variants of concern [9]. According to the U.S. Centers for
Disease Control and Prevention (CDC) surveillance data, as of the week ending January
22, 2022, Omicron was estimated to account for 99.2% of SARS-CoV-2 infections nation-
wide [10].

The appearance of the SARS-CoV-2 Alpha, Beta, Gamma, Delta and Omicron vari-
ants among many others since October 2020 confirms that allowing an RNA virus to con-
tinue circulating unchecked in the populations will eventually lead to mutations and af-
fect virus transmissibility, disease severity, and capacity for immune evasion, which may
in turn generate more mutations and variants. To break this vicious cycle, “we need tar-
geted testing, contact tracing, and proper support for self-isolation. Without these seem-
ingly obvious traditional public health steps, the pandemic will continue to worsen our
longstanding social divides”, pointed out in July 2021 by the then BM]J editor in chief [11].

However, there is no diagnostic “target testing” for SARS-CoV-2 because in the
United States the RT-qPCR assays were only granted emergency use authorization (EUA)
by the Food and Drug Administration (FDA) “for the presumptive qualitative detection
of nucleic acid from the 2019-nCoV in upper and lower respiratory specimens”, since Feb-
ruary 4, 2020 [12]. By definition, a presumptive test result is not diagnostic of any diseases
in medical practice because it implies that a final confirming test is pending, which may
turn out to be different from the presumptive result in providing a negative or a positive
answer.

The world dealt with the 2002/2003 SARS outbreak differently and successfully, with-
out depending on a commercial presumptive diagnostic test kit, and had the SARS epi-
demic under control in six months. Public record shows that in China, the laboratory di-
agnostics for SARS cases were based on conventional RT-PCR using a series of primers.
After purification of the PCR products, cycling sequencing reactions were performed to
determine the nucleotide sequence for definitive molecular diagnosis [13]. According to
one report, the U.S. CDC-designed PCR primers directed to the polymerase gene of all
coronaviruses and amplified a 405 bp fragment from the new agent. The fragment was
then sequenced and compared with the GenBank reference sequences for molecular diag-
nosis [14]. In another document, the CDC developed a standard diagnostic protocol for
SARS-CoV, which recommended using three specific primers to perform RT-PCR on pa-
tient samples and to sequence a 348-bp PCR amplicon “to verify the authenticity of the
amplified product” [15]. With accurate diagnoses based on DNA sequencing, prompt iso-
lation of patients and early treatment, the SARS outbreak ended in July [16] before a var-
iant of concern was developed; the pandemic was stopped in 2003 by applying travel re-
strictions and isolating individuals infected by SARS-CoV [17].

As the Omicron variant becomes the dominant strain in the U.S., some of the probe-
based RT-qPCR test kits designed to detect a short nucleic acid sequence of the Wuhan-
Hu-1 prototype SARS CoV-2 (GenBank Sequence ID# NC_045512.2) are expected to fail.
For example, the DNA sequence of the N1 probe of the CDC 2019-nCoV Real-Time RT-
PCR Diagnostic Panel is FAM-ACC CCG CAT /ZEN/ TAC GTT TGG TGG ACC-3IABKFQ
[18]. However, all Omicron variant strains have an N gene P13L (CCC>CTC) mutation
[19], which has changed the second and underlined nucleotide C of the N1 probe to T,
creating a nucleotide mismatch in the probe between the ZEN™ Internal Quencher and
the fluorophore reporter FAM. As a result, the 5’-end part of the probe including the
internal quencher may not hybridize to its target DNA during the PCR cycling and escape
the 5'-to-3" exonuclease activity of the Taq polymerase, leading to a false-negative test
result.
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On 27 December, 2021, the FDA officially announced that for the Omicron variant
some RT-qPCR test kits for the detection of SARS-CoV-2 are expected to fail due to dele-
tions at S protein amino acid positions 69-70 and mutations at nucleotide positions 23599
(T to G) and 23604 (C to A), and due to a nine-nucleotide deletion in the N-gene, spanning
positions 28370-28362 [20].

If 99.2% of the current SARS-CoV-2 infections are truly caused by Omicron variants
as the CDC estimated, all the RT-qPCR test kits previously granted EUA for the presump-
tive qualitative detection of the original SARS-CoV-2 Wuhan Hu-1 nucleic acid sequence
[12, 21] must be re-evaluated and confirmed that they are in fact capable of detecting and
diagnosing Omicron variants. Continued generation of false-negative and false-positive
coronavirus test results will cause further confusion among policymakers as society at-
tempts to return to pre-pandemic normalcy.

In the United States, there are no FDA-authorized, cleared, or approved diagnostic
tests to specifically detect SARS-CoV-2 variants (Omicron or other variants). Currently,
commercial COVID-19 test kits are designed and authorized by the FDA to check broadly
for the SARS-CoV-2 virus, not for specific variants [22].

The purpose of this study was to introduce a generic RT-PCR with amplicon sequenc-
ing as recommended by the CDC in 2003 [15] for accurate diagnosis of SARS-CoV-2, in-
cluding determination of its variants. As the SARS-CoV-2 Wuhan Hu-1 prototype and its
subsequent variants have been allowed to circulate for more than 2 years from population
to population, multi-allelic SNPs [23] have been accumulated in the virus and even
showed up in some of the emerging variant isolates displaying genetic diversity within
single infected hosts [24, 25]. The impact of these multi-allelic SNPs on variant diagnosis
is explored along with the data generated by Sanger sequencing.

2. Materials and Methods
2.1. RT-qPCR positive reference samples for evaluation

A total of 50 nasopharyngeal swab specimens from patients with clinical respiratory
infection, which were collected in the month of January, 2022 and tested positive for
SARS-CoV-2 by an RT-qPCR assay, were re-tested in this study by Sanger sequencing for
the presence of the Omicron variant. Another 16 nasopharyngeal swab samples from pa-
tients with clinical respiratory infection, which were collected in October, 2020 and were
verified to contain a 398-base segment of the SARS-CoV-2 N gene by Sanger sequencing
[26], were used to evaluate the effectiveness of the SARS-CoV PCR primers [15] in detect-
ing SARS-CoV-2 genomic RNA. These latter 16 specimens were the true-positives among
30, which were collected in October, 2020 and were previously tested positive for SARS-
CoV-2 by an RT-qPCR assay [26].

These RT-qPCR positive reference specimens without patient identifications were
purchased from Boca Biolistics Reference Laboratory, Pompano Beach, FL, a commercial
reference material laboratory endorsed by the U.S. Food and Drug Administration (FDA)
as a supplier of clinical samples positive for SARS-CoV-2 by RT-qPCR assays. According
to the commercial supplier, the swabs were immersed in VIM or saline after collection
and stored in freezer at -80°C temperature following the initial testing.

2.2. Extracting viral RNA from infected cells

As previously reported, the test was desiged to detect the viral RNA in the infected
cells as well as in cell-free fluid [25-27]. To this end, about 1 mL of the nasopharyngeal
swab rinse was transferred to a graduated 1.5 mL microcentrifuge tube and centrifuged
at ~16,000x g for 5 min to pellet all cells and cellular debris. The supernatant was
discarded except the last 0.2 mL, which was left in the test tube with the pellet. To each
test tube containing the pellet and the residual fluid, 200 puL of digestion buffer
containing 1% sodium dodecyl sulfate, 20mM Tris-HCl (pH 7.6), 0.2M NaCl and 700
pg/mL proteinase K, was added. The mixture was digested at 47°C for 1 hr in a shaker.
An equal volume (400 pL) of acidified 125:24:1 phenol:chloroform:isoamyl alcohol
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mixture (Thermo Fisher Scientific Inc.) was added to each tube. After vortexing for
extraction and centrifugation at ~16,000xg for 5 min to separate the phases, the phenol
extract was aspirated out and discarded. Another volume of 300 uL of acidified 125:24:1
phenol:chloroform:isoamyl alcohol mixture was added to the aqueous solution for a
second extraction. After centrifugation at ~16,000x g for 5 min to separate the phases, 200
LL of the aqueous supernatant without any material at the interface was transferred to a
new 1.5 mL microcentrifuge tube. To the 200 uL aqueous sample, 20 uL of 3M sodium
acetate (pH5.2) and 570 pL of 95% ethanol were added. The mixture was placed in a cold
metal block in a freezer set at -15 to -20°C for 20 min, and then centrifuged at ~16,000x g
for 5 min. The precipitated nucleic acid was washed with 700 pL of cold 70% ethanol.
After a final centrifugation at ~16,000x g, the 70% ethanol was completely removed with
a fine-tip pipette, and the microcentrifuge tube with opened cap was put into a vacuum
chamber for 10 minutes to evaporate the residual ethanol. The nucleic acids in each tube
were dissolved in 50 pL of diethylpyrocarbonate-treated water (ThermoFisher). All
nucleic acid extracts were tested immediately or stored at - 80°C until testing.

2.3. PCR Conditions

To initiate the primary RT-PCR, a total volume of 25 uL mixture was made in a PCR
tube containing 20 pL of ready-to-use LoTemp® PCR mix with denaturing chemicals
(HiFi DNA Tech, LLC, Trumbull, CT, USA), 1 puL (200 units) of Invitrogen SuperScript
III Reverse Transcriptase, 1 pL (40 units) of Ambion™ RNase Inhibitor, 0.1 pL of
Invitrogen 1 M DTT (dithiothreitol), 1 pL of 10 umolar forward primer in TE buffer, 1 pL
of 10 umolar reverse primer in TE buffer and 1 pL of sample nucleic acid extract.

The ramp rate of the thermal cycler was set to 0.9 °C/s. The program for the
temperature steps was set as: 47°C for 30 min to generate the cDNA, 85°C 1 cycle for 10
min, followed by 30 cycles of 85°C 30 sec for denaturing, 50°C 30 sec for annealing, 65°C
1 min for primer extension, and final extension 65°C for 10 minutes.

The nested PCR was conducted in a 25 uL volume of complete PCR mixture
containing 20 pL of ready-to-use LoTemp® mix, 1 uL of 10 umolar forward primer, 1 pL
of 10 umolar reverse primer and 3 uL of molecular grade water.

To initiate the nested PCR, a trace (about 0.2 uL) of primary PCR products was
transferred by a micro-glass rod to the complete nested PCR mixture. The thermocycling
steps were programmed to 85°C 1 cycle for 10 min, followed by 30 cycles of 85°C 30 sec
for denaturing, 50°C 30 sec for annealing, 65°C 1 min for primer extension, and final
extension 65°C for 10 minutes.

Transferring of PCR products was carried out by micro-glass rods in a PCR station,
not by micropipetting to avoid aerosol contamination.

2.4. DNA Sequencing

The crude nested PCR products showing an expected amplicon at agarose gel
electrophoresis were subjected to automated Sanger sequencing without further
purification. To initiate a Sanger reaction, a trace (about 0.2 puL) of nested PCR products
was transferred by a micro-glass rod into a thin-walled PCR tube containing 1 pL of 10
umolar sequencing primer, 1 uL of BigDye® Terminator (v 1.1/Sequencing Standard
Kit), 3.5 uL 5x buffer, and 14.5 uL water in a total volume of 20 pL. Twenty (20)
enzymatic primer extension/termination reaction cycles were run according to the
protocol supplied by the manufacturer (Applied Biosystems, Foster City, CA, USA).

After a dye-terminator cleanup, the Sanger reaction mixture was loaded in an
Applied Biosystems SeqStudio Genetic Analyzer for sequence analysis. Sequence
alignments were performed against the standard sequences stored in the GenBank
database by on-line BLAST. The sequences were also visually analyzed for nucleotide
mutations and indels.

2.5. PCR primers
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The sequences of the 3 heminested RT-PCR primers used to generate a 348-bp am-
plicon of the SARS-CoV-2 ORFlab gene were listed in a CDC document [15]. Their se-
quences and the sequences of the nested RT-PCR primers used in this study for amplifi-
cation of the N gene, the RBD and the S gene NTD [26-28] are summarized in Table 1.

Table 1. Sequences of PCR primers used to generate nested RT-PCR amplicons for Sanger sequencing

PCR Primer Type @ Start End Sequence 5°-3° Size
Amplicon (bp)
SARS_-CoV Cor-p-F2 (+) F. CTAACATGCTTAGGATRAATGG | 363
CDC 2003 Cor-p-R1 (-) R. CAGGTAAGCGTAAAACTCATC
heminested Cor-p-F3 (+) F. GCCTCTCTTGTTCTTGCTCGE | 348
Cor-p-R1 (-) R. CAGGTAAGCGTAARACTCATC |
SARS-CoV-2 | Col primary F. | 28707 | 28727 | ACATTGGCACCCGCAATCCTG | 4]6
N gene Co8 primary R. | 29102 | 29122 | TTGGGTTTGTTCTGGACCACG
Co4/Co3 Co4 nested F. | 28720 | 28740 | CAATCCTGCTAACAATGCTGC | 398
Nested Co3 nested R. 29097 | 29117 | TTTGTTCTGGACCACGTCTGC
SARS-CoV-2 | SS| primary F. | 22643 | 22663 | TGTGTTGCTGATTATTCTGTIC | 46(
S gene RBD SS2 primary R. | 23082 23102 | ARAGTACTACTACTCTGTATG
S9/510 S9 nested F. 22652 | 22672 | GATTATTCTGTCCTATATAAT | 445
Nested S10nested R. | 23076 | 23096 | CTACTACTCTGTATGGTTGGT
SARS-CoV-2 | SB5 primary F. | 21619 21639 | ARCCAGRACTCAATTACCCCC | 505
S gene NTD SB6 primary R. | 22103 22123 | TTTGARATTACCCTGTTTTCC
SB7/SBS SB7 nested F. | 21628 | 22648 | TCAATTACCCCCTGCATACAC | 490
Nested SB8 nested R. | 22097 | 22117 | ATTACCCTGTTTTCCTTCARG

Table 1 summarized the 4 sets of PCR primers used in this study. The 3 heminested PCR primers initially
designed for SARS-CoV were copied from a CDC publication [15]. The others were also previously published
[26-28] but slightly modified to accommodate mutations in the S gene of emerging Omicron variants. The
intended nested PCR amplicon size is underlines. Although not used in this study, the general primer set for
amplification of the S gene NTD has been further modified to bypass the A24-26 and A27S mutations of the
BA.2 subvariants. The sequences of the new general primer set for the S gene NTD amplification are:

SB11 5-TCTCTAGTCAGTGTGTTAATC-3" Primary Forward

SB6  5-TTTGAAATTACCCTGTTTTCC-3’ Primary Reverse

SB12 5-TTAATCTTACAACCAGAACTC-3" Nested Forward

SB8  5-ATTACCCTGTTTTCCTTCAAG-3" Nested Reverse

2.6. Determination of variants of concern and interest was based on the amino acid mutations
found in partial sequencing of the S gene and N gene listed in Table 2
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Table 2. Key amino acid mutations in the S gene RBD, S gene NTD and the N gene used
for variant determination [29-31].

WHO Mame | Pango lineage ACE2 RBD mutations NTD mutations M-gene

Variant mutations
Alpha B.1.17 MNE01Y 6%del, 70del, M. A
144del
B=ta B.1.351 K417M, E484K, NS01Y | DEOA N, A
Gamma P1 K417T, E484K, NSO1Y | D133y N. A
Delta B.1.817.2 L452R, T473K T95l, 61420, M. A
E156de],
F157del, R158G
Omicron B.1.1.529.1 5371L, 5373F, 5375F, ABTV, AED-TO, R203K, GZ04R
BA L K417M, N440K, G4465, | T951, G1420,
S4T7TN, T472K, E4844, | Al43-145
C433R, G4985, 458R,
NSOLY, ¥S05H
Omicron B.1.1.529.2 5371F, 5373P, 3375F, AZ24-26, AZTS, R203K, GZ04R
BAZ T3764, D405N, R408S, | G1420

K417N, NA4OK, S4TTN,
T478K, E4844, Q493R,
Q458R, NSO1Y, YSOSH

Epsilon B.1.427 L452R . A.
Epsilon B.1.429 L452R W152C . A
Ets B.1.525 484K AETV, 69del, . A.
70del, 144del
lota B.1.526 484K Tos5| H_A.
Kappa B.1617.1 L452R, E4840 61420, E154K N.A.
Kappa B.1617.3 L452R, E4840, 142D N. A
Lambda .37 L4520, F4305 575V, T76l N A.

Table 2 shows that sequencing the 445-bp ACE2 RBD nested PCR amplicon can detect the key
amino acid mutations from S371 to Y505. The combination patterns of these RBD mutations with
additional information from the NTD sequencing can reliably diagnose all major variants of con-
cern and variants of interest.

3. Results

Since Sanger sequencing is used to provide physical evidence based on which the
diagnostic technology and data are evaluated, a higher-than-usual number of electropher-
ograms are presented in the Results section.

3.1. Using SARS-CoV specific RT-PCR primers to detect SARS-CoV-2

Sixteen (16) SARS-CoV-2 positive samples collected in October 2020 were selected for
heminested RT-PCR amplification with the 3 PCR primers, which the CDC designed and
recommended for SARS-CoV specific RT-PCR diagnosis in 2003 [15]. They all generated
a 348-bp amplicon with an identical sequence. One of the 16 pairs of bidirectional sequenc-
ing electropherograms is presented in Figure 1 A and B for illustration.
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Figure 1. A and B. The two computer-generated bidirectional sequencing electropherograms pre-
sented above show the 3’-5" sequence of a SARS-CoV-2 gene RT-PCR amplicon, using the CDC-
recommended SARS-CoV Cor-p-R1 (-) reverse PCR primer 5-CAGGTAAGCGTAAAACTCATC-3'
as the sequencing primer (Figure 1 A), and the 5’-3’ sequence of the same amplicon, using the CDC-
recommended forward PCR primer Cor-p-F3 (+) 5-GCCTCTCTTGTTCTTGCTCGC-3' as the se-
quencing primer (Figure 1 B), respectively. The sample was one of the 16 positive nasopharyngeal
specimens collected in October, 2020. The RT-PCR amplification was successful in spite of 4 mis-
matched nucleotides pointed by 4 arrows in the two underlined primer sequences. One mismatch
is in the forward primer (Figure 1 A) and 3 mismatches are in the reverse primer (Figure 1 B). One
of the mismatched nucleotides, a base G, is located in the 3" end of the reverse primer (Figure 1 B).

The 5-3’ composite sequence derived from the two electropherograms presented
in Figure 1 is as follows:

GCCTCTCTTGTTCTTGCTCGCAAACATACAACGTGTTGTAGCTTGTCACACCGTTTCTATAGATTAGCTAATGAGTGTGCTCAAGTA
TTGAGTGAAATGGTCATGTGTGGCGGTTCACTATATGTTAAACCAGGTGGAACCTCATCAGGAGATGCCACAACTGCTTATGCTAAT
AGTGTTTTTAACATTTGTCAAGCTGTCACGGCCAATGTTAATGCACTTTTATCTACTGATGGTAACAAAATTGCCGATAAGTATGTC
CGCAATTTACAACACAGACTTTATGAGTGTCTCTATAGAAATAGAGATGTTGACACAGACTTTGTGGATGAGTTTTACGCTTACCTG

Submission of this 348-base sequence for BLAST alignment analysis showed that
it matched numerous SARS-CoV-2 ORF1lab gene sequences recently deposited in the
GenBank. One of the matches is presented in Figure 2A, a segment of SARS-CoV-2
ORFlab gene sequence derived from a sample collected in Minnesota, U.S.A. on 30 Janu-
ary, 2022 with GenBank sequence ID# OM775626. This reference sequence was copied
from the GenBank database and pasted in Figure 2B for comparison with a correspond-
ing SARS-CoV-2 Wuhan Hu-1 prototype sequence (GenBank Sequence ID#
NC_045512.2), presented in Figure 2C, to show that there is only one-base difference be-
tween the OM775626 and the Wuhan Hu-1 prototype sequence in this 348-base segment.
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Severe acute respiratory syndrome coronavirus 2 isolate
SARS-CoV-2/human/USA/MN-CDC-QDX33502310/2022, complete genome

Sequence ID: OM775626.1Length: 29747Number of Matches: 1

Range 1: 15278 to 15621GenBankGraphics
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Figure 2. (A) is copy of a BLAST report from the GenBank showing a 348-base segment of SARS-
CoV-2 genome sequence generated by a pair of PCR primers specifically designed by the CDC for
SARS-CoV RT-PCR diagnostics. This BLAST report only listed 344 of the 348 bases submitted for
alignment because the reverse primer has 2 adjacent unmatched GG/TT bases near its 5 end. One
T/A mismatch in the forward primer and 1 G/A mismatch in the reverse primer are typed in red.
The G/A mismatch in the 3’ end of the reverse primer did not prevent a successful PCR amplifica-
tion. (B) is part of a SARS-CoV-2 ORFlab gene sequence retrieved from the GenBank database, Se-
quence ID: OM775626 (submitted in February 2022). It contains a 306-base sequence fully matching
the inter-primer sequence presented in Figure 1 A and B. The 3 CDC-recommended SARS-CoV spe-
cific RT-PCR primer sequence sites are shaded gray or typed in red color. The mismatched nucleo-
tides between the SARS-CoV primers and the SARS-CoV-2 template are green-highlighted. It shows
2 nucleotide mismatches in the Cor-p-F2 (+) forward primary PCR primer position (shaded gray), 1
mismatch in the Cor-p-F3 (+) heminested forward PCR primer position (typed in red immediately
downstream of the Cor-p-F2 (+) primer), and 3 mismatches in the Cor-p-R1 (-) heminested reverse
PCR primer position (typed in red). (C) is part of a SARS-CoV-2 ORF1lab gene sequence retrieved
from the GenBank Sequence ID: NC_045512.2. Compared to Sequence ID: OM775626, this Wuhan
Hu-1 prototype sequence has one additional A/A mismatch against the Cor-p-R1 (-) heminested
reverse PCR primer 14 bases away from the 3’ end of the primer.

Based on the findings presented in Figures 1 and 2, the 3 SARS-CoV Specific RT-PCR Primers
recommended by the CDC in 2003 could have easily been used to detect the SARS-CoV-2 Wuhan


https://doi.org/10.20944/preprints202204.0091.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 April 2022 d0i:10.20944/preprints202204.0091.v1

Hu-1 prototype at the time of the outbreak for accurate RT-PCR/Sanger sequencing diagnosis of the
COVID-19 cases to prevent or to curtail the subsequent pandemic.

3.2. SARS-CoV-2 was detected by RT-PCR and Sanger sequencing in only 29 of 50 RT-qPCR
positive reference specimens

The results of nested RT-PCR amplification of the N gene and the S gene RBD of the
50 RT-qPCR positive samples were presented in Figure 3, panels A-E. Since the serial
numbers M22-19 to M22-68 are for permanent Sanger sequencing identifications, these
numbers will be referred to in the Results and Discussion sections of this paper for data
correlation. The long numbers on the agarose gel images starting with S000 are ID num-
bers assigned by the sample supplier for tracking their sources because these samples
were sold as reference specimens, which may be used as the standard comparator to sup-
port medical device manufacturers’ applications for FDA approval of new test kits.

T 202B3232361537331335

23323

Figure 3. These are images of agarose gel electrophoresis of the SARS-CoV-2 N gene, RBD and NTD
nested RT-PCR products. Panels A-E show a positive N gene band for 29 samples, M22-19, -20, -
21, -22, -24, -29, -30, -31, -32, -35, -36, -38, -39, -40, -41, -43, -44, -47, -48, -51, -53, -55, -56, -57, -59, -63,
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-66, -67 and -68, in lanes 1, 2, 3, 4, 6, 11, 12, 13, 14,17,18, 20, 21, 22, 23, 25, 26, 29, 30, 33, 35, 37, 38, 39,
41, 45, 48, 49 and 50, respectively. These N gene PCR product bands were all about 398 bp in size
except for that of sample M22-31 in lane 13, which was smaller in size and weak in fluorescence
intensity (Panel B, lane 13 pointed by an arrowhead). The Ct values of the 50 RT-qPCR positive
samples were listed in the N gene parts of the gel images.

Compared to the N gene PCR product bands, which were similar to that of the con-
trol P in fluorescence intensity on each run, the fluorescence intensity of the RBD PCR
product bands varied greatly although all the samples illustrated on each panel were pro-
cessed in the same testing run, using the same nucleic acid extract to initiate the N gene
RT-PCR and the RBD RT-PCR for each sample. The samples M22-44 (Figure 3, panel C,
lane 26), M22-51 (Figure 3, panel D, lane 33) and M22-68 (Figure 3, panel E, lane 50)
showed no RBD RT-PCR amplification. But an RT-PCR amplification of the NTD was suc-
cessful on sample M22-44 (Figure 3, panel G, lane 44), indicating the presence of an S gene
in this sample (also confirmed by DNA sequencing). All 29 samples found to be positive
for N gene confirmed by DNA sequencing were subjected to an NTD nested RT-PCR am-
plification, and the images of the NTD nested RT-PCR results were presented in Figure 3,
panels F, G and H, which show that except for samples M22-47, M22-51 and M22-68 (in
Figure 3, panels G and H, lanes 47, 51 and 68), a robust NTD nested RT-PCR amplicon
band similar to that of the control P was generated on the 26 samples that were also posi-
tive for a SARS-CoV-2 N gene RT-PCR amplification.

A special set of nested RT-PCR primers was designed in an attempt to amplify a seg-
ment of the S gene upstream of the RBD on samples M22-47, M22-51 and M22-68 because
the routine NTD nested RT-PCR failed to generate an amplicon from these 3 samples.
Only 1 of the 3 samples, M22-51, yielded a nested RT-PCR amplicon for DNA sequencing.

All nested RT-PCR amplification products of the N gene, RBD and NTD were sub-
jected to bidirectional Sanger sequencing, using the respective nested PCR primers as the
sequencing primers. The results are summarized in Table 3.
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Table 3. Correlation of the RT-PCR and the Sanger sequencing results of the 29 samples tested pos-
itive for SARS-CoV-2 by an EUA RT-qPCR assay and confirmed by Sanger sequencing

Sample No. N gene S gene RBD 5 gene NTD Special Comments
PCR F5|(Cod) RS(Co3) | PCR F5(38) RS(510) | PCR FS(SBT) RS(SBS)

M22-15 + + + + + + + +
M22-20
M22-21
M22-22
M22-24 * *segment of multi-allelic SNPs in NTD.
M22-29

M22-30

£+ |+ [+ |+ + 4
o+ +
+ 0+ 4+ + o+
[+ |+ ]+ |+

M22-31

qE
=+

£
+

e

#N gene mutation and GGD deletion.
M22-32
M22-35
M22-36 EReverse primer sequencing unreadable.
M22-38
M22-39
M22-40

MW22-41

O e O I e " e O O B (O A I S

0+ o+
0+ o+

M22-45
M22-44

+
e o e R R N e R
I T e e e A e S I A
AR R R R e R T

o+t FF |+

Bpaulti-allelic SNPs caused PCR failure.

3
o
|
3
k]
|

M22-47

+
[al

+
(5]

©a competing Omicron with N gene S183P.

3
w
I
I
I

MW22-48

+ |+
+ |+

[=1
3
=4}
+
+
+

M22-51
M22-53

9New primers needed for RBD amplicon.

M22-55
M22-55
M22-57
M22-59
MW22-63
MW22-656
M22-67

o R
ol
i N (N (i
o R
ol
+ 1+ + |+ + + 4+

MW22-68

R e o o o B B T O I A T P

+ ko ++
o+ o+ +

S gene PCR failure. M gene: R203K, G204R.

In Table 3, PCR = nested RT-PCR; the symbol “+” means a band was visible and the
symbol “—” means a band was not visible at agarose gel electrophoresis.

FS(Co4) = Co4 forward sequencing primer;

RS(Co3) = Co3 reverse sequencing primer.

FS(59) = S9 forward sequencing primer;

RS(510) = S10 reverse sequencing primer;

FS(SB7) = SB7 forward sequencing primer;

RS(SB8) = SB8 reverse sequencing primer.

+under FS(Co4) = R203K and G204R identified;

+ under RS(Co3) = R203K and G204R identified;

+under FS(S9) = K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R,
N501Y and Y505H mutations identified in this sample;

+ under RS(S10) = T478K, 5477N, G446S, N440K, K417N, S375F, S373P and S371L
mutations identified in this sample;
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+under FS(SB7) = A67V, A69-70, T95], G142D and A143-145 mutations identified in
this sample;

+ under RS(SB8) = A143-145, G142D, T951, A69-70 and A67V mutations identified in
this sample.
3.3. Three RT-qPCR positive samples contained neither SARS-CoV-2 nor sufficient human
cellular material

The nucleic acid extracts of the 21 samples, which were negative for N gene and RBD
RT-PCR amplifications (Figure 3, panels A-E), were tested for the presence of human
BRCA gene for sample adequacy. The results were presented in Figure 4.

CT3637 332335313521243433

Figure 4. This image of agarose gel electrophoresis of the nested PCR amplification products shows
that 18 of the 21 samples, which were negative for SARS-CoV-2 N gene and RBD RT-PCR amplifi-
cation, contained a segment of human BRCA gene, an indication of sample adequacy. However, 3
samples, M22-42, M22-60 and M22-65, showed no human BRCA gene amplification, indicative of a
lack of sufficient human cellular material in the samples. Notably, all these latter 3 samples had
generated low Ct values (24, 25 and 20) although they did not contain detectable human cellular
material or SARS-CoV-2.

BRCA gene has been shown to be a more stable indicator than the RNase P gene for the pres-
ence human cellular materials in archived nasopharyngeal swab specimens [27]. The fact that such
low Ct values (24, 25 and 20) were generated by RT-qPCR testing on 3 clinical specimens, which had
neither PCR-amplifiable BRCA gene nor RT-PCR-amplifiable SARS-CoV-2 nucleic acid, raised the
possibility that the Ct values of the RT-qPCR may not always be a reliable yardstick for measuring
SARS-CoV-2 viral loads in patient specimens. Numerous unidentified bacteria, fungi and viruses
living in the normal nasal passageway can contribute nucleic acids to cause an unwanted positive
quantitative PCR with a low Ct number.

3.4. Partial Sanger sequencing of the N gene and S gene as a diagnostic test for SARS-CoV-2 and
Omicron variants

As summarized in Table 3, 21 of the 29 sequencing-confirmed positive samples,
namely sample M22-19, M22-20, M22-21, M22-22, M22-24, M22-29, M22-30, M22-32, M22-
35, M22-38, M22-39, M22-40, M22-43, M22-53, M22-55, M22-56, M22-57, M22-59, M22-63,
M22-66 and M22-67, had R203K and G204R mutations in their N gene; S371L, S373P,
S375F, K417N, N440K, G446S, 5477N, T478K, E484A, Q493R, G496S, Q498R, N501Y and
Y505H mutations in their S gene RBD; and A67V, A69-70, T951, G142D and A143-145 mu-
tations in their S gene NTD. These mutations were verified by bidirectional sequencing of
a segment of the N gene, a segment of the RBD and a segment of the S gene NTD on each
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sample. A set of bidirectional sequencing electropherograms illustrating these mutations
is presented in Figures 5-10 as follows.

:
=
% _
%

ﬂ;!ﬂ‘mw\n: ! fgy_l\ mm m‘ﬂm.n ,A’J\Mﬂ«fd\nm nﬂnwm " ﬂm

o TR

(A)



https://doi.org/10.20944/preprints202204.0091.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 April 2022 d0i:10.20944/preprints202204.0091.v1

14

Figure 5. These two electropherograms showing the N gene R203K and G204R mutations in sample
M22-24, using primer Co4 as the forward sequencing primer (A) and the wildtype SARS-CoV-2
Wuhan-Hu-1 control sequence for comparison (B). Involved codons are underlined.
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Figure 6. These two electropherograms showing the N gene G204R and R203K mutations in sample
M22-24, using primer Co3 as the reverse sequencing primer (A) and the wildtype SARS-CoV-2 Wu-
han-Hu-1 control sequence for comparison (B). Involved codons are underlined.
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AR fopled (44_S000850802 = M22-24 - $9_20220215_154855 Inst ModelName 3200/seqsiudio- 232000842
S000850802 = M22-24 - 59 Feb 15,2022 03.48PM, EST

S/N G405 AB55 T:733 C4T4 KB_3200_SeqStudio_POP1_BDTvi.mob Feb 15,2022 04:03PM, EST
Pts 1044 1o 4621 Pk1 Loc:888 Spacing .18 Pis/Panel1 225

KB.bcp
KB1424 Cap3 Version 6.2 HISOV Bases: 331 Plate Name: Plate_20220215_114154

1290
1032
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Figure 7. These two electropherograms showing the S gene RBD K417N, N440K, G446S, S477N,
T478K, E484A, Q493R, G496S, Q498R, N501Y and Y505H mutations in sample M22-24, using primer
S9 as the forward sequencing primer (A) and the wildtype SARS-CoV-2 Wuhan-Hu-1 control se-
quence for comparison (B). Involved codons are underlined.
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Applied

Blosystems D6_S000850802 = M22-24 - 510_20220215_171312 Inst Model/Name 3200/seqstudio-232000842
5000850802 = M22-24 - 510 Feb 15,2022 05:13PM, EST
S/N G:206 A:605 T:488 C:329 KB_3200_SeqStudio_POP1_BDTvi.mob Feb 15,2022 05:27PM, EST
KB.bcp Pts 1301 to 4689 Pk1 Loc:872 Spacing:9.32 Pis/Panel1225
KB14.24 Cap4 Version 6.2 HiSQV Basas: 356 Plate Name: Plate_20220215_114154
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Figure 8. These two electropherograms showing the S gene RBD T478K, S477N, G446S, N440K,
K417N, S375F, S373P and S371L mutations in sample M22-24, using primer S10 as the reverse se-
quencing primer (A) and the wildtype SARS-CoV-2 Wuhan-Hu-1 control sequence for comparison

(B). Involved codons are underlined.
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) Applied

4 Blosystems C1_M22-24 = 5000850802 - SBY_20220304_120837 Inst Model/Name 3200/seqstudio-232000842

M22-24 = 5000850802 - SB7 Mar 04,2022 12:09PM, EST
S/N G:581 A:1095 T:1575 C:712 KB_3200_SeqStudio_POP1_BDTw1.mob Mar I} 2022 12:24PM, EST
KB.becp Pts 1037 to 4538 Pk1 Loc:734 Spacing:8.85 Pts/Panel1250

KB1424 Cap3 Version 6.2 HSQVB ases: 400 Plate Name: Plate_20220304_103923B
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Figure 9. These two electropherograms showing the S gene NTD A67V, A69-70, T951, G142D and
A143-145 mutations in sample M22-24, using primer SB7 as the forward sequencing primer (A) and
the wildtype SARS-CoV-2 Wuhan-Hu-1 control sequence for comparison (B). Involved codons are
underlined. The positions of A69-70 and A143-145 are indicated by a small arrow and a big arrow,
respectively, in the M22 24 sequence (A); and the corresponding nucleotides to be deleted for Omi-
cron BA.1 are in two rectangular boxes in the control sequence (B).
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Figure 10. These two electropherograms showing the S gene NTD A143-145, G142D, T95I, A69-70
and A67V mutations in sample M22-24, using primer SB8 as the reverse sequencing primer (A) and
the wildtype SARS-CoV-2 Wuhan-Hu-1 control sequence for comparison (B). Involved codons are
underlined. The positions of A143-145 and A69-70 are indicated by a big arrow and a small arrow,
respectively, in the M22 24 sequence (A); and the corresponding nucleotides to be deleted for Omi-
cron BA.1 are in two rectangular boxes in the control sequence (B).
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3.5. Minor multi-allelic SNPs in the S gene NTD of Omicron variant

When the first set of electropherograms was analyzed, it was noticed that there were
inconsistent segmental losses of sequencing signal in some of the samples, for example,
during sequencing of the NTD of sample M22-24. This kind of loss of signal was not ob-
served during sequencing of the COVID-19 samples collected prior to November, 2020
[26-28]. In order to rule out technical artefacts that might be introduced from run-to-run
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sequencing variations, small aliquots (~0.2uL) were transferred from one single tube of
nested RT-PCR products into several Sanger reactions with either forward (SB7) or reverse
(SB8) sequencing primer in one single run to generate several electropherograms, includ-
ing those presented in Figure 9 A, Figure 10A, Figure 11 and Figure 12 for comparison.
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Figure 11. This electropherogram showing loss of sequencing signal in the NTD reverse primer se-
quencing from base position 180 to base position 230 although the template came from the same
nested RT-PCR products, which were used as the template to generate Figure 9 A and Figure 10A.

Blogyl'lset:éms D1_M22-24 = S000850802 - SB8_20220304_103759 Inst Model/Name 3200/segstudio-232000842
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SIN G:373 A:784 T:980 C482 KB_3200_SeqStudio_POP1_BDTvi.mob Mar 04,2022 10:52AM, EST
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KB1.424 Cap4 Version 6.2 HiSQV Bases: 232 Plate Name: Plate_20220304_103823
T CCAAC TTTTGT IGTTTTTGT GGT CC ATGGAT CATTAC TTGAAARTTCACAG ACTTTAATAACAACAT TAGTAGCETIATIAICAAT ACT AG
1 31 41 51 61 n 81 91 1

1410

TCATATTCCCCT TIPTCITACICITCIC

TGC AACACAG GA 2T TGICCAG
151 18 201 211

1AGGGIC TGECICTICCAATCT
111

F lulmnl B bl



https://doi.org/10.20944/preprints202204.0091.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 April 2022 d0i:10.20944/preprints202204.0091.v1

20

Figure 12. This electropherogram showing loss of sequencing signal in NTD reverse primer se-
quencing from base position 90 to base position 238 although the template came from the same
nested RT-PCR products, which were used as the template to generate Figure 9 A and Figure 10A.

The presence of impure templates or multiple templates in one Sanger reaction is a
well-known cause for loss of signal in DNA sequencing. Since the unreadable segments
in the electropherograms presented in Figure 11 and Figure 12 are flanked by perfect
SARS-CoV-2 sequences in both ends, these interfering DNAs must be parts of the target
templates, which have mutated to form multi-allelic SNPs without an indel. An indel
would have caused sequencing frameshift after the site of an indel [27, 32].

3.6. Omicron variant with major multi-allelic SNPs in the S gene and N gene

The nested RT-PCR on sample M22-44 did not generate a visible RBD amplicon (see
Figure 3, panel C, lane 26). But there was a clear NTD nested RT-PCR amplicon on this
sample (see Figure 3 panel G, lane 44). Bidirectional DNA sequencing of the NTD RT-
nested PCR products showed typical A67V, A69-70, T951, G142D and A143-145 mutations,
confirming the presence of an S gene in the sample.

Using the forward S9 PCR primer as the sequencing primer, Sanger sequencing of
the RBD nested PCR products, which did not form a visible DNA band at gel electropho-
resis (Figure 3, panel C, lane 26), showed small stretches of SARS-CoV-2 S gene RBD se-
quence in the background of an unreadable electropherogram, indicating that the usually
dominant RBD sequence was being overshadowed by different species of RBD sequences
with multi-allelic SNPs (Figure 13). However, base mutations of the RBD cannot be de-

termined.
Blosgl;setcéms G4_5000850822 = M22-44 - S9_20220217_145755 Inst Model/Name 3200/seqgstudio-232000842
5000850822 = M22-44 - 59 Feb 17,2022 02:57PM, EST
SING8 A6 T:20C:29 KB_3200_SeqStudio_POP1_BDTvi.mob Feb 17,2022 03:12PM, EST
KB.bcp Pts 733 to 4697 Pk1 Loc:733 Spacing:9.88 Pts/Panel1300

KB14.24 Cap3 Version 6.2 HISQV Bases: 2 Plate Name: Plate 20220217 095024
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Figure 13. This is an electropherogram of forward primer sequencing of the RBD nested PCR prod-
ucts of sample M22-44 although a band of the PCR products was not visible to the naked eye (Figure
3, panel C, lane 26). Accurate base calling on this electropherogram was not possible due to multiple
overlapping sequences. But the electropherogram showed one stretch of sequence
“TTATAAATTACCA” in a single rectangle and another stretch of sequence “TCTAATCTCAAAC-
CTTTTGAGAGAGAT” identified by two rectangles located about 97 bases downstream. These two
stretches of sequences in their respective positions are characteristic of an S gene RBD of SARS-CoV-
2 (compare these two sequences with that illustrated in Figure 7 A). The lack of a dominant PCR
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amplicon might account for the absence of an RBD nested RT-PCR product band for sample M22-
44 (Figure 3, panel C, lane 26).

After the emergence of the Omicron variants in November, 2021, SARS-CoV-2 ge-
nomes with many undetermined nucleic acid sequences in the RBD and the NTD of the S
gene have been entered in the GenBank database. One of these examples similar to the
unreadable segment of RBD sequence (Figure 13 M22-44) is illustrated in Figure 14.

22441
22501
22561
22621
22681
22741
22801
22861
22921
22981
23041
23101

ttcactgtag
attgttagat
nnnnnnnnnn
tctgtectat
aaattaaatg
naagtcagac
ccnnntgatt
ggtggtaann
nnnnnnnnnn
tnnnattgtt
nnnnnnnnnn
nnnnnnnnnn

aaaaaggaat
ttcctaatat
nnnnnnnnnn
ataattcogce
atctctgctt
aaatcgctcc
ttacaggctn
nnnnnnnnnn
nnnnnnnaan
actttccttt
nnnnngtagt

nnnnnnctaa

ctatcaaact
tacaaacttg
nnngaacagg
atcattttcc
tnctaatgtc
agggcaaact
nnnnnnnnnn

tctaacttta
tgnnntnnnn
aagagaatca
acttttaagt
tatgcagatt
ggaaagatnn
nnnnnnnnnm

nnnnnnnnnn

nnnnnnnnnn

nnnnnnnnnn

nnnnnnnnnn

acaatcatat
actttctttt
tttggttaaa

ggnnnnnnnn
gannnnnnnn
aacaaatgtg

gagtccaacc
nnnnnnnnnn
gcaactnnnn
gttnnnnnnn
catttgtnnn
ctgattataa
nnnnnnnnnn
nnnnnnnnnn
nnnnnnntgg
nnnnnnnnnn
nnnnnnnnnn
tcaatttcaa

aacagaatct
nnnnnnnnnn
nnnnnnnnat
nnnnnnnhnt
nnnnnnnnat
ttataaatta
nnctaaggtt
nnnnnnnnnn
tgttgaaggt
nnnnnnnnnn
nnnnnnnnnn
cttcaatnnn

Figure 14. This is an S gene RBD nucleotide sequence excised from GenBank Seq ID# OL898842. The
nucleotide positions 22615-22635 and 23039-23059 typed in red represent the positions of the se-
quences of the S9 forward nested PCR primer and the S10 reverse nested PCR primer, respectively.
The sites for the primary RT-PCR primers are shaded gray. The letter “n” means that the base in
that position can be a, ¢, g or t, undetermined due to multi-allelic SNPs. Although the sequences of
the N gene and the S gene NTD of the GenBank Seq ID# OL898842 showed an amino acid mutation
profile commonly associated with the Omicron variant, the profile of its amino acid mutations in
the RBD remains unknown due to multi-allelic SNPs in this region, as illustrated in the sequence
shown in Figure 14.

The reverse primer sequencing of the N gene nested PCR products on sample M22-
44 generated a sequence with a large ~168-base unreadable segment between two per-
fectly deciphered sequences (Figure 15) while the forward primer sequencing showed a
fully expected N gene sequence with R203K and G204R mutations commonly seen in an
Omicron variant (Figure 16).
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Figure 15. This is the only N gene sequencing electropherogram among a total of 58 (Table 3) show-
ing loss of signal in a segment of DNA sequence. It was generated using a reverse sequencing pri-
mer. Since the beginning and the ending parts of this sequence are accurately deciphered, the inter-
vening segments of the templates must harbor multi-allelic SNPs without insertions or deletions.

A forward primer sequencing of the same N gene nested PCR products generated a
fully expected sequence with R203K and G204R mutations (Figure 16).

ags;lrlft%ms B3_S5000850822 = M22-44 - C04_20220217_133349 Inst Model/Name 3200/segstudic-232000842
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Figure 16. This is an electropherogram showing an expected DNA sequence for an Omicron isolate
when the same N gene nested PCR products, which were used to generate the sequence presented
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in Figure 15, were sequenced using the forward Co4 primer as the sequencing primer. As shown in
Figure 16, the template sequence has the R203K and G204R mutations (codons underlined), usually
present in the Omicron variants. The 168-base stretch of 5’-3" sequence, which was unreadable in
Figure 15, is now framed by two rectangles in Figure 16.

Loss of signal in diagnostic N gene sequencing is unusual [26]. A search of the Gen-
Bank database revealed that a group of SARS-CoV-2 sequences submitted to the GenBank
after October, 2021 contained a 117-base segment gap (Figure 17), which partially over-
lapped on the 168-base sequence framed in the two rectangles in Figure 16.

28561 atgaaagatc tcagtccaag atggtatttc tactacctag gaactgggcc agaagctgga
28621 cttccctatg gtgctaacaa agacggcatc atatgoggttg caactgaggg agccttgaat
28681 acaccaaaag atcacattgg cacccgcaat cctgctaac

[gap 117 bpl Expand Ns

28837
28861
28921 agagcaa aatgtctggt aaaggccaac aacaacaagg ccaaactgtc

28981 actaagaaat ctgctygciga ggcttctaag aagcctcgge aaaaacgtac tgccactaaa

Figure 17. This is a segment of the N gene nucleotide sequence excised from GenBank Seq ID#
OV146725, showing a 117-base gap, in which the nucleotide bases could not be determined by DNA
sequencing.

An identical 117-base gap is also found in the N gene of other SARS-CoV-2 genomes,
such as those listed in GenBank Seq ID# OV086560 and Seq ID# OV080807. No translation
was annotated in the GenBank database for these isolates. In addition to the 117-base gap,
the green-highlighted 97-base sequence in Figure 17 shares only partial identity with the
sequence in the rectangles in Figure 16. The findings of multi-allelic SNPs in the N gene
and in the S gene RND in M22-44 suggest that at least some of the Omicron variant isolates
harbor diverse genomic populations in one host [23-25].

3.7. Nontarget PCR amplification of the N gene sequence due to a GGD deletion

On sample M22-31, the N gene nested RT-PCR product formed a weak fluorescent
band at agarose gel electrophoresis. The molecular size of the band was smaller than the
others (Figure 3, panel B, lane 13). The results of bidirectional Sanger sequencing of the N
gene nested PCR product were presented in Figures 18 and 19.
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Figure 18. This is an electropherogram of the forward sequencing of the N gene nested PCR prod-
ucts of sample M22-31. The R203 and G204 codons were not included in the PCR amplicon (see

Figure 5).
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Figure 19. This is an electropherogram of the reverse sequencing of the N gene nested PCR products
of sample M22-31. The R203 and G204 codons were not included in the PCR amplicon (see Figure
6).

The 5'-3’ reading composite sequence derived from the electropherograms of Figures
18 and 19 is a 212 bp PCR amplicon with a sequence
CAATCCTGCTAACAATGCTGCTCTTGCTTTGCTGCTGCTTGACAGATTGAACCAGCTTGAGAGCAAAATGTCTGGTAAAGGCCAACA

ACAACAAGGCCAAACTGTCACTAAGAAATCTGCTGCTGAGGCTTCTAAGAAGCCTCGGCAAAAACGTACTGCCACTAAAGCATACAA
TGTAACACAAGCTTTCGGCAGACGTGGTCCAGAACAAA

Submission of this sequence to the GenBank for BLAST analysis induced a returned
report shown in Figure 20.

Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/CO-CDPHE-
2101858642,/2021

Sequence ID: OL891989.1 Length: 29472 Number of Matches: 1

Range 1: 28554 to 28753 GenBank Graph

Score Expect Identities Gaps Strand
370 bits(200) de-98 200/200(100%) 0/200(0%) Plus/Plus
Query 13 CAATGCTGCTCTTGCTTTGCTGCTGCT TGACAGAT TGAACCAGCTTGAGAGCAAAA 72
. ANy IIIJIIIIIIIIIIIII[IIIIIlII
Sbjct 28554 CAA ATGCTGCTCTTGCTTTGCTGCTGCT TGACAGATTGAACCAGCTTGAGAGCAAAATG 28613
Query 73 TGGTAAAGGCCAACAACAACAAGGCCAAACTGTCACTAAGAAATCTGCTGCTGAGGCTTC 132
LLLLLLTLL IIIII III]IIIIIIIlIII]I IIIJIIIIIIIIIIIII[IIIIIlII
Sbjct 28614 TGGTAAAGGCCAA AACAAGGCCAAACT CTAAGAAATCTGCTGCTGAGGCTTC 28673

Query 133 TAAGAAGCCTCGGCAAAAACGTACTGLCACTAAAGCATACAATGTAACACAAGCTTTCGE 192
. FELETLLELELEEEEELEEETETLLEEETELLT IIIlIIIIIIIIIIIII[IIIIIIII
Sbjct 28674 TAAGAAGCCTCGGCAAAAACGTACTGCCACTAAAGCATACAATGTAACACAAGCTT 28733
gDt 11111111
Sbjct 28734 CAGACGTGGTCCAGAACARA 28753
Figure 20. This BLAST report indicates that there is no 100% ID match with the submitted 212-base
sequence in the GenBank database. The closest match with the submitted sequence is a 200-base
segment of the N gene of a SARS-CoV-2 isolate, GenBank Sequence ID# OL891989, if the first 12

nucleotides of the Co4 forward nested PCR primer were excluded for the sequence alignment.

A search of the GenBank database revealed a group of recently submitted SARS-CoV-
2 genomic sequences that harbor a 214-216 GGD deletion (A214-216) in the N gene. The
deletion of the 214-216 GGD codons created a new 9-base sequence that fully matched the
9-base 3’ terminal sequence of the nested PCR Co4 forward primer (see Figure 21).
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NC 045512.2 N gene sequoence

28681 gggagcoccttg aatacaccaa aagatcacat tggcacccgo aatoctgota acaatgotgeo
25741 aatcgtgcota caacttoctc aaggaacaac attgcoccaaaa ggcttctacg cagaagogadg
28801 cagaggcggc agtcaagocct cttctcocgttc ctcocatcacgt agtcgcocaaca gttcaagaaa
28881 ttecaactcca ggcocageoagta ggggaacttc tocctgotaga atggctgg. Icggcggtga
28921 -tct.t. gotttgctgec tgcttgacag attgaaccag cttgagagca aaatgrotgg
28881 taaaggccaa caacaacaag gocaaactgt cactaagaaa tcoctgotgotg aggocttctaa
28041 gaagcectcggy caaaaacgta ctgoccactaa agcatacaat gtaacacaag ctttocggoadg
29101 acgtggtcca gaacaaaccc daggaaattt tggggaccag gaactaatca gacaaggaac

OL8919859.1 N gene sequence with GGD deletion

28321 actgagggag ccttgaatac accaaaagat cacattggeca cccgoaatce tgectaacaat
28381 gotgoaatocg tgotacaact toctcaagga acaacattge Caaaaggygctt ctacgcagaa
28441 gggagcagag goggoagtca agocctcttot cgttcocctcat cacgtagtcg caacagttca
28501 agaaattcaa ctccaggcagd cagtatggga acttctocctg ctagaatgoo tg

28561 .tcttgctt tgctgoctgot tgacagattg aaccagocttg agagcaaaat gtctggtaaa
28621 ggocaacaac aacaaggcocca aactgtcact aagaaatctg ctgotgaggo ttcotaagaag
28681 cectcggocaaa aacgtactgc cactaaagca tacaatgraa cacaagcottt cggocagacgt
28741 ggtecagaac aaacccaagy aaattttggg gaccaggaac taatcagaca aggaactgat

Figure 21. This figure lists two SARS-CoV-2 N gene segments, one excised from the SARS-CoV-2
Wuhan Hu-1 reference Sequence ID# NC_045512.2 (upper) and the other from Sequence ID#
OL891989 (lower). For position identification, the forward and reverse primary RT-PCR primers are
highlighted blue and the forward and reverse nested RT-PCR primers are typed in red on the inner
sides of the blue-highlighted primary PCR primers. As shown in the upper sequence, the intended
nested PCR amplicon is 398 bp in size defined by the Co4/Co3 nested PCR primers. The 9-base
codons for GGD are shaded gray in the upper sequence. Theoretically, when a 9-base deletion oc-
curs in a template between two PCR primers, the expected amplicon should have reduced by 9 bases
to 389 bp in size. However, for sample M-22 31, a 212 bp amplicon was generated instead. That is
because a new 9-base sequence, caatgctgce (highlighted green in the lower sequence), fully matching
the 3" end sequence of the nested PCR forward primer, was created. After acquiring a new 9-base
sequence fully matching the 3’ terminus of a primer, a new primer template duplex was formed to
initiate a PCR. Given a choice, PCR always favors amplification of a shorter template [33].

The N gene 214-216 GGD deletion is often reported in SARS-CoV-2 isolates with T95I,
G142D, E156del, F157del and R158G, the S gene NTD mutations associated with the Delta
variant, for example, in GenBank Sequence ID# OL891989, OL451208 and ID# OL553744.
The finding of an N gene 214-216 GGD deletion in sample M22-31 raised the possibility
of its being a Delta variant, especially when multi-allelic SNPs prevented generation of an
unambiguous RBD sequence.

However, a segment of 141-base sequence in the reverse primer sequence of the RBD
confirmed that sample M22-31 was indeed an Omicron variant as demonstrated in Figure
22.
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Figure 22. This reverse primer sequencing electropherogram was generated by at
least two homeologous gene templates, which shared a 141-base common sequence
before the heterogeneous base-calling peaks overlapped. The homologous 141-base
sequence reads:
3—GATTAGACTTCCTAAACAATCTATACAGGTAATTATAATTACCACTAACCTTAGAA
TCAAGCTTGTTAGAATTCCAAGCTATAACGCAGCCTGTAAAATCATCTGGTAATTTAT
AATTATAATCAGCAATATTTCCAGTTT-5'.

After the sequence was converted to the 5’-3’ format, it reads:

5—AAACTGGAAATATTGCTGATTATAATTATAAATTACCAGATGAT-
TTTACAGGCTGCGTTATAGCTTGGAATTCTAACAAGCTTGATTCTAAGGTTAG-
TGGTAATTATAATTACCTGTATAGATTGTTTAGGAAGTCTAATC; the underlined
138-base sequence encodes amino acids 415-460 of the SARS-CoV-2 S protein TGNI-
ADYNYKLPDDFTGCVIAWNSNKLDSKVSGNYNYLYRLFRKSN with K417N, N440K
and G446S mutations (underlined) that are characteristic of an Omicron variant.

In addition, the bidirectional sequencing of the NTD confirmed the presence of A67V,
A69-70, T951, G142D and A143-145. One of the sequencing panels showing A67V and A69-
70 is presented in Figure 23.
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Figure 23. This is an electropherogram showing A67V and A69-70, part of the NTD mutations char-
acteristic of an Omicron variant of SARS-CoV-2 in sample M22-31.

Therefore, M22-31 was interpreted as an unusual Omicron BA.1 variant with a GGD
deletion in its N gene based on information retrieved from the GenBank.

3.8. Existence of two competing viruses as cause of S gene sequencing failure
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In sample M22-47, there were two competing SARS-CoV-2 viruses, which were
demonstrated by bidirectional sequencing of the N gene nested PCR products in Figures

24 and 25.
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Figure 24. This is a forward N gene sequencing electropherogram on sample M-22 47 generated by

two competing templates. One of the 2 templates hasa T

to C mutation at reference position 28820,

indicated by an arrow (the computer read the combined T/C peaks as a “C”). A nucleotide T>C
mutation in this position changes the codon TCT (serine) to CCT (proline), creating an amino acid
mutation S183P. The R203K and G204R mutations for an Omicron variant are underlined.
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Figure 25. This is an electropherogram of the reverse N gene sequencing of the same nested PCR
product that was used to generate the electropherogram presented in Figure 24. The mutated nu-
cleotide G peak in the competing template is superimposed on the “A” peak of the parental se-
quence, pointed by an arrow. The G204R and R203K mutations are underlined.
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Figure 26. This is an electropherogram of the forward primer sequencing of the S gene RBD nested
PCR products of sample M22-47 (Figure 3, panel C, lane 29). It shows K417N, N440K, G446S, S477N,
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T478K, E484A, Q493R, G496S, Q498R, N501Y and Y505H mutations in the dominant sequence,
which is diagnostic of an Omicron variant BA.1.
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Figure 27. This is an electropherogram of the S gene RBD reverse sequencing of the same nested
PCR product that was used to generate the electropherogram presented in Figure 26. Accurate base
calling was not possible due to multiple overlapping sequences. But the electropherogram showed

at least 3 short stretches of sequence in rectangles, which are characteristic of an S gene RBD of
SARS-CoV-2 (compare this electropherogram with that illustrated in Figure 8 A).

A search of the GenBank database revealed a group of recently deposited SARS-CoV-
2 genomic sequences with R203K, G204R and S183P mutations in the N gene, such as Se-
quences ID: OM917790, OM807710, OM657831, OM512484 and OM508240. These isolates
all have multiple undetermined stretches of sequences in the S gene. Sample M22-47 har-
bored at least two competing populations of SARS-CoV-2 Omicron variant, one with a
S183P mutation in the N gene that may have multi-allelic SNPs in or around the RBD of
the S gene.

3.9. Unpredictable multi-allelic SNPs prevented S gene RT-PCR amplification

As shown in Figure 3, panels F, G and H, the S gene NTD RT-PCR was negative for
samples M22-47, M22-51 and M-68 although the forward sequencing of the RBD cDNA
amplicon showed a typical profile of mutations for Omicron variant for sample M22-47
(see Figure 26). To prove that the samples with "non-visible" gel electrophoresis results
are in fact free of amplicons, the nested PCR products displaying no visible NTD amplicon
band at gel electrophoresis (Figure 3, panels F, G and H) were also sequenced. The results
of sequencing the NTD nested PCR products on sample M22-51 are shown in Figure 28.
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Figure 28. These two bidirectional sequencing electropherograms confirmed that there
was no NTD SB7/SB8 nested PCR amplicon on sample M22-51 as shown in Figure 3, Panel
G, Lane 51.

A new set of nested RT-PCR primers, referred to as the NTD1 primers, was designed
in an attempt to amplify a 445-base segment of the S gene immediately upstream of the
RBD on samples M22-47, M22-51 and M22-68. The sequence of the primary RT-PCR for-
ward primer is PF1: 5-TTATGTGGGTTATCTTCAACC; the primary RT-PCR reverse pri-
mer is PR2: 5-AGTTTGCCCTGGAGCGATTTG,; the nested PCR forward primer is NF3:
5-GTGGGTTATCTTCAACCTAGG,; and the nested PCR reverse primer is NR4: 5-TTT-
GCCCTGGAGCGATTTGTC. The NTD1 primer RT-PCR conditions were identical to
those used for routine testing. The RT-PCR results are presented in a gel image labeled
NTD1 (Figure 29).

MTD1

Primary

Figure 29. This is an image of agarose gel electrophoresis of the RT-PCR products showing that the
new set of NTD1 PCR primers was able to amplify a 445-bp segment of the S gene immediately
upstream of the RBD on sample M22-51, but not on samples M22-47 and M22-68. A forward primer
sequencing verified the authenticity of the RT-PCR product from sample M22-51 (Figure 30).
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Figure 30. This is an electropherogram of the forward sequencing of the sample M22-51 nested RT-
PCR amplicon illustrated in Figure 29, using the forward nested PCR NF3 primer as the sequencing
primer. It shows G339D, S371L, S373P and S375F mutations (codons underlined), which are charac-
teristic of an Omicron variant.

Three sets of nested RT-PCR primers were used and failed to generate a cDONA am-
plicon of the RBD or the NTD of the S gene for Sanger sequencing from sample M22-68.
Without sequencing information of the S gene RBD or NTD, sample M22-68 was consid-
ered as a “presumptive” Omicron variant based on the N gene R203K and G204R muta-
tions only.

In the GenBank sequence database, there are numerous Omicron look-alike isolates
that harbor the N gene mutations and the S gene NTD mutations commonly seen in the
Omicron variants without the characteristic Omicron mutations in the RBD of the S gene.
One of such examples is illustrated by GenBank Sequence ID# OL898842, a specimen col-
lected on 4 December, 2021 in Texas, U.S.A. This isolate had the P13L, A31- 33, R203K and
G204R mutations in the N gene, and the A67V, A69-70, T95I, A211, L212], and ins214EPE
mutations in the S gene NTD, but not the mutations in the RBD to qualify for an Omicron
variant (Figure 31).
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21526..25347
/gene:uSn
/codon start=1
/product="surface glycoprotein"
/protein id="UHB39767.1"

/translation="MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFR
SSVLHSTQDLELPFFSNVIWEHVISGTNGTKREFDNPVLPENDGVYFASTEKSNI IRGW
IFGTTLDSKTQSLLIVNNXXXXVIKXCEFQFCNDPFLGVXYHKNNKSWMEXO(RVIX
KEXXXFEYVSQPFXXDLEGKQGNEKNLREFVFENIDGYFKIYSKHTPTIVREPEDLPQ
GFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFL
LKYNENGTITDAVDCALDPLSETKCTLKSEFTVEKGIYQTSNERVQPTESIVREPNITN
LR RO KKK X NRER IS NX X XXX SVLYNSASFSTFKCX XXX XXKLNDLCE
XNVYADSEVXXXXXVROQIAPGQTGKXXDYNYKLPXDET G XX XXX KX XX XKVGGEHHK
);9:9:9:9.0:9:9.9:9:0.0:0.0:9.:0:0.9.0.9:9:0.0.9.9.:0.0:0.0.00 (Y NEYO (A § N I F OS2 1€).0:9:9:0:0.0.0.9.0:9.0.
HAVV LS PR XK A XA XX XENLVEKNKCVNFNFNX X TGTGVLTESNKKFLPFQQFG
RDIADTTDAVRDPQTLEILDITPCSEGGVSVITPGTNTSNQVAVLYQGVNCTEVPVAT
HADQLTPTWRVYSTGSNVFQTRAGCLIGAEYVNNSYECDIPIGAGICASYQTQTKSHR
RARSVASQSITAYTXXLGAENSVAY SNNSXXXXXNFTIXXTTEI LPVAXXXT SVAXHK

Figure 31. This is an S protein NTD/RBD amino acid sequence retrieved from GenBank Sequence
ID# OL898842. The underlined bold letters “VIS”, “I”, “II” and “EPE” marked the sites of mutations
“A67V, A69-70”7, “T951”, “A211, 1L2121”, and “ins214EPE”, respectively. In the GenBank database,
the letter X (typed in red here) is used to highlight the presence of undetermined or variable amino
acids, an indication of multi-allelic SNPs in these nucleic acid sequence positions. If these X codon
sequences have replaced those in the primer-binding site of the template for the 3’terminus of a PCR
primer, the RT-PCR process will fail.

3.10. Recombined BA.1 NTD and a BA.2 RBD sequence in the Omicron S gene

During the course of the study the nucleic acid of a positive nasopharyngeal swab
specimen, which was collected on 3 April, 2022 from an adult patient presenting with sore
throat and fatigue, was sequenced. The N gene sequencing showed the R203K and G204R
mutations commonly shared by all Omicron subvariants. The S gene RBD sequence
showed a profile of the Omicron BA.2 subvariant amino acid mutations (Figure 32 A and
B). However, the S gene NTD sequence exhibited A67V, A69-70, T951, G142D and A143-
145 mutations that are characteristic of a BA.1 Omicron, along with several SNPs, includ-
ing one base deletion. A competing template in the NTD with an A-to-G mutation indi-
cates the existence of at least two viruses infecting the same host (See Figure 33 A, B and
C. Patient identity on all electropherograms has been blinded and labeled as “K Sample”).
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Figure 32. A and B. These are 2 electropherograms showing a forward and a reverse Sanger se-
quencing of a 445-bp segment of the S gene RBD with a mutation profile of S371F, S373P, S375F,
T376A, D405N, R408S, K417N, N440K, G446, S477N, T478K, E484A, Q493R, G496, Q498R, N501Y
and Y505H, characteristic of that for Omicron BA.2.


https://doi.org/10.20944/preprints202204.0091.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 April 2022 do0i:10.20944/preprints202204.0091.v1

34

The S gene NTD bidirectional sequencing of the same K sample showed A67V, A69-
70, T951, G142D and A143-145 mutations, a profile most commonly associated with the
Omicron BA.1, not with the BA.2 subvariant (Figure 33 A and B).
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Severe acute respiratory syndrome coronavirus 2 genome assembly,
chromosome: 1

Sequence ID: OW180100.1Length: 29873Number of Matches: 1

Range 1: 21616 to 22090GenBankGraphics
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©
Figure 33 A, B and C. Figure 33 A and B are electropherograms showing the S gene NTD bidirec-
tional sequencing results with the A67V, A69-70, T95I, G142D and A143-145 mutations that are char-
acteristic of the Omicron BA.1 variant (see Figure 9A and Figure 10A), along with several SNPs,
including one base deletion, which have not been published in the GenBank database as illustrated
in a GenBank BLAST report in Figure 33 C. The single nucleotide deletion of “T” (Figure 33 C)
shown by the underlined sequence 5'- CCCACTT in Figure 33 A is confirmed by the underlined
sequence 3-AAGTGGG in Figure 33 B. A competing virus with an A-to-G mutation is indicated by

a vertical thin line pointing to a base read as G (peak position 91) by the computer in Figure 33 A,
but as T (peak position 288) in Figure 33 B.

4. Discussion

PCR was invented to replicate, or to amplify, a target segment of DNA for DNA se-
quencing without going through a laborious bacterial cloning [34]. PCR needs a pair of
primers, single-stranded DNAs of about 20 bases long, to define the segment of target
DNA to be replicated. But PCR primer/template hybridization is not sequence-specific
because PCR primers may attach to non-target DNAs and amplify unwanted DNAs if
these DNAs are present and partially match the primers in nucleotide sequence. As a re-
sult, relying on PCR, especially the gPCR technology using Ct numbers as the surrogate
for actual PCR product analysis, for disease diagnosis is bound to generate false positives.
The experimental results of this work emphasize that while RT-qPCR is generating a sig-
nificant number of false-positive test results at the current stage of COVID-19 pandemic,
the very nature of PCR lacking specificity can be exploited for designing useful diagnos-
tics for all SARS-related coronaviruses in general if the PCR products are routinely moni-
tored by DNA sequencing. The key points are discussed as follows.

4.1. The COVID-19 pandemic could have been avoided or curtailed by using the SARS-CoV
specific RT-PCR primers in early 2020
PCRis a primer-initiated template-directed exponential enzymatic polymerization of

dNTPS in the test tube. The specificity of the PCR DNA amplification depends on the
fidelity of the enzyme, the DNA polymerase whose function is to extend the length of the
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primer by adding only the correctly matched dNTP to the 3" end of the primer according
to the direction of the template sequence. The binding of a primer to the template, com-
monly referred to as annealing, is based on hybridization of two ssDNA fragments, which
is a nonspecific process in that a primer can actually bind to a segment of ssDNA with
mismatched nucleotides and initiate a PCR. The present study has presented experimental
evidence to support the claim that the world could have taken advantage of the non-spec-
ificity of PCR amplification by using the CDC-recommended SARS-CoV specific RT-PCR
primers and diagnostic protocol [15] for accurate detection of SARS-CoV-2 at the early
stage of the COVID-19 outbreak to avoid or to curtail a pandemic. The history of SARS
epidemic control in 2003 clearly shows that early detection of positives correctly is of par-
amount importance to suppress the spread of coronaviruses, ending the SARS epidemic
in six months without developing a variant of concern. A set of RT-PCR primers targeting
a highly conserved genomic segment of SARS coronaviruses, such as the CDC-recom-
mended SARS-CoV specific RT-PCR primers [15] or the N gene RT-PCR primers pre-
sented in this paper, should be available to all major community hospital laboratories in
the world in preparation for a timely accurate diagnosis in the next SARS coronavirus
outbreak. The hospital laboratories dealing with patients should not wait for the commer-
cial companies to develop an approved test kit to diagnose another emerging SARS coro-
navirus for early patient treatment and isolation.

It is noteworthy to point out that while the 306-base inter-primer ORFlab gene se-
quences defined by primer Cor-p-F3 (+) and primer Cor-p-R1 (-) [Figure 1] in the 16 spec-
imens collected in October, 2020 were identical to that of the corresponding segment of
ORFlab gene sequence of the Wuhan-Hu-1 prototype (GenBank Sequence ID:
NC_045512.2), the 398-base N gene sequences defined by the Co4/Co3 primer pair in these
16 samples all showed single nucleotide mutations [26].

4.2. PCR needs DNA sequencing to verify the authenticity of its products in molecular diagnosis

The general assumption that PCR only extends a matched, but not mismatched, nu-
cleotide at the 3" end of a primer is incorrect [35-38]. Using real-time Taqgman PCR as a
model to investigate the effects of primer-template mismatches, a group of investigators
showed that a few base mismatches between the primer and the template were well tol-
erated by the PCR process. Even a nucleotide mismatch at the 3’-terminal position of a
primer did not prevent initiation of a real-time PCR, but led to an increase of the Ct value
by 5.19 on the average. Mismatch impact rapidly declined at positions further away from
the 3’-terminal position although there were exceptions [38].

The Sanger sequencing results presented in this paper confirm that the CDC-recom-
mended SARS-CoV Cor-p-R1 (-) reverse PCR primer is able to amplify a corresponding
348-bp target cDNA of the SARS-CoV-2 gene for diagnostic purpose even when there
were 3 mismatches in a primer, one of them located at the 3’-terminal position (Figure 1
B). But this principle does not apply to RT-qPCR diagnostics because a 3’-terminal nucle-
otide mismatch in a primer may boost the Ct value to a “negative” territory, a common
problem when turning a quantitative test into a qualitative “Yes or No” test. The flaw of
the RT-qPCR as a diagnostic assay is that it depends on a number, which may vary from
laboratory to laboratory and from test run to test run, to distinguish between the positives
and the negatives of a test result. The analyte of PCR is a segment of target DNA the pres-
ence of which can only be verified by demonstrating its nucleotide sequence.

Comparing the N gene reverse nested PCR primer used for this study with the cor-
responding N gene segment of SARS-CoV (GenBank Seq. ID# AY508724) showed only 1
mismatch located 1 base away from the 3’ terminus of the primer. And, there were 2 mis-
matches located 12 bases away from the 3’ terminus in the forward nested PCR primer.
Therefore, it is expected that the N gene nested RT-PCR primer set used in this study can
also amplify a corresponding 398-bp N gene of the SARS-CoV, or of another emerging
SARS coronavirus, because these regions of the N gene are highly conserved in this group
of viruses.
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In the absence of a preferred target template, the DNA polymerase may extend a PCR
primer, which has attached to a non-target DNA with at least 6 matching bases in its 3’
end [39]. For example, the SARS-CoV-2 N gene reverse nested PCR primer has been
shown to initiate a PCR amplification of a segment of human chromosome 1 gene due to
a 6-base match in its 3’ terminus with a human genomic sequence [26], a mechanism that
may contribute to the 21 RT-qPCR false-positive reference specimens (Figure 3, panels A-
E). According to the FDA advice, false results generated by RT-qPCR assays can be inves-
tigated using Sanger sequencing [21].

Non-target DNA amplification by PCR was clearly demonstrated in Figures 18-21, in
which a set of PCR primers was found to amplify a shorter DNA segment instead of the
fully matched longer target template when the shorter DNA segment offered a 9-base se-
quence matching the 3’ terminal sequence of a PCR primer (Figure 21). PCR always pre-
fers amplification of shorter templates when there is such an option [33].

4.3. The N gene is a more reliable target for RT-PCR detection while partial S gene sequencing is
needed for variant determination

Of the 29 specimens collected from patients in the month of January, 2022 that were
confirmed to be positive for SARS-CoV-2 by partial N gene sequencing, there were 2, from
which neither an RBD nor an NTD RT-PCR product band could be generated by a set of
PCR primers routinely used for partial S gene sequencing. Another 2 of the 29 positive
samples yielded either a positive RBD RT-PCR product or a positive NTD RT-PCR prod-
uct, not both (Table 3). These results indicate that 4/29 (13.8%) of the positive samples
might be missed if a segment of the S gene were chosen as the only RT-PCR target for
COVID-19 diagnosis. The S gene mutation rate is probably much higher than that of the
N gene among the Omicron strains.

However, some SARS-CoV-2 isolates with an N gene harboring P13L, A31-33, R203K
and G204R mutations may not have a demonstrable RBD mutation profile to support an
Omicron variant diagnosis as shown in the GenBank sequences ID# OL898842, OL901854,
OL902308 and OL920485 even when the NTD of the S gene in these isolates has been se-
quenced to show the presence of A67V, A69-70, T95I, G142D and A143-145 mutations, as
shown in Figure 31. The N gene R203K and G204R mutations are not reliable for Omicron
variant diagnosis because they were already found in the SARS-CoV-2 strains circulating
in early 2020 [40] long before the Omicron variant emerged. In the current series, 2 (M22-
44 and M22-68) of 29 positive samples did not yield an RBD sequence for a definitive di-
agnosis of an Omicron variant.

4.4. Multi-allelic SNPs found in Omicron variants

When RNA viruses are allowed to transmit from population to population, genetic
change invariably occurs due to RNA polymerase copying errors. In any given SARS-
CoV-2 infection, there are probably thousands of viral particles each with unique single-
letter mutations [41]. However, only a small fraction of these intra-host single-nucleotide
variants become fixed [42] to be passed to the next generation to infect another host. Epid
emiological studies often employ per-patient consensus sequences, which summarize
each patient’s virus population into a single sequence and ignore minor variants. This
paper has presented Sanger sequencing evidence (Figures 11, 12, 13,15, 22 and 27) for these
minor variants, which co-exist with a dominant Omicron variant in singe hosts. Although
little attention was directed to these minor variants of SARS-CoV-2, intra-host diversity
has been shown to affect disease progression [43], transmission risk [44], and treatment
outcome [45] in other RNA viruses. The existence of these multi-allelic SNPs involving
the RBD of the SARS-CoV-2 warrants further investigation.

This study shows that Omicron subvariant sequences with multi-allelic SNPs are
commonly found in the S gene RBD and NTD, but only rarely found in the N gene. A high
frequency of multi-allelic SNPs may even lower the PCR efficiency to a level at which the
S gene PCR products could not form a visible band at electrophoresis, but was demon-
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strated by Sanger sequencing (Figure 13). As previously reported, there were no demon-
strable multi-allelic SNPs in the N gene [26] or in the S gene RBD and NTD [28] of the
SARS-CoV-2 isolates collected in October, 2020. Sequencing of the N gene nested PCR
contents without a visible band at agarose gel electrophoresis invariably showed no evi-
dence of an amplification product [26].

4.5. Continued SARS-CoV-2 mutations need routine sequencing diagnostics

As the SARS-CoV-2 variants continue circulating in the populations, mixed variant
infections and viral recombination may occur, which may generate ambiguous gene se-
quencing data as demonstrated in a recent case presented in Figures 32 and 33. Routine
Sanger or next-generation sequencing at least the S gene RBD and NTD [46, 47] of the
PCR-positive samples is needed to monitor the potential impacts of these Omicron sub-
variant and their recombined variant infections on critical COVID-19 countermeasures,
including vaccines, therapeutics, and diagnostics. One group of investigators suggested
using RT-PCR to generate a 733-bp amplicon of the RBD sequence and send the PCR am-
plicon to a commercial laboratory for Sanger sequencing to determine the variants [48].
Another group developed specific primers and probes for RT-qPCR to detect mutations
in the S gene for variant determination [49]. Their Sanger sequencing results [48] and RT-
qPCR probe-based test results [49] were reported to be fully comparable to those gener-
ated by whole-genome sequencing. While whole-genome sequencing relying on the NGS
technology is widely applied, varying error rates in NGS have been observed [50]. The
first genomic sequences of SARS-CoV-2 isolates from patient specimens in China [51] and
in the United States [52] were verified by Sanger sequencing to avoid base-calling errors
generated by NGS.

5. Conclusions

The widely used RT-qPCR assay relying on a Ct number as the surrogate for the
physical presence of SARS-CoV-2 nucleic acid in clinical specimens is flawed. This study
shows that there are at least 42% false positives in the nasopharyngeal swab samples that
were collected and tested in January, 2022 and labeled as RT-qPCR positives. However,
the nonspecific binding of PCR primers to closely related nucleic acids can be exploited
by using a set of consensus PCR primers to amplify all SARS coronaviruses, including
those emerging in the future, provided the PCR products are routinely verified by DNA
sequencing. All PCR-positive specimens should be sequenced for verification and for var-
iant determination. Routine partial S gene sequencing can timely discover multi-allelic
SNPs and potential viral recombination in the circulating variants for monitoring their
potential impacts on vaccine efficacies, therapeutics and diagnostics.
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