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Abstract: Large population passages of the SARS-CoV-2 in the past two and a half years have al-
lowed the circulating virus to accumulate an increasing number of mutations in its genome. The
most recently emerging Omicron subvariants have the highest number of mutations in the Spike (S)
protein gene and these mutations mainly occur in the receptor-binding domain (RBD) and the N-
terminal domain (NTD) of the S gene. The eCDC and the WHO recommend partial Sanger sequenc-
ing of the SARS-CoV-2 S gene RBD and NTD on the PCR-positive samples in diagnostic laboratories
as a practical means of determining the variants of concern to monitor a possible increased trans-
missibility, increased virulence, or reduced effectiveness of vaccines against them. The author’s di-
agnostic laboratory has implemented the eCDC/WHO recommendation by sequencing a 398-base
segment of the N gene for the definitive detection of SARS-CoV-2 in clinical samples, and sequenc-
ing a 445-base segment of the RBD and a 490-509-base segment of the NTD for variant determina-
tion. This paper presents 5 selective cases to illustrate the challenges of using Sanger sequencing to
diagnose Omicron subvariant when the samples harbor a high level of co-existing minor subvariant
sequences with multi-allelic single nucleotide polymorphisms (SNPs) or possible recombinant Omi-
cron subvariants containing a BA.1 NTD and a BA.2 RBD, which can only be detected by using
specially designed PCR primers. The current large-scale surveillance programs using next-genera-
tion sequencing (NGS) do not face similar problems because NGS focuses on deriving consensus
sequence.
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1. Introduction

SARS-CoV-2 first emerged in Wuhan, China in December, 2019 and spread to other
parts of the world, causing more than 6 million global human deaths [1]. Since SARS-CoV-
2 is an RNA virus, nucleotide mutations are expected to occur in its >29,000-base genome
due to the well-known high copying error rates of the RNA-dependent RNA polymerase
[2]. These enzymatic copying errors invariably generate a large number of nonsynony-
mous nucleotide substitutions, commonly referred to as mutations, in the virus genome.
In any given SARS-CoV-2 infection, there are probably thousands of viral particles each
with unique single-nucleotide mutations in the host [3]. Only a small fraction of these
intra-host single-nucleotide variants become fixed [4] to be passed to the next generation
to infect another host. However, after more than two years of non-stopped transmissions
from host to host, a large number of amino acid mutations have accumulated to create the
Omicron variant with multiple subvariants [5].

Molecular epidemiological studies on RNA viruses often focus on per-host consensus
sequences [6], which tend to summarize each virus population into a single sequence and
ignore minor variants. Since the infective dose of the SARS-CoV-2 when administered
through aerosols to susceptible human subjects is estimated to be between 1950 and 3000
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virions [7,8], some virions of minor variants with multi-allelic single nucleotide polymor-
phisms (SNPs) [9,10] may also transmit from one host to another [11]. When a new con-
sensus sequence of the S protein gene displays a tendency to become the dominant se-
quence in the circulating SARS-CoV-2 within a human population, the new consensus
sequence is referred to as a new variant of concern (VOC) or a new variant of interest
(VOI) in an attempt to correlate the virus variants containing these newly emerging amino
acid mutation profiles with a possible increased transmissibility, increased virulence, or
reduced effectiveness of vaccines against them [12,13].

It took 10 months for the first VOC to be recognized in the United Kingdom in Octo-
ber 2020, and labeled as the Alpha variant [14]. Subsequently, numerous variants were
reported from different countries, including the Alpha, Beta, Gamma, Delta and Omicron
variants. From January 2022, the Omicron variant and its subvariants, all characterized by
a high number of amino acid mutations in the ACE2 RBD, have largely replaced other
VOC:s; the original SARS-CoV-2 Wuhan-Hu-1 strains are now rarely detected. The current
VOCs are the Omicron BA.1, the Omicron BA.2 and the Delta variant, according to the
updated report of the European Centre for Disease Prevention and Control (eCDC) while
the Omicron BA.4 and BA.5 are listed as VOIs [15]. The future waves of coronavirus will
probably be driven by newer, fitter descendants of the Omicron variant [16].

In the United States, there are no authorized, cleared, or approved diagnostic tests to
specifically detect SARS-CoV-2 variants (Omicron or other variants). Currently, commer-
cial COVID-19 test kits are designed and authorized by the Federal Drug Administration
(FDA) to check broadly for the SARS-CoV-2 virus, not for specific variants [17].

After the emergence of the Omicron variant, the eCDC and the World Health Organ-
ization (WHO) jointly published the first update of “Methods for the detection and char-
acterisation of SARS-CoV-2 variants” on 20 December 2021, recommending amplicon-
based Sanger sequencing of the RBD and the N-terminal domain (NTD) of the S gene to
reliably differentiate between the circulating variants in diagnostic laboratories [18]. It is
generally believed that RBD mutations are associated with changing infectivity of the vi-
rus [19] while NTD mutations/deletions alter the epitope structure and thus affect the im-
munoreactivity of the spike protein [20]. The eCDC/WHO recommend that when NAAT-
based assays are used, confirmatory sequencing of at least a subset of samples should be
performed [18]. Due to the high cost, the low sensitivity and the requirement of bioinfor-
matic data analysis, whole genome sequencing (WGS) cannot be implemented in all diag-
nostic laboratories. In comparison, Sanger sequencing of the S gene can be more feasible
and timely than WGS [18]. The eCDC/WHO document also listed a reference that sug-
gested using 7 PCR primers to amplify a 1071bp segment of the NTD and a 1068bp seg-
ment of the RBD followed by heminested PCR to generate templates for Sanger sequenc-
ing. However, no actual test data have been published to show that such a protocol has
been implemented in diagnostic laboratories.

When complex clinical specimens are tested for the presence or absence of a foreign
nucleic acid in small quantities, the PCR amplicon of the target DNA or cDNA is usually
limited to <500 bp in size. PCR amplification of a 405-bp fragment from the SARS-CoV
genome for sequencing and comparing the sequence of the amplicon with reference se-
quences in the GenBank database was the established method for molecular detection of
SARS-CoV during the 2003 SARS outbreak [21,22]. The U.S. CDC'’s diagnostic protocol for
SARS-CoV recommended using three specific primers to perform RT-PCR to amplify a
348-bp genomic cDNA for sequencing “to verify the authenticity of the amplified prod-
uct” [23]. Attempts to amplify big-sized templates in complex samples often lead to PCR
failures [24] although nested PCR may raise the detection sensitivity.

The author of this article followed the recommendations of the eCDC and the WHO
[18] and the U.S. CDC’s protocol established for SARS-Co-V diagnosis [23] to design an
implementable method to sequence a 398-bp N gene amplicon for the definitive detection
of SARS-CoV-2 [25,26] followed by sequencing a 445-bp cDNA amplicon of the RBD and
a 490-bp cDNA amplicon of the NTD of the S gene to reliably differentiate between the
SARS-CoV-2 variants, including the Omicron BA.1 variants in a group of nasopharyngeal
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swab specimens collected in January, 2022 in the United States [27]. However, since the
BA.2 subvariants with their unique LPPA24S mutations in the S gene NTD are becoming
more prevalent, the PCR primers designed for the detection of A67V and A69-70 may fail
to amplify the BA.2 NTD sequence and need to be modified to avoid PCR failures. Alt-
hough single-nucleotide mutations are more common in the RBD of the S gene, the NTD
sequence is more prone to deletions and insertions [28]. Nucleotide deletions and inser-
tions affecting the primer-binding sites invariably lead to PCR failures.

The Omicron variant as a group has many more nucleotide mutations in the consen-
sus or dominant S gene sequence than the earlier variants [15, 29]. Since mutations occur
randomly, each clinical sample containing a consensus or a dominant Omicron S gene
may also harbor more minor subvariant S gene sequences with multi-allelic SNPs, which
are inevitably co-amplified along with the dominant sequence during the PCR amplifica-
tion process. Co-existence of the PCR products of these minor subvariant sequences with
multi-allelic SNPs may cause failures in PCR amplification and in DNA sequencing de-
signed to detect a consensus or a dominant nucleotide sequence. A search of the Gen-
Bank database revealed that among the Omicron variant sequences recently deposited
into the GenBank, for example, in GenBank Seq ID# OL898842, ON337825 and ON347156,
there are major undetermined sequence segments of the S gene RBD and the NTD while
the sequence of the concomitant N gene is fully and properly deciphered, indicating an
uneven distribution of mutations between different genes in the circulating SARS-CoV-2
and the need to avoid using the S gene sequence as the target for PCR-based diagnostics.

In the United States, since April, 2022 the Omicron BA.2 subvariants have out-com-
peted the BA.1 variant, which had dominated the positive specimens collected in January,
2022 [27]. Compared to the BA.1 variant, all major BA.2 subvariants contain three addi-
tional T376A, D405N and R408S mutations, and lack the G446S and G496S mutations in
the RBD. Currently, the major worldwide circulating Omicron variants are the BA.2.12.1
with additional L452Q), the BA.2.13 with additional L452M, and the BA.4/BA.5 with addi-
tional L452R and F486V in the RBD [30]. The BA.2.12.1 subvariant is given most attention
by the American news media [31].

To follow the eCDC/WHO recommendation of partial Sanger sequencing of the RBD
and the NTD of PCR-positive samples, this paper reports the need for extending the for-
ward PCR primer further outward to bypass the Omicron BA.2 LPPA24S mutation site so
that one set of general PCR primers can be used to amplify a common S gene NTD target
of all variants to be used as the template for sequencing. It also presents Sanger sequenc-
ing evidence to show that there may be a highly mutated BA.1 S gene NTD as allele se-
quence in samples infected by an Omicron BA.2 subvariant. Since the NTD and the RBD
of the S protein are known to play different roles in the pathogenesis of SARS-CoV-2 in-
fections, such within-host viral population diversity should be brought to the attention of
the laboratories, which are performing large-scale WGS, using NGS to derive a consensus
sequence on each sample.

2. Materials and Methods
2.1. Patient samples studied

Five (5) selective nasopharyngeal swab specimens collected from non-hospitalized
patients with respiratory infection, which were confirmed to be true-positive for SARS-
CoV-2 Omicron variant by Sanger sequencing, were further analyzed by bidirectional
Sanger sequencing of 3 genomic targets to show the effects of minor subvariant sequences
with multi-allelic SNPs on sequencing-based variant diagnosis. Three (3) of these samples
belonging to the Omicron BA.2 sub-lineage were collected in April, 2022, one belonging
to the Omicron BA.4/BA.5 was collected in June, 2022 and one (1) belonging to the BA.1
sub-lineage was collected in January, 2022. Written consents were obtained from the 4
patients whose samples were positive for BA.2 or BA.4/BA.5 subvariant to allow their
samples to be further analyzed for publication. The sample positive for BA.1 subvariant
was commercially supplied with independent IRB certification.
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2.2. RNA Extraction from Nasopharyngeal Swab Specimens

As previously reported [25-27], the cellular pellet derived from about 1 mL of the
nasopharyngeal swab rinse along with 0.2 mL supernatant after centrifugation was first
digested in a buffered solution containing sodium dodecyl sulfate and proteinase K. The
digestate was extracted with phenol. The nucleic acid was precipitated by ethanol and
redissolved in 50 pL of DEPC-treated water.

2.3. PCR Conditions

The primary and nested RT-PCR conditions were described in detail previously [25-
27]. Briefly, 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 chemi-
cals (HiFi DNA Tech, LLC, Trumbull, CT, USA), 1 puL (200 units) of Invitrogen SuperScript
III Reverse Transcriptase, 1 uL (40 units) of Ambion™ RNase Inhibitor, 0.1 pL of Invitro-
gen 1 M DTT (dithiothreitol), 1 puL of 10 pmolar forward primer in TE buffer, 1 uL of 10
umolar reverse primer in TE buffer and 1 uL of sample RNA 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 mixture was a 25 puL volume of complete PCR mixture containing 20
UL of ready-to-use LoTemp® mix, 1 uL of 10 pumolar forward primer, 1 pL of 10 pmolar
reverse primer and 3 uL of molecular grade water.

To initiate the nested PCR, a trace (about 0.2 pL) of the 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 ex-
tension 65°C for 10 minutes.

The crude nested PCR products showing an expected amplicon at agarose gel elec-
trophoresis were subjected to automated Sanger sequencing without further purification.

2.4. DNA Sequencing

About 0.2 pL of the nested PCR products was transferred by a micro-glass rod into a
Sanger reaction tube containing 1 pL of 10 pmolar sequencing primer, 1 pL of BigDye®
Terminator (v 1.1/Sequencing Standard Kit), 3.5 pL 5x buffer, and 14.5 uL water in a total
volume of 20 uL for 20 enzymatic primer extension/termination reaction cycles 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 Ap-
plied 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 in-
dels.

2.5. PCR primers and amplicons

Seven (7) sets of primary RT-PCR primers and their corresponding nested PCR pri-
mers, which were used to generate nested PCR products to be used as the templates for
Sanger sequencing, are listed in Table 1. To maintain detection sensitivity, the maximum
size of the primary RT-PCR amplicon was limited to 530 bp for routine diagnostics.
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Table 1. PCR primers used to generate nested RT-PCR amplicons for Sanger sequencing

PCR Amplicon Primer Type | Start End | Sequence 5°-3’' | size (bp)
N gene | Col primaryF. | 28707 | 28727 | ACATTGGCACCCGCAATCCTG | 416
Co4/Co3 | Co8primaryR. | 29102 | 29122 | TTGGGTTTGTTCTGGACCACG |
Nested | Co4nestedF. | 28720 | 28740 | CAATCCTGCTAACAATGCTGC | 398
Co3 nested R. | 29097 29117 TTTGTTCTGGACCACGTCTGC
S gene RBD SS1 primary F. 22643 | 22663 TGTGTTGCTGATTATTCTGTC 460
$9/510 SS2 primary R, | 23082 23102 | AAAGTACTACTACTCTGTATG
Nested | 59 nested F. | 22652 | 22672 | GATTATTCTGTCCTATATAAT | 445
| S10nestedR. | 23076 | 23096 | CTACTACTCTGTATGGTTGCT |
S gene NTD : SB11 primary F. 21594 ' 21614 | TCTCTAGTCAGTGTGTTAATC | 530
SB12/SB& | SBb primaryR. | 22103 | 22123 | TTTGAAATTACCCTGTTTTCC |
Nested | SB12 nestedF. | 21609 22629 | TTAATCTTACAACCAGAACTC | 509
: SBS8 nested R. 22097 | 22117 | ATTACCCTGTTTTCCTTCAAG |
SgeneNTD | SBS primaryF. | 21619 21639 AACCAGAACTCAATTACCCCC | 505
SB7/SB8 SB6 primary R. 22103 | 22123 TTTGAAATTACCCTGTTTTCC
Nested | SB7nested F. | 21628 | 21648 | TCAATTACCCCCTGCATACAC | 490
| SB8nestedR. | 22097 | 22117 | ATTACCCTGTTTTCCTTCAAG |
SgeneRBD | PFlprimaryF. | 22357 | 22377 | THATGIGCCTIATCTICARCE | 451
NF3/NR4 | PR2 primary R. | 22787 22807  AGTTTGCCCTGGAGCGATTTG
Nested | NF3nestedF. | 22361 | 22381 | GTGGGTTATCTTCAACCTAGG | 445
| NR4 nestedR. | 22785 22805 | TTTGCCCTGGAGCGATTTGTC
Sgen.e NTD/RBD | SB14 primary F. 22107 | 22127 | AACAGGGTARTTTCARAARTC | 707(BA.1)
g‘::ct't‘::‘]f:;l e | PRZprimaryR. | 22787 | 22807 | AGTTTGCCCTGGAGCGATTTG | 701(BA.2)
BA2 SB13/nra | SB3nestedF. | 22112 | 22132 | GGTAATTTCAAARATCTTAGG | 700 (BA.1)
Nested | NR4 nestedR. | 22785 | 22805 | TTTGCCCTGGAGCGATTTGTC | 694 (BA.2)
| SgeneNTD/RBD | EF1primary F. | 22184 EPEins | ACGCCTATTATAGTGCGTGAG | 630 (BA.1)
mnctiontor | PR2primaryR. | 22787 | 22807 | AGTTTGCCCTGGAGCGATTTG | _
only. eF2/NRa | EF2nestedF. | 22189 | -EPEins IATTATACTOCOTGRCUGELR. | /BB (eA)
Nested NR4 nested R. | 22785 | 22805 | TTTGCCCTGGAGCGATTTGTC

In Table 1, the PCR primers were grouped according to the nested PCR amplicons
that they collectively generated. The N gene C04/C03 nested PCR amplicon was used as
the sequencing template to verify the presence of a SARS-CoV-2 genomic nucleic acid in
a given sample. The S gene RBD 59/510 and S gene NTD SB12/SB8 nested PCR amplicons
were used as the templates for Sanger sequencing to detect the key mutations in the RBD
and NTD for the diagnosis of variants (or subvariants), including the BA.2 subvariants.
The SB7/SB8 nested PCR primers pair was effective in amplifying the NTD segment for
all variants except those of the BA.2 lineage. The S gene NF3/NR4 nested PCR amplicon
was used as an alternative to detect RBD mutations in case significant mutations involving
the S9 and S10 primer-binding sites caused an RBD RT-PCR amplification failure. The last
two sets of primers were designed to amplify the junctional region between the RBD and
the NTD of the S gene, using the 214EPEins (GAGCCAGAAins) sequence as a discrimina-
tor in the 3’ end of the forward primers to selectively amplify the BA.1 sequence in case
there was a co-existing BA.1 RBD sequence in a sample containing a dominant Omicron
BA.2 subvariant sequence.

Since crude nested PCR products were used for DNA sequencing, the sample used
for Sanger reaction might contain multiple templates, including a dominant allele se-
quence and a number of minor subvariant sequences with multi-allelic SNPs.

3. Results

For diagnostic purpose, the Omicron BA.1 lineage is defined by an S gene mutation
profile of A67V, A69-70, T95I, G142D, and A143-145 in the NTD, and S371L, S373P, S375F,
K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y and Y505H
in the RBD. The Omicron BA.2 lineage is defined by a mutation profile of A24-26, A27S
and G142D in the NTD, and S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K,
S477N, T478K, E484A, Q493R, Q498R, N501Y and Y505H in the RBD [15, 28]; and the
BA.4/BA.5 subvariant is characterized by additional L452R and F486V with a wildtype
Q493 in the RBD [30]. The NTD SB12/SB8 nested RT-PCR amplicon covers the codons


https://doi.org/10.20944/preprints202206.0192.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2022 d0i:10.20944/preprints202206.0192.v1

from Q23 to D178, and the RBD S9/510 nested RT-PCR amplicon covers the codons from
5371 to Y505.

Application of this test procedure for the diagnosis of the Omicron BA.1 variant was
previously published [27]. Implementation of the test protocol for the diagnosis of Omi-
cron BA.2 and BA4/BA.5 subvariants and the potential effects of minor subvariant se-
quences with multi-allelic SNPs on sequencing-based diagnostics are illustrated as fol-
lows.

3.1. Sanger sequencing-based diagnostic test for Omicron BA.2 and BA.4/BA.5

When the SARS-CoV-2 nucleic acid samples containing little minor subvariant se-
quences with multi-allelic SNPs are sequenced for variant determination, the diagnostic
test is straightforward. For example, the computer-generated bidirectional Sanger se-
quencing electropherograms of a 445-bp RT-PCR amplicon of the RBD, and a 500-bp and
a 494-bp RT-PCR amplicon of the NTD of the S gene are presented in Figures 1-4 as phys-
ical evidence for the detection of a dominant sequence of SARS-CoV-2 Omicron BA.2.13
subvariant and that of Omicron BA.4/BA.5 subvariant.

3.1.1. Forward sequencing of the 445-bp target RBD RT-PCR amplicon for diagnosis of
Omicron BA.2 and BA.4/BA.5

Without interfering minor subvariant allele sequences, a one-directional sequencing
electropherogram revealed more than 10 key amino acid mutations in the RBD based on
which an Omicron BA.2 subvariant or a BA.4/BA.5 subvariant can be diagnosed, as illus-
trated in Figure 1 A and B.
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Figure 1A. This is copy of a computer-generated electropherogram showing an S gene RBD se-
quence generated using S9 forward PCR primer as the sequencing primer. The template was a 445-
bp nested RT-PCR product defined by a pair of S9/510 PCR primers. The underlined codons repre-
senting the 14 amino acid mutations in this segment of the S gene, S375F, T376A, D405N, R408S,
K417N, N440K, L452M, S477N, T478K, E484A, Q493R, Q498R, N501Y and Y505H, which are char-
acteristic of Omicron BA.2.13.
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Figure 1B. This is copy of a computer-generated electropherogram showing an S gene RBD se-
quence generated using S9 forward PCR primer as the sequencing primer. The template was a 445-
bp nested RT-PCR product defined by a pair of 59/510 PCR primers. The underlined codons repre-
senting the 12 amino acid mutations in this segment of the S gene, D405N, R408S, K417N, N440K,
L452R, S477N, T478K, E484A, F486V, Q498R, N501Y and Y505H, which are characteristic of Omi-
cron BA.4/BA.5.
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3.1.2. Reverse sequencing of the 445-bp target RBD RT-PCR amplicon for diagnosis of
Omicron BA.2 and BA.4/BA.5

,flg\g—'_-\ agg{:&gms C1_M22-76- S10_20220419_080704 Inst Model/Name 3200/seqstudio-232000842

M22-76- S10 Apr 19,2022 08:07AM, EDT
S/N G:53 A:83 T:84 C:60 KB _3200_SeqStudio_ POP1_BDTvi.meb Apr 19,2022 08:21AM, EDT
KB.bep Pts 1039 to 4493 Pk1 Loc:829 Spacing:9.06 Pts/Panel1200
KB1.424 Cap3 Version 6.2 HiSOV Bases: 386 Plate Name: Plate_20220419_063744B

11 21 31 41 51 61 71 81 a1
1256 Il|

ww-ﬂf\m g Wl
ol t lu il M nl .H

1570
1256
942
628

1570

TCTGGT

=1
I

1570
1256 I

1570 '| I
1256
942

= il ik

Figure 2A. This is copy of a computer-generated electropherogram showing an S gene RBD se-
quence generated using S10 reverse PCR primer as the sequencing primer. The template was the
same 445-bp nested RT-PCR product used for generating the sequence presented in Figure 1 A. The
underlined codons in 3’-5" direction represent the 12 amino acid mutations in this segment of the S
gene, E484A, T478K, S477N, L452M, N440K, K417N, R408S, D405N, T376A, S375F, S373P and S371F,
which are characteristic of Omicron BA.2.13.
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Figure 2B. This is copy of a computer-generated electropherogram showing an S gene RBD se-
quence generated using S10 reverse PCR primer as the sequencing primer. The template was the
same 445-bp nested RT-PCR product used for generating the sequence presented in Figure 1 B. The
underlined codons in 3’-5" direction represent the 11 amino acid mutations in this segment of the S
gene, T478K, 5477N, L452R, N440K, K417N, R408S, D405N, T376A, S375F, S373P and S371F, a mu-
tation profile shared by some Omicron BA.2 subvariants and the Omicron BA.4/BA/5.

3.1.3. Forward sequencing of the target NTD RT-PCR amplicons for Omicron subvariant
diagnosis

The S gene NTD is prone to deletions. Although the Omicron BA.2 variant lacks the
S gene 69/70 deletion and is associated with the so-called S-gene target failure (SGTF) in
some RT-qPCR assays, the BA.2 subvariants do have a 24-26 LPP deletion in the NTD. In
order to confirm the presence or absence of these deletions, a set of the general primers is
needed to amplify the NTD for Sanger sequencing. This is easily accomplished when there
are little interfering minor subvariant sequences with multi-allelic SNPs in the sample, as
illustrated in Figures 3 and 4.
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Figure 3A. This is copy of a computer-generated electropherogram showing an S gene NTD se-
quence generated using SB12 forward PCR primer as the sequencing primer. The template was a
500-bp nested RT-PCR product defined by a pair of SB12/SB8 PCR primers. The single mutated
codon G142D in this segment of sequence is underlined. The wildtype codon sequences whose pres-
ence distinguishes the Omicron BA.2 lineage from that of Omicron BA.1 are in four rectangular
boxes.
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Figure 3B. This is copy of a computer-generated electropherogram showing an S gene NTD se-
quence generated using SB12 forward PCR primer as the sequencing primer. The template derived
from specimen M22-87 was a 494-bp nested RT-PCR product defined by a pair of SB12/SB8 PCR
primers. The position of A69-70 is pointed by an arrow. The mutated codons of L84l and G142D are
underlined. Athough A69-70 and G142D are known to be associated with BA.4/BA.5, for example
in GenBank Sequence ID: ON691878 among many others, an Omicron BA4./BA.5 with L84l muta-
tion has not been reported in the world literature or annotated in the GenBank database.
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3.1.4. Reverse sequencing of the target NTD RT-PCR amplicons for Omicron subvariant
diagnosis

E1_M22-76 - SB8_20220421_095044 Inst Model/Name 3200/seqstudio-232000842
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Figure 4A. This is copy of a computer-generated electropherogram showing an S gene NTD se-
quence generated using SB8 reverse PCR primer as the sequencing primer. The template was the
same 500-bp nested RT-PCR product used for generating the sequence presented in Figure 3 A. The
two mutated codons, G142D and A27S in 3’-5’ direction, are underlined. The position of A24-26 is
indicated by an arrow. The NTD sequencing supported the diagnosis of an Omicron BA.2 in this
specimen.


https://doi.org/10.20944/preprints202206.0192.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2022

do0i:10.20944/preprints202206.0192.v1

pplied 5 gene NTD 5B12/5B8 amplicon;
|osystems SB8 reverse primer sequencing;

3'-5' showing G142D, L84l and A27S mutated
codons (underlined); AB3-70 and A24-26
positions are pointed by two arrows

KB.bcp

F1_M22-87 - SB8_20220610_110857
M22-87 - SB8
KB _3200_SeqStudio_POP1_BDTv1.mob
Pts 910 to 4661 Pk1 Loc777

Inst Model/Name 3200/segstudio-232000842
Jun 10,2022 11:08AM, EDT
Jun 10,2022 11:23AM, EDT
Spacing:8.63 Pts/Panel1400

KB 1.424 GCap2 Version 6.2 HiSQV Bases: 435 P!ale Name Piate 20220610_101710
G AATAT T GTGCAAT IATT CGCACTACG AT ETCTGAICTCACTITCIAT CCAACTTTITGT TET T TTITGTGGTAAT CATCCA TEG ATCATIAC 176
100 111

12 23 34 a5 56 67 78 89
930

1550
1240

GCET 1

166

1550
1240 |

930 FAM ﬂ UH .|||||

CACCATE

1 ’l

|
|II ||
I

|ﬁ||||
310 |
0 '-'dl

IGAAGC
232 243 254

W i I !

TGT TGAGG AT ET

1550
1240
930 | | 4
628 1) "|I ||| il
a0 |If] |n| I H'
0 ' ,..\]
TCCTGAGTTG
353 364 375 386

el “ ik ‘ Mnm il 'v Al

Figure 4B. This is copy of a computer-generated electropherogram showing an S gene NTD se-
quence generated using SB8 reverse PCR primer as the sequencing primer. The template was the
same 494-bp nested RT-PCR product used for generating the sequence presented in Figure 3 B. The
position of A69-70 is pointed by a small arrow and the position of the A24-26 pointed by a big arrow.
The mutated codons of G142D, L84I and A27S are underlined. Athough A24-26, A27S, A69-70 and
G142D are known to be associated with BA.4/BA.5, for example in GenBank Sequence ID: ON691878
among many others, an Omicron BA4./BA.5 with L84I mutation has not been reported in the world
literature or annotated in the GenBank database.
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3.2. Omicron BA.2 in sample containing interfering minor subvariant sequences with multi-
allelic SNPs

As demonstrated in Figures 1 and 2, 11-14 key amino mutations in the RBD of the
Omicron variant can be detected in one-directional sequencing. A one-directional NTD
sequencing can verify the absence of A67V, A69-70, T95I, and A143-145 mutations (Figure
3 A) or the presence of LPPA24S (A24-26, A27S) mutations (Figure 4 A) for further confir-
mation of a BA.2 sub-lineage. However, some samples positive for an Omicron variant
may contain a large number of subvariant sequences with multi-allelic SNPs that may
cause uncertain or questionable base calling in Sanger sequencing. One of such examples
is illustrated by the sequencing data on a nasopharyngeal swab specimen collected on 25
April 2022 (patient W). The electropherogram of a one-directional forward sequencing of
the RBD is presented in Figure 5.
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Figure 5. This is copy of a computer-generated electropherogram showing an S gene RBD sequence
generated using S9 forward PCR primer as the sequencing primer on Patient W sample. The tem-
plate was a 445-bp nested RT-PCR product defined by a pair of 59/S10 PCR primers. The dominant
sequence shows 11 underlined mutated codons of D405N, R408S, K417N, N440K, S477N, T478K,
E484A, Q493R, Q498R, N501Y and Y505H, characteristic of Omicron BA.2. However, there are nu-
merous multicolored low peaks below the high peaks of the dominant sequence, which the com-
puter relies on for base calling.

In order to prove that the multicolored low peaks in the electropherogram presented
in Figure 5 were reproducible in their specific positions of the sequence and not random
sequencing noise artefacts, aliquots of the nucleic acid extract used to generate the elec-
tropherogram of Figure 5 were reamplified by 3 sets of nested RT-PCR for re-sequencing
the N gene, the RBD and the NTD of the S gene in one single run to reduce possible se-
quencing artefacts introduced by between-run technical and reagent variations. The elec-
tropherograms of the bidirectional Sanger sequencing of the 3 target gene segments are
presented in Figures 6-11 for comparison.
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3.2.1. Minor subvariant sequences with multiallelic SNPs in S gene RBD were reproduci-
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Figure 6. This electropherogram of a repeated forward sequencing of the RBD in the Patient W sam-
ple shows that the positions of the multicolored low peaks illustrated in Figure 5 were reproduced
and the repeated sequence confirmed the 11 mutated codons shown in Figure 5. However, some
multicolored low peaks shown in Figure 5 have now increased in height to become the dominant
peaks (indicated by arrows), affecting the computer’s base-calling accuracy. The letters, A, G and A
under the 3 arrows represent the correct bases whose sequencing peaks were overshadowed by the
allelic base peaks. The fact that the sequence of the multicolored low peaks observed in Figure 5 was
reproducible in repeated sequencing (in Figure 6) confirms that these secondary low peaks are not
technical artefacts but represent true minor subvariant sequences with multi-allelic SNPs, as ob-
served and reported by others using WGS [9-11].

3.2.2. Only the dominant RBD sequence was analyzed in Sanger sequencing

In the sequencing procedure, about 0.2uL of unpurified nested PCR products, often
after further dilution in water by the operator depending on the fluorescence density ob-
served in gel electrophoresis, was used as the sample material to initiate a Sanger reaction.
Therefore, the nested PCR products of minor subvariant sequences with multi-allelic
SNPs transferred into the Sanger reaction mixture were greatly reduced. In addition, sub-
variant sequences with multi-allelic SNPs may not have a fully matched primer-binding
site for the sequencing primer. Under such conditions, the dominant sequence equipped
with a primer-binding site fully matching the sequence of the sequencing primer is the
preferred template in the repeated enzymatic primer extension/termination cycles during
Sanger reaction. As the result, one of the two bidirectional sequencing electropherograms
may show better base-calling data, which actually represent the dominant sequence in a
mixture of diverse PCR products. One of such examples is shown in Figure 7, representing
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a sequence reverse-complementary to that shown in Figure 6 by excluding the interfering
minor subvariant sequences.
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Figure 7. This is an electropherogram of the S10 reverse primer sequencing of the same nested RT-
PCR products used to generate the sequence of Figure 6, showing 11 underlined mutated codons
E484A, T478K, S477N, N440K, K417N, R408S, D405N, T376A, S375F, S373P and S371F in one dom-
inant sequence. There were no interfering minor variant sequences with multi-allelic SNPs as shown
in Figure 6 although the same nested PCR products were used as the template(s) for the bidirectional
sequencing in one single run.

3.2.3. Minor subvariant sequences with multi-allelic SNPs in S gene NTD are common
findings

Minor subvariant sequences with multi-allelic SNPs may be co-amplified with the
dominant target NTD sequence of the S gene, as demonstrated in Figure 8.
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Figure 8. This is copy of a computer-generated electropherogram showing an S gene NTD sequence
generated using SB12 forward PCR primer as the sequencing primer on the Patient W sample. Sim-
ilar to the sequence illustrated in Figure 3, this sequence has one solitary G142D mutation (codon
underlined), indicative of an Omicron BA.2 lineage. However, there are stretches of colored low
peaks in the sequence. These colored low peaks may be part of the nonspecific background sequenc-
ing noise artefacts resulting from uncontrollable technical or reagent deviations, or may indicate the
presence of subvariant sequences with multi-allelic SNPs. If the sequence of these colored low peaks
can be reproduced by bidirectional sequencing of the same PCR products in a reverse-complemen-
tary direction, they must be part of a subvariant sequence with multi-allelic SNPs. To evaluate the
latter hypothesis, a short sequence with 10 colored low peaks is framed in a rectangular box for
comparison with the reverse sequence in Figure 9 below.
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3.2.4. Reverse primer sequencing confirmed minor subvariant sequences with multi-
allelic SNPs in the S gene NTD
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Figure 9. This is copy of a computer-generated electropherogram showing an S gene NTD sequence
generated using SB8 reverse PCR primer as the sequencing primer. The template was the same
nested PCR products used to generate the sequence in Figure 8. The two mutated codons, G142D
and A27S in 3’-5" direction, are underlined, and the position of A24-26 is indicated by an arrow. In
addition, the sequence of the colored low peaks in the rectangular box reads 3'-AGTCTAACAT-5,
which is the reverse complement of the colored low peak sequence of 5'- ATGTTAGACT-3" in the
rectangular box in Figure 8. Similar reverse-complementary colored low peak sequences can be
found on both sides of the rectangular boxes. Since these low-peak sequences are reproducible in
bidirectional sequencing, they are considered to be true PCR products of minor Omicron subvariant
sequences with multi-allelic SNPs. However, it is not clear if these colored low peaks indicate mul-
tiple mutated nucleotides in one subvariant sequence or numerous subvariant sequences, each with
a unique single-nucleotide mutation.

3.2.5. Uneven distribution of multi-allelic SNPs in Omicron variants

As previously reported, the 398-base N gene target selected for molecular diagnosis
of SARS-CoV-2 is more conserved than the S gene RBD and NTD in the circulating Omi-
cron BA.1 variant [27]. This finding is also confirmed in sequencing Omicron BA.2 sub-
variants and demonstrated in Figure 10 A and B.
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Figure 10. A and B. These two bidirectional sequencing electropherograms show the N gene R203K
and G204R mutations (codons underlined), which are present in all Omicron variants, using Co4
primer as the forward sequencing primer (A) and Co3 primer as the reverse sequencing primer (B)
on the Patient W sample. Compared to the sequences of the S gene presented in Figures 6-9, these
two bidirectional sequences derived from the same sample and generated in the same run display
no secondary colored peaks to suggest intra-host N gene diversity.
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3.3. Omicron BA.2 variant containing both BA.1 NTD and BA.2 NTD

In a nasopharyngeal swab specimen collected on 3 April 2022 from a symptomatic
adult patient in Connecticut, U.S.A., identified as sample M22-75, bidirectional sequenc-
ing of the N gene nested RT-PCR products demonstrated a 398-base SARS-CoV-2 N gene
sequence with R203K and G204R mutations. However, bidirectional Sanger sequencing
of the S gene RBD and the NTD nested RT-PCR products revealed that the sample actually
contained an Omicron BA.2 variant with two different NTD sequences. One of them be-
longs to the BA.2 sub-lineage and the other to the BA.1 sub-lineage. Since an Omicron
BA.2 subvariant containing a co-existent BA.1 S gene NTD mutation profile has not been
reported in the world literature, the relevant sequencing findings are presented as follows.

3.3.1. Verifying the RBD mutations of Omicron BA.2

Bidirectional sequencing of a 445-bp RBD nested RT-PCR amplicon confirmed that
the dominant sequence of the SARS-CoV-2 in sample M22-75 was that of the Omicron
BA.2 subvariant (Figure 11).

A‘% Applied S gene RBD $9/510 amplicon;

Biosystems sg forward primer sequencing;
5'-3' showing Omicron BA.2

KB bep (mutated codons underlined);

KB1.424 Capit First mutated codon: DA0SN (AAT)

A1_M22-75 - S9_20220405_111908
M22-75- S9
KB_3200_SeqStudio_POP1_BDTv1.mob
Pts 963 to 4302 Pk1 Loc:761
Version 6.2 HISOV Bases: 388

Inst Model'Name 3200/seqstudio-232000842
Apr 05,2022 11:19AM, EDT

Apr 05,2022 11:33AM, EDT

Spacing 8.72 Pts/Panel1260

Plate Name: Plate_20220405_1020388

ads O

879 . A I’l.l .Iﬁ'l ' , 4 N ! AL ’ |r!ﬁ ‘IIJ" i I_|

sae 1 A1 HH AN WKL AR L AL g it o ik A R
293 lr.“. il | I Jlf i|” I” \ 'l1f le |! ‘ i |'I' ) |
= AL LA A ANV s v A



https://doi.org/10.20944/preprints202206.0192.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2022 do0i:10.20944/preprints202206.0192.v1

/152 Applied s gene RBD $9/510 amplicon; B1_M22-75 - $10_20220405_111909 Inst Model/Name 3200/seqstudio-232000842
A IQ“B'O‘W“ems $10 reverse primer sequencing; b P-‘\Zé—fS-Slo e ; mww??m?mu. EDT
3'-5" showing Omicron BA.2 KB_3200_SeqStudio_POP1_BDTv1.mob Apr 05,2022 11:33AM, EDT
KB bep (mutated codons underline); Pts 1060 to 4269 Pk1 Loc:755 Spacing:8.66 Pts/Panel1260
KB1424 Cap2 First mutated codon: E484A, Version 6.2 HISQV Bases: 371 Plate Name: Plate_20220405_102038B
L S Rl LSy s by g S e >
435
i4e
861
_ i A 1 ,‘l A | i 1 3
574 e T il n [} ‘I ) A H| !|| NP |"
e p.[-j\.m "Nlﬂ Hm : I.\,“Hn :. \ Jl; 1.| r.}\llr'.'ﬂ :'.' ' J\ J"\ _ :."..I A IU\“ If\‘ 1 J
o ALYV I M1k 1L (L
435
1148 : | ‘
861 3 . il fl | |
574 A fl' M ( ) "l. i ]l |1|f
i || || " r
2a7 I 1 i|j - |l| “J_L |‘ I} | Al |'| ]I' I
287 I /| [ . I I1L
: lkfh VI L I ‘Jk 1L i --11 i ‘LLL h'l'
435

&1 . o M !l ,

1YY TR | , ' “‘ i |
?5: ||1|, ”]||l!ﬂ 1[|I| ’]flh !:|Jl \ \:| ‘_FI||JIi‘ f||,||h ||,rl| lIl r”|] ” ] l|I "'I [I”||. || | ‘|
5 7 ¢1|| Irl _f"'ll . f” “ ll rIiJ

|I||!§I||| |
I Lﬂfx

Figure 11. A and B. These two electropherograms show the bidirectional Sanger sequencing results
of the 445-bp RBD nested RT-PCR products on sample M22-75. The 11 mutated codons, D405N,
R408S, K417N, N440K, 5477N, T478K, E484A, Q493R, Q498R, N501Y and Y505H in 5’-3” direction,
are underlined in (A); the 11 mutated codons, E484A, T478K, S477N, N440K, K417N, R408S, D405N,
T376A, S375F, S373P and S371F in 3’-5" direction, are also underlined in (B). In combination, these
15 amino acid mutations in the RBD support the diagnosis of a SARS-CoV-2 Omicron BA.2 subvar-
iant in this sample.

3.3.2. Atypical Omicron BA.1 NTD in sample containing Omicron BA.2 subvariant

Sample M22-75 was the first Omicron BA.2 subvariant encountered in this labora-
tory. For the diagnosis of SARS-CoV-2 variant Omicron BA.1, which was most prevalent
in January 2022 in the U.S., the nested PCR amplicon generated by a pair of SB7/SBS8 pri-
mers was routinely used at the time as the template for Sanger sequencing for the detec-
tion of A67V, A69-70, T95], G142D, and A143-145 mutations in the NTD of the S gene [27].
When this pair of primers was used to perform nested RT-PCR on sample M22-75 and as
the sequencing primers, two complementary paired electropherograms were generated,
which are presented in Figures 12 and 13. Submission of the 474-base 5'-3’ composite se-
quence derived from these two sequences to the GenBank for BLAST analysis induced a
highly unusual report, which was copied and pasted as Figure 14.
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Figure 12. This is copy of an electropherogram showing the dominant S gene NTD sequence with
A67V, A69-70, T95I, G142D and A143-145 mutations commonly used to define an Omicron BA.1
subvariant in sample M22-75. The template was a 474-bp nested PCR amplicon defined by the
SB7/SB8 primer pair. The sequence was generated using SB7 PCR primer as the forward sequencing
primer. The mutated codons are underlined and the positions of A69-70 and A143-145 are indicated
by a small arrow and a big arrow, respectively. The black letters, T, C and C, each under a thin
vertical line, indicate 1 “T>C” and 2 “C>A" base mutations when compared with a GenBank refer-
ence sequence (Figure 14). There is also a “T” base deletion at position 220 in this sequence tracing,
indicated by a thin line above a letter T typed in red color. In addition, at position 92 indicated by a
heavy vertical line there are two superimposing competing peaks, composed of a green “A” peak
and a black “G” peak, which the computer chose base “G” to call as the dominant nucleotide at this
position. Converting the wildtype base “A” to “G” at this position changes the amino acid codon of
asparagine to that of arginine, creating a new nonsynonymous N74R mutation. This very Sanger
sequencing electropherogram indicates that there are at least two competing unclassified Omicron
BA.1S gene NTD subvariant allele sequences in this sample although the RBD is that of a BA.2 sub-
lineage.
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Figure 13. This is an electropherogram showing a 3’-5" sequence derived from same PCR products
used to generate the sequence presented in Figure 12, using SB8 PCR primer as the reverse sequenc-
ing primer. This reverse complementary sequence confirms that all nucleotide mutations and dele-
tions shown in Figure 12 are valid findings. The ambiguous A/G double peak read as a mutated
base “G” at position 92 in Figure 12 is now read as base “T” by the computer in Figure 13, indicating
the presence of two competing allele sequences, both being used as the templates for generating a
segment of dominant Omicron BA.1 S gene NTD sequence, which has not been recorded in the
SARS-CoV-2 genomes annotated in the GenBank database, as shown in Figure 14.
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Sequence ID: ON222833.1 Length: 29747 Number of Matches: 1

Range 1: 215606 to 22040 GenBank Graphecs
854 bits(462) 0.0 471/475(99%) 1/475(0%) Plus/Plus

Query 1 TCAATTACCCCCTGCATACACTAATTCTTTCACACGTGGTGTTTATTACCCTGACARAGT 6@
IELELINETI LELEELTLT FELELLNET]
Sbject 21566 TCAATTACCCCCTGCATACACTAATTCTTTCACACGTGGTGTTTATTACCCTGACAAAGT 21625

Query 61 TTTCAGATCCTCAGT T TACAT TCAACTCAGGACT T CCTT 120
Sbjct 21626 TTTCAGATCCTCAGTTT T_\.wk_;:u;r(.cr.c'r.u ACCTT 21685
Query 121  TACTTGGCTCCATGTTATCTC ?\I..C—\.C-.-'ICJT;-CT-‘-)--.-f’TTTC—\.——CuC TTCCT 180
Sbjct 21686 '.a:'n:mrcc:.'.c TATCTCTGGGACCAATGGTACTAAGAG 21745
Query 181 :.cclu.'rurenscrun-r{ncanc TT\?;’T-&AC.\,TT:C-'JMTAAC'GCCTG 240
Sbjct 21746 ACCATTTAATGATGGTGTTTATTTTGCTTCCATTGAGAAGTCTAACATAATAAGAGGCTG 21805
Query 241 G-‘-TT‘{TlC-.'-CT-’TI_T-,-!T"C-»-CA-C-:-CIC ACTTATTGTTAATAMCECTAC 299

Query 302 TAATGTTGTTATTAAAGTCTGTGAATTTCAATTTTGTAATGATCCATTTTTGRACCACAA 359
I LHELEL IRLRRRRERRLInny
Sbhjct 21866 TAATGTTGTTATTAAAGTCTGTGAATTTCAATTTTGTAATGATCCATTTTTGGACCACAA

Query 360 AAACAACARAAGTTGGATGGA ¢'_reﬂc17c*c*'1.';.71w. STGCGAATAATIGEAC 419

jet 21926 me.nm,w*u'f T"C«TC\.-\A{-"'T ’T"CuCu:TTruT
Query 420 TTTTGAATATGTCTCTCAGCCTTTTCTTATGGACCTTGAA
|

11 11 I
Sbjct 21986 uTTuCa—T—TC"T TCAGCCTTT TC TA TGC- CTTGAA CL-MFH\—G{CTﬂ-i 22040

Figure 14. This is copy of the returned BLAST alignment report from the GenBank after submission
of the 474-base composite sequence derived from the bidirectional sequencing data displayed in
Figures 12 and 13. This report with a title “Severe acute respiratory syndrome coronavirus 2 isolate
SARS-CoV-2/human/USA/FL-CDC-ASC210848875/2022, complete genome” shows that the submit-
ted sequence has 3 nucleotide mutations and 1 nucleotide deletion when aligned against the best
matching SARS-CoV-2 reference sequence in the GenBank database.

3.3.3. Next-generation sequencing showed Omicron BA.2 NTD only

Because of the unusual finding of a BA.1 NTD associated with a BA.2 RBD sequence
in one clinical sample by target Sanger sequencing, an aliquot of the M22-75 nasopharyn-
geal swab sample was submitted to the Connecticut Department of Public Health Kathe-
rine A. Kelley State Public Health Laboratory to be sequenced with the Clear Labs next-
generation DNA sequencing (NGS) instrument. According to information received from
the State Public Health Laboratory, the NGS instrument generated a typical Omicron BA.2
NTD mutations, along with a typical BA.2 RBD sequence identical to those listed in Figure
11. The S gene NTD sequence of the NGS FASTA file was copied and pasted in Figure
15.

NNNNNNNNNNNNNATGTTTGTTTTTCTTGTTTTATTGCCACTAGTCTCTAGTCAGTGTGT
TAATCTTATAACCAGAACTCAATCATACACTAATTCTTTCACACGTGGTGTTTATTACCC
TGACAAAGTTTTCAGATCCTCAGTTTTACATTCAACTCAGGACTTGTTCTTACCTTTCTT
TTCCAATGTTACTTGGTTCCATGCTATA CTGGGACCAATGGTACTAAGAGGTT
TGATAACCCTGTCCTACCATTTAATGATGGTGTTTATTTTGCTTCCACTGAGAAGTCTAA
CATAATAAGAGGCTGGATTTTTGGTACTACTTTAGATTCGAAGACCCAGTCCCTACTTAT
TGTTAATAACGCTACTAATGTTGTTATTAAAGTCTGTGAATTTCAATTTTGTAATGATCC
ATTTTTGGATRTTTATTACKACAAAAACAACAAAAGT TGGATGGAAAGTGAGTTCAGAGT
TTATTCTAGTGCGAATAATTGCACTTTTGAATATGTCTCTCAGCCTTTTCTTATGGACCT
TGAAGGAAAACAGGGTAATTTCAAAAATCTTAGGGAATTTGTGTTTAAGAATATTGATGG
TTATTTTAAAATATATTCTAAGCACACGCCTATTAATTTAGGGCGTGATCTCCCTCAGGG

Figure 15. This is copy of the S gene NTD sequence excised from the FASTA file generated by NGS
on sample M22-75. The key amino acid codons, which are involved in A67V, A69-70, T95I, G142D
and A143-145 mutations, for distinguishing between the BA.1 and the BA.2 sub-lineages are framed
in 4 rectangular boxes. Comparison of this sequence with that illustrated in Figure 12 shows that
NGS did not detect A67V, A69-70, T951 and A143-145. The codon of G142D mutation, which is
shared by both BA.1 and BA.2, was detected as “GAT” instead of “GAC” (Figure 12). These se-
quence discrepancies indicate that the NGS and Sanger sequencing technologies were using differ-
ent allele templates in one sample to generate their respective NTD sequences.
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3.3.4. Selective RT-PCR amplification of S gene allele sequences by different primer sets

In order to verify by Sanger sequencing that the nucleic acid extract of sample M22-
75 in fact contained both BA.1 and BA.2 NTD sequences, aliquots of the nucleic acid ex-
tract were re-amplified by two slightly different sets of nested RT-PCR primers, one for
all known SARS-CoV-2 strains prior to the emergence of Omicron BA.2 and the other for
all SARS-CoV-2 strains, including the BA.2 subvariants.

Although the BA.2 subvariants do not have A67V, A69-70, T951, G142D and A143-145
mutations, they all have A24-26 and A27S mutations in the S gene NTD. Deletion of the
three LPP24-26 codons (TTACCCCCT) in the BA.2 NTD rendered the SB5 and SB7 for-
ward PCR primers nonfunctional for amplification of the BA. 2 subvariant NTD se-
quences. A new set of primary forward (5B11) and nested forward (SB12) PCR primers
was designed to bypass the site of A24-26 for amplification of all Omicron S gene NTD
sequences, including those of BA.2 sub-lineage for Sanger reaction. Bidirectional sequenc-
ing of the SB12/SB8 PCR products of sample M22-75 showed a typical BA.2 S gene NTD
(Figure 16 A and B) with a sequence identical to that generated by NGS (see Figure 16).
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Figure 16. A and B. These are two electropherograms showing bidirectional sequencing of an
SB12/SB8 nested PCR amplicon of the S gene NTD on sample M22-75, using SB12 primer as the
forward sequencing primer (A) and SB8 primer as the reverse sequencing primer (B). The sample
was first amplified by a pair of SB11/SB6 primary RT-PCR primers and the primary RT-PCR prod-
ucts were reamplified by a pair of SB12/SB8 nested PCR primers to generate the template for Sanger
sequencing. The A24-26, A27S and G142D deletion/mutations characteristic of the BA. 2 subvariants
are indicated by two underlined mutated codons and one arrow as for Figures 3 A and 4 A. The co-
existent BA.1 NTD sequence in the sample was not amplified. In theory, both the SB11/SB6 primary
RT-PCR primer pair and the SB12/SB8 nested PCR primer pair are capable of amplifying the BA.2
and BA.1 NTD sequences. However, no BA.1 NTD sequence was identified in Figure 16.

In order to provide irrefutable evidence that the atypical BA.1 NTD sequence illus-
trated in Figures 12 and 13 was not the result of technical errors or deviations, an aliquot
of the nucleic acid extract, which was used to generate the sequences presented in Figures
12, 13 and 16 was re-amplified by SB5/SB6 primary RT-PCR followed by amplification of
the primary PCR products with a pair of SB7/SB8 nested PCR primers. Bidirectional se-
quencing of the SB7/SB8 nested PCR products reproduced all the original results observed
and presented in Figures 12 and 13. The newly reproduced electropherograms are pre-
sented in Figure 17 A and B.
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Figure 17. A and B. These two electropherograms show the results of a repeated bidirectional se-
quencing of the S gene NTD nested RT-PCR product amplified by a pair of SB7/SB8 nested PCR
primers on an aliquot of the same nucleic acid extract used to generate the sequences presented in
Figures 12, 13 and 16. As described for Figures 12 and 13, the SB7 primer was used as the forward
sequencing primer (A) and the SB8 primer as the reverse sequencing primer (B). All the mutations
and deletions, including the superimposing competing A/G peaks, which were present in Figures
12 and 13, were fully reproduced as illustrated in Figure 17 A and B. Such a high degree of repro-
ducibility in Sanger sequencing indicates that these mutations and deletion are true SNPs in the S
gene NTD of an Omicron variant although these SNPs have not been reported in the world literature
and annotated in the GenBank database, as shown in Figure 14.

3.3.5. Questionable recombined BA.1 NTD and BA.2 RBD in the Omicron S gene

Attempts were made to generate a >1200 bp long RT-PCR amplicon from sample
M22-75, including the mutations of the NTD shown in Figure 17 and the key mutations of
the RBD shown in Figure 11, to be used as one sequencing template but failed. Two new
sets of PCR primers were designed to amplify a 600-700 bp segment of the S gene at the
junction between the RBD and the NTD to investigate if the sample M22-75 contained a
BA.1 RBD in addition to the BA.2 RBD sequence shown in Figure 11. The results are illus-
trated in Figure 18.
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Figure 18. This is an image of agarose gel electrophoresis of the nested PCR products amplified by
the SB13/NR4 primer pair for BA.1 and BA.2, and by the EF2/NR4 primer pair for BA.1 only, on
sample M22-75 (lanes 1 and 2) and on sample M22-24 (lanes 3 and 4) as a known Omicron BA.1
control. The sequences of the primary and nested PCR primers are listed in Table 1. This gel image
shows that the SB13/NR4 primer pair generated a nested PCR product band on both samples (lanes
1 and 3). But the EF2/NR4 primer pair generated only a nested PCR product band on M22-24 (lane
4), but not on M22-75 (lane 2). Since the EF1 and EF2 forward primers have the 214 EPE insert se-
quence in the 3’ end, the EF2/NR4 primers selectively amplified the BA.1 RBD. The absence of a PCR
band in lane 2 indicates that the M22-75 sample did not contain an amplifiable BA.1 RBD sequence;
a sequence of BA.2 RBD in the lane 1 PCR product is verified by the electropherogram presented in
Figure 19.
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Figure 19. This two-paged electropherogram shows a 5’-3" forward sequencing of the 694-bp nested
PCR product illustrated in Lane 1 in Figure 18. The mutated codons G339D, S371F, S373P, S375F,
and T376A indicative of a BA.2 RBD and the 21-base NR4 primer site in the end of the sequence are
underlined.

3.4. Two mechanisms for the failure of Omicron S gene target RT-PCR amplification

Unexpected sequence mutation in primer-binding sites is a well-known cause of PCR
failure in nucleic acid-based test for SARS-CoV-2 [32]. As previously reported, among
29 nasopharyngeal swab samples collected in January 2022 that were confirmed to contain
a segment of SARS-CoV-2 N gene by Sanger sequencing, routine nested RT-PCR failed to
generate a template from the S gene RBD or NTD for Sanger sequencing in 2 (7%) samples.
Moving the RBD target upstream by using a new set of PCR primers successfully gener-
ated a 445-bp cDNA amplicon for sequencing in 1 of these two samples, identified as M22-
51 [27]. Further investigation revealed that the mechanism leading to the initial failure of
the NTD amplification was different from that responsible for the RBD RT-PCR failure in
this sample.

3.4.1. Mutation of primer-binding site caused the RBD RT-PCR failure

As reported previously, the nasopharyngeal swab of sample M22-51 was positive for
SARS-CoV-2 N gene with R203K and G204R mutations verified by Sanger sequencing.
But routine nested RT-PCR amplification of the S gene RBD and NTD segments failed to
generate a band on agarose gel electrophoresis; bidirectional Sanger sequencing con-
firmed the absence of PCR products [27]. Moving the RBD RT-PCR primers 291 bases up-
stream toward the NTD was able to generate a 445-bp nested PCR amplicon to be used as
the sequencing template, thus providing sequencing evidence for the diagnosis of an Omi-
cron BA.1 subvariant, as shown in Figures 20 and 21.
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Figure 20. This is an electropherogram showing part of an S gene RBD sequence generated using
NF3 nested PCR primer as the forward sequencing primer on the nasopharyngeal swab sample No.
M22-51 collected in January, 2022. The routine RT-PCR primers designed for amplification of the S
gene RBD and NTD of the SARS-CoV-2 Omicron BA.1 variant could not generate a nested PCR
amplicon to be used as the template for Sanger sequencing on this sample [27]. A new set of nested
PCR primers, NF3: 5-GTGGGTTATCTTCAACCTAGG (22361-22381) and NR4: 5'-TTTGCCCTG-
GAGCGATTTGTC (22785-22805), was used to amplify a 445-bp upstream segment of the RBD for
sequencing, which confirmed the presence of G339D, S371L, S373P and S375F mutations (mutated
codons and NR4 primer site underlined), consistent with an Omicron BA.1 subvariant. However,
sequencing this alternative target segment for evaluation misses most of the key amino acid muta-
tions in the RBD, spanning from D405 to Y505.



https://doi.org/10.20944/preprints202206.0192.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2022 d0i:10.20944/preprints202206.0192.v1

S gene RBD NF3/NR4 amplicon;

Blosgl.rlset%ms NR4 reverse primer sequencing; G3_M22-51 = S000850828 - NR4_20220311_164805 Inst Model/Name 2200/segstudic-232000842

3-5' showing Omicron BA.1 (S375F, M22-51 = S000850828 - NR4 Mar 11,2022 04:48PM, EST

S§373P, 53711, and G339D); KB_3200_SeqStudic_POP1_BDTv1.mob Mar 11,2022 05:02PM, EST

KB.bep NF3 forward primer underlined in the Pts 1024 to 4263 Pk1 Loc:739 Spacing:8.60 Pts/Panel1325
KB 1_4.2.4 (_}ap 3 end of the sequence Velsmn 6.2 HisQv Bases 360 Plate Mame: qule_2022031 1_0940408

GCAG /G ITC T TT GIAGG G ACACTCCAT CACTT CTG '."G'f"'s S PATTIATATAGGACAG T TCAGC CACAGTTGCTGATTCT|

1575
1260
945
630

'| JF' il
I ‘\l m | "' IHIlﬂ ‘Hl

"TCTGIGAGAGGET TARTGETTH

1575
1260 “
945

630 |

= g

Figure 21. This is a reverse-complementary sequence generated from the same nested PCR product
used to produce the sequence presented in Figure 20. The NR4 reverse nested PCR primer was the
sequencing primer. The mutated codons for the S375F, S373P, S371L and G339D and NF3 primer
site in 3’-5" direction are underlined.

Both Figures 20 and 21 show that there were little minor subvariant sequences with
multi-allelic SNPs in the RBD in the bidirectional sequencing electropherograms. The ini-
tial routine RBD RT-PCR failure was due to mutations affecting the PCR primer-binding
site(s).

3.4.2. Minor subvariant sequences with multi-allelic SNPs caused S gene RT-PCR ampli-
fication failure

In routine diagnostic tests for SARS-CoV-2 variants, the primary and nested forward
RT-PCR primers, labeled SB5 and SB7, respectively, were placed in a location of the S gene
NTD to cover the A67V, A69-70, T951, G142D and A143-145 mutations commonly used to
help define variants of concern. The sequence of the SB5 primary forward PCR primer is
5-AACCAGAACTCAATTACCCCC-3’ and that of the SB7 nested forward PCR primer is
5-TCAATTACCCCCTGCATACAC-3". These two sequences are highly conserved among
all early SARS-CoV-2 variants, including the initial Omicron. The amplicon used for
Sanger sequencing is 490 bp in size for the wildtype Wuhan strains. However, as stated in
Section 3.3.4., the recently emerging Omicron subvariants, such as those of the BA.2 sub-
lineage, have a A24-26 LPP (TTACCCCCT) deletion, which renders these forward primers
nonfunctional. Two new primary and nested forward PCR primers, labeled SB11 and
SB12, respectively, were used to replace the SB5 and SB7 forward primers in order to by-
pass the A24-26 site. The success of using the SB11 and SB12 forward primers to amplify
the BA.2 NTD was illustrated in the sequences presented in Figures 4, 9 and 16B, which
all ended in the SB12 forward nested PCR primer sequence “GAGTTCTGGTTGTAAGAT-
TAA” (reverse complement to SB12).
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But surprisingly, while the SB5/SB7 PCR forward primers, which were used success-
fully to amplify the NTD of other Omicron BA.1 subvariants for Sanger sequencing, failed
to amplify the S gene NTD segment in sample M22-51 [27], the SB11/SB12 forward primers
specifically designed to bypass the A24-26 to cover the BA.2 sub-lineage was capable of
amplifying a SB12/SB8 primer-defined BA.1 NTD nested RT-PCR amplicon for Sanger se-
quencing. Yet, the computer was able to perform base-calling in the forward sequencing
only, but failed to call the bases in the reverse sequencing direction due to interference by
minor subvariant sequences with multi-allelic SNPs. The computer-generated bidirec-
tional sequencing electropherograms are presented in Figure 22 and Figure 23 for illustra-
tion.
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Figure 22. This electropherogram shows the dominant S gene NTD sequence with A67V, A69-70,
T951, G142D and A143-145 mutations, characteristic of an Omicron BA.1 subvariant in sample M22-
51. The template was a nested RT-PCR product generated by a pair of SB12/SB8 PCR primers after
the SB7/SB8 primer pair failed to produce a nested PCR product. The SB12 forward primer was used
as the sequencing primer for Figure 22. The mutated codons are underlined and the positions of
A69-70 and A143-145 are indicated by a small arrow and a big arrow, respectively. Under the dom-
inant sequence peaks on which the computer depended for base calling, there are numerous colored
low peaks. These colored low peaks are interpreted as representing minor subvariant sequences
with multi-allelic SNPs, not sequencing noise because many of these low-peak sequences were re-
produced in the reverse primer sequencing shown in Figure 23 A. The minor subvariant sequences
with multi-allelic SNPs are most clearly demonstrated in the sequences framed by the two rectan-
gular boxes. For example, there is a sequence of 4 green low “A” peaks in the small box under the
dominant peaks of TTTC. These 4 green low “A” peaks were reproduced as 4 red low “T” peaks
under the dominant peaks of GAAA in reverse complement within the small box in Figure 23 A. In
Figure 22, the 21-base sequence of the SB8 reverse primer is underlined in the end of the sequence,
indicating that the NTD region for the reverse primer-binding site in this sample does not have
crowded SNPs that might suppress PCR amplification of the dominant sequence.
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Figure 23. A and B. The electropherogram in (A) shows a reverse-complementary sequence gener-
ated from the same nested PCR product used to produce the sequence presented in Figure 22. Be-
cause of the massive segmental losses of sequencing signal, the computer was unable to perform its
base-calling function. But a visual analysis successfully identified the sequences of A143-145, G142D,
T951, A69-70 and A67V mutations in 3’-5" direction (mutated codons are underlined. The positions
of A143-145 and A69-70 are indicated by a big arrow and a small arrow, respectively). Many colored
low peaks under the high peaks of the dominant sequence were reproduced in reverse-complemen-
tary sequence. For example, there are 4 red low “T” peaks in the small rectangular box, against the
4 green low “A” peaks in the corresponding position located in the small box of Figure 22. These
colored low peaks may represent one minor subvariant sequence with multi-allelic SNPs or numer-
ous minor subvariant sequences each with one or several nucleotide mutations. They may be the
products of exponential PCR amplification of a minor subvariant sequence with multi-allelic SNPs
defined by the same PCR primer pair as those in the dominant sequence, or the products of numer-
ous template-directed linear enzymatic extensions of one primer without a collaborating functional
PCR primer from the opposite direction of the templates. The electropherogram in (B) is a subset of
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(A) with the primary RT-PCR primer SB5 and the primary RT-PCR primer SB11 aligned against
their respective binding sites of the dominant sequence.

Comparing the primer-binding sites in the end of the sequence in Figure 22 and that
in Figure 23 (A), both representing the bidirectional sequencing result of the same nested
PCR products, showed that while the level of minor subvariant sequences with multi-
allelic SNPs was not high enough to suppress the function of the SB8 reverse PCR primer
when the SB8 primer was paired with an SB12 forward nested PCR primer, the crowded
multi-allelic SNPs in the templates at the site binding the 3’-end part of an SB7 forward
nested PCR primer (Figure 23 A) and the 3’-end part of the SB5 forward primary PCR
primer (Figure 23 B) were probably the cause responsible for the failure of the RT-PCR
amplification of the NTD by a pair of SB7/SB8 nested PCR primers on sample M22-51 [27].
Allele sequences are well-recognized PCR inhibitors [33,34]. Based on the locations of the
primary forward RT-PCR primers shown in Figure 23 B, which is an excised part from
Figure 23 A, there were less crowded multi-allelic SNPs at the site binding the 3’end of
the SB11 primary forward RT-PCR primer than at the site binding the 3’end of the SB5
primary forward RT-PCR primer. With less inhibition by allele sequences, the SB11/SB6-
initiated primary RT-PCR was able to generate enough dominant sequence copies to be
used as the template in the SB12/SB8 nested PCR amplification although the minor sub-
variant sequences were also co-amplified.

All laboratories using S gene target sequencing diagnostics for Omicron variants
must be prepared to deal with minor subvariant sequences with multi-allelic SNPs and
possible template mutations in the primer-binding sites both of which can cause PCR
and/or sequencing failures.

4. Discussion

The SARS-CoV-2 Omicron variant with its subvariants, which are the currently dom-
inant strains causing COVID-19 cases in the world, is characterized by its remarkably high
number of cumulative mutations. The eCDC and the WHO have recommended partial
Sanger or next-generation sequencing of the S gene RBD and NTD PCR amplicons to mon-
itor their circulation in all countries [18]. Timely routine sequencing of all positive samples
can reduce the >40% false-positive rates generated by the RT-qPCR test kits [26,27,35], in
addition to offering a variant-diagnostic test, which is valuable for patient management
and for policy-making. Rapid and accurate diagnosis of patients in the early stages of in-
fection is the key step to curtail the COVID-19 pandemic. As pointed out by the then BM]J
editor in chief in July 2021, “we need targeted testing, contact tracing, and proper support
for self-isolation. Without these seemingly obvious traditional public health steps, the
pandemic will continue to worsen our longstanding social divides” [36]. With rapid and
accurate diagnostics by gene sequencing [21-23], SARS that emerged as a pandemic in
2002 in Guangdong, China, was stopped in 2003 within 7 months by applying travel re-
strictions and isolating individuals infected by SARS-CoV [37] before a variant could
emerge to cause concern.

Diagnosis of SARS-CoV-2 variants needs nucleotide sequencing. Compared to NGS,
Sanger sequencing of nested PCR products does not require high viral-load samples and
does not need costly bioinformatic services for data analysis. In addition, the NGS tech-
nology is more prone to base-call errors and bias [38,39], which may require correction or
verification by Sanger sequencing [40,41]. Therefore, Sanger sequencing is the method of
choice for diagnostic laboratories. However, Sanger sequencing of PCR amplicon needs
well-designed PCR primer sets, which must be periodically adjusted to accommodate
newly emerging variants. The sequencing data presented in this paper emphasize the fol-
lowing key points:
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4.1. The N gene is the more reliable target than the S gene for amplicon sequencing-based
diagnostics

As previously reported, testing a group of nasopharyngeal swab samples collected
in October, 2020 in the U.S. prior to the emergence of any variant of concern by sequencing
a 398-base N gene showed that there is a hypervariable 79-base stretch of nucleotide se-
quence corresponding to the position 28821 to 28899 (GenBank reference sequence
NC_045512.2) [26]. This 79-base region is flanked by two segments of conserved sequence,
which were used to design the PCR primers (referred to as Col, Co8, Co4 and Co3 in Table
1) for the diagnostic N gene-sequencing assay. The N gene of the Omicron variant strains
invariably harbors the R203K and G204R mutations. But these two mutations were al-
ready sporadically reported in nasopharyngeal swab specimens collected in the early part
of 2020 [42] long before the appearance of the Omicron variant. Therefore, variant deter-
mination based on N gene sequencing alone is not reliable. Nevertheless, compared to the
S gene RBD and NTD, this N gene target is more conserved, especially in the primer-
binding sites, and is associated with a much lower level of homeologous minor subvariant
sequences with multi-allelic SNPs, which may suppress RT-PCR amplification [33, 34].

4.2. Co-existing minor Omicron subvariants and their effects on variant diagnosis

After the SARS-CoV-2 has circulated for more than 2 years from population to pop-
ulation since its outbreak, numerous mutated subvariant sequences with multi-allelic
SNPs [9] have been accumulated in the virus and show up in some of the emerging variant
isolates displaying genetic diversity within single infected hosts [43, 44]. The number of
these minor subvariant sequences with multi-allelic SNPs in some clinical samples posi-
tive for Omicron may be extremely high. Most surveillance studies relying on testing high-
viral-load samples with NGS only consider a single consensus sequence for each infected
person for statistic purpose and ignore the co-existing subvariant sequences. Bioinfor-
matic analysis of the NGS data is often based on alignment, or mapping, of reads against
a reference sequence followed by the consensus extraction by majority voting. If the stud-
ied virus sequence is divergent from the chosen reference sequence, the reads covering
the regions of divergence could not be aligned correctly or might be discarded, which will
bias the resulting consensus [45]. It has been reported that the key sites of the S gene
known to harbor mutations of interest, such as the K417N/T, E484K and N501Y in the
RBD, are in the regions of low read coverage when NGS is used and may need target
Sanger sequencing to recover [46]. For diagnostic purpose, routine target Sanger sequenc-
ing of the RBD is a better approach to determine variants [18]. However, Sanger sequenc-
ing can generate a dominant sequence for accurate mutation analysis only if the level of
minor subvariant sequences with multi-allelic SNPs in the sample is not high enough to
suppress the PCR amplification of the dominant target sequence to be used as the sequenc-
ing template or to interfere with the Sanger sequencing process. The failure of RT-PCR
amplification of a target RBD or NTD sequence may be due to mutations affecting the
primer-binding sites in the SARS-CoV-2 genome or due to the presence of an overwhelm-
ing amount of minor subvariant sequences with multi-allelic SNPs. If a target PCR am-
plicon band is visualized at agarose gel electrophoresis, the failure to generate a readable
electropherogram may be mitigated by performing a bidirectional sequencing (Figures 5-
7; Figures 22 and 23). If no S gene target PCR amplicon is visualized at gel electrophoresis
when the N gene sequencing of the sample is positive for SARS-CoV-2, a new PCR primer
set for the S gene amplification may be required (Figures 20-23).

4.3. Possible Omicron BA.2 and BA.1 S gene recombinant

Target Sanger sequencing can reveal important information that NGS misses, as
demonstrated in Section 3.3.

As a whole, Omicron subvariants have a high number of mutations in the spike pro-
tein gene and these mutations mainly occur in the NTD and RBD of the S gene [47]. De-
termination of the mutations in the NTD and RBD in any given sample usually generates


https://doi.org/10.20944/preprints202206.0192.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 June 2022 d0i:10.20944/preprints202206.0192.v1

enough information for accurate diagnosis of the key Omicron subvariants. However,
there are exceptions. For example, in one specimen, M22-75, Sanger sequencing showed
S371F, 5373P, S375F, T376 A, D405N, R408S, K417N, N440K, S477N, T478K, E484A, Q493R,
(Q498R, N501Y and Y505H (Figure 11), the 15 typical mutations in the RBD for a BA.2
subvariant, but A67V, A69-70, T95I, G142D, and A143-145 (Figure 12), a profile of muta-
tions in the NTD characteristic of a BA.1 subvariant. In addition, there were 3 single nu-
cleotide mutations, one nucleotide deletion and one overlapping single-nucleotide poly-
morphism (SNP), converting the wildtype base “A” to “G” in an allele sequence to create
a new nonsynonymous N74R mutation in the new allele.

After next-generation sequencing of an aliquot of sample M22-75 generated a con-
sensus sequence of Omicron BA.2 (Figure 15), repeated bidirectional Sanger sequencing
of the original sample confirmed the previous findings of a BA.1 NTD sequence with all
the mutations and deletion (Figure 17). In addition, new PCR primers were used to gen-
erate templates for Sanger sequencing to confirm that the M22-75 sample contained a BA.2
NTD sequence (Figure 16) and a BA.2 RBD (Figure 19) but did not harbor a BA.1 RBD
sequence (Figure 18). Therefore, the co-existence of a BA.1 NTD and a BA.2 NTD in one
sample was not due to co-infection by an Omicron BA.1 and an Omicron BA.2 subvari-
ants, as reported by others [48].

In other words, on sample M22-75 target partial Sanger sequencing has demonstrated
that one host was infected with at least 3 Omicron subvariants, which share one BA.2 RBD
sequence, but harbor 3 different S gene NTD sequences, namely a typical BA.2 NTD se-
quence, an atypical BA.1 NTD sequence and an atypical BA.1 NTD sequence with an extra
N74R mutation. The two atypical NTD sequences do not fully match with any SARS-
CoV-2 genomic sequences annotated in the GenBank database (Figure 14), and as allele
sequences their clinical significance remains unknown. However, there is no direct se-
quencing evidence that these BA.1 NTD sequences are in fact connected to a BA.2 RBD in
one single PCR amplicon of about 1,500 bp in size. Demonstration of such connection in
one template would be the irrefutable proof for a BA.1/BA.2 S gene recombination, but is
difficult to accomplish in diagnostic RT-PCR with patient samples.

5. Conclusions

The eCDC and the WHO recommend partial Sanger sequencing of the SARS-CoV-2
S gene RBD and NTD on the PCR-positive samples in diagnostic laboratories as a practical
means to determine variants of concern to monitor a possible increased transmissibility,
increased virulence, or reduced effectiveness of vaccines against them. This paper pre-
sented bidirectional Sanger sequencing of 3 gene targets on five selected Omicron variant
patient samples to show the potential interfering effects of co-existing minor subvariant
sequences with multi-allelic SNPs on Sanger sequencing of RT-PCR products and the need
to adjust the PCR primer sequences when the BA.2 NTD is also a target for PCR amplifi-
cation in order to bypass the LPPA24S mutation that is unique for the BA.2 and BA4/BA.5
sub-lineages. Unlike next-generation sequencing, which focuses on deriving consensus
sequence, Sanger sequencing may reveal a BA.1 NTD sequence in a sample containing a
BA.2 RBD, depending on the PCR primers used to amplify the “target”. Infection with
more than one variant or with a recombinant variant may be encountered more often if
Sanger sequencing is implemented in diagnostic laboratories as recommended.
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