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Abstract: As SARS-CoV-2 continues to spread among human populations, genetic changes occur
and accumulate in the circulating virus. Some of these genetic changes have caused amino acid
mutations, including deletions, which may have potential impact on critical SARS-CoV-2 counter-
measures, including vaccines, therapeutics, and diagnostics. Considerable efforts have been made
to categorize the amino acid mutations of the angiotensin-converting enzyme 2 (ACE2) receptor
binding domain (RBD) of the spike (S) protein along with certain mutations in other regions within
the S protein as specific variants in an attempt to study the relationship between these mutations
and the biological behavior of the virus. However, the currently used whole genome sequencing
surveillance technologies can test only a small fraction of the positive specimens with high viral
loads and often generate uncertainties in nucleic acid sequencing that needs additional verification
for precision determination of mutations. This article introduces a generic protocol to routinely
sequence a 437-bp nested RT-PCR ¢cDNA amplicon of the ACE2 RBD and a 490-bp nested RT-PCR
c¢DNA amplicon of the N-terminal domain (NTD) of the S gene for detection of the amino acid
mutations needed for accurate determination of all variants of concern and variants of interest
according to the definitions published by the U.S. Centers for Disease Control and Prevention. This
protocol was able to amplify both nucleic acid targets into cDNA amplicons to be used as templates
for Sanger sequencing on all 16 clinical specimens that were positive for SARS-CoV-2.
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Nested RT-PCR; Sanger sequencing; Amino acid mutations; ACE2 RBD; N-terminal domain (NTD)

1. Introduction

The COVID-19 crisis has continued its pace. According to Real Time World Statis-
tics, as of September 7, 2021, there were > 222 million cumulative human cases with > 4.5
million deaths due to COVID-19 since the outbreak [1]. In the meantime, numerous
amino acid mutations of the spike (S) protein of the SARS-CoV-2, the causative agent of
COVID-19, are being recognized as whole genome sequencing data generated by the next
generation sequencing (NGS) technology have been used more widely for genomic sur-
veillance [2]. Great efforts have been made to categorize these S protein amino acid mu-
tations or substitutions into specific groups, according to their combination profiles. A
few of these groups are referred to as variants in an attempt to correlate these amino acid
mutation profiles with possible increased transmissibility, increased virulence, or re-
duced effectiveness of vaccines against them [3, 4].

The U.S. Centers for Disease Control and Prevention (CDC) has selected four vari-
ants of concern, namely the Alpha, Beta, Gamma and Delta variants, to be closely moni-
tored for their potential impact on critical SARS-CoV-2 countermeasures, including vac-
cines, therapeutics, and diagnostics. In addition, four variants of interest, namely the Eta,
Iota, Kappa and Pango Lineage B.1.617.3 variant, are being monitored and characterized

[3]-
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As widely reported in mass media, the SARS-CoV-2 Delta variant has spread
around the world [5] and is becoming the variant of most concern [6]. However, the
science and procedures of how to accurately test for Delta variant and to differentiate it
from other variants for meaningful data analyses remain unclear. The CDC’s definition
for Delta variant depends on demonstration of a specific profile of amino acid mutations
listed as T19R, (V70F*), T95I, G142D, E156del, F157del, R158G, (A222V*), (W258L%),
L452R, T478K, D614G, P681R and D950N with possible additional K417N. When K417N
is also detected, the variant is designated as Delta Plus [3]. The amino acid mutations
with a symbol * in parenthesis (*) indicate that the mutation of this particular amino acid
may or may not occur, and will not affect a Delta variant designation. The amino acid
mutations not in a (¥) are invariable or constant mutations, which must be present in a
Delta variant. But it is not known if all laboratories performing variant testing are gener-
ating unambiguous sequencing data to verify all these 15 potential amino acid mutations
before making a diagnosis of Delta variant of SARS-CoV-2.

In March 2021, the European Centre For Disease Prevention And Control (eCDC)
and the World Health Organization (WHO) jointly advised that whole genome, or at
least complete or partial S-gene sequencing, should be performed to confirm infection
with a specific variant for detection and identification of circulating SARS-CoV-2 VOCs
[7].

However, the currently used whole genome/NGS surveillance technology for SARS-
CoV-2 genomic sequencing is not always successful, particularly when there is not
enough viral load in the specimen [8, 9]. For example, when a series of N gene RT-qPCR-
positive SARS-CoV-2 clinical laboratory specimens without an accompanying Ct value
in the positive reports were processed for whole genome sequencing and viral lineage
designation, a SARS-CoV-2 genomic sequence could not be obtained in 1866 of the 2045
RT-qPCR positive specimens, indicating a sequencing failure rate of 91% while for spec-
imens with a Ct < 27 the sequencing failure rate was only 5.3% and for those with a Ct
>27 the sequencing failure rate was 75.5% [10]. And the NGS technology is also known
to be associated with computational errors and biases in base-calling [11]. Target specific
mutation assays are needed to identify or verify variants of concern [9] and for their dif-
ferentiation from other variants.

In addition, based on information available in the public domain, even the profiles
used to identify Delta variant vary from laboratory to laboratory. According to a WHO
document, the characteristic S protein amino acid mutations for Delta variant, also
known as the B.1.617.2 lineage, are T19R, G142D, 157del, 158del, L452R, T478K, D614G,
P681R and D950N [12]. Although both the WHO and CDC emphasize the presence of
T478K mutation in the Delta variant, a search of the GenBank database failed to find a
SARS-CoV-2 genomic sequence containing a combination of G142D, 157del, 158del,
L452R and T478K with an intact E156 in the S gene. On the other hand, Public Health
England has advised that P681R must be present in a Delta variant, but also stated that
genotyping assay for B.1.617 cannot distinguish between Kappa, Delta and B.1.617.3 lin-
eage and all results with P681R are treated as probable Delta given the current domi-
nance of this lineage [13]. Therefore, there is a need to develop a practical protocol for
variant classification on all SARS-CoV-2 isolates. The eCDC and WHO suggested that
the region to be sequenced should cover at least the entire N-terminal and receptor bind-
ing domain (RBD) (amino acid 1-541, 1623 bp) to reliably differentiate between the circu-
lating variants [7].

This article introduces a simplified target amplicon sequencing assay on all naso-
pharyngeal swab samples, which are positive for SARS-CoV-2, to accurately determine
the signature S protein amino acid mutations in the N-terminal and ACE2 receptor bind-
ing domains that are used to characterize variants of concern and of interest according
to the CDC’s definitions. In the United States, when the tests are certified under the Clin-
ical Laboratory Improvement Amendments of 1988 (CLIA) and performed in a CLIA-
certified high-complexity clinical laboratory, such as the author’s, the tests can be used
as a routine diagnostic assay to assist patient management [14].
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2. Materials and Methods

Since both the WHO and the CDC definitions of SARS-CoV-2 variants of concern
and interest depend on determination of the specific profiles of amino acid mutations
from K417 to N501 in the ACE2 RBD, supplemented by mutations in other regions of the
1,273 amino acid chain of the spike protein, especially by those in the NTD [3, 12], a brief
review of these common mutations is needed in order to select the target segments of the
S gene for Sanger sequencing.

GISAID automatically updates its site of hCoV-19 spike glycoprotein mutation sur-
veillance dashboard. The updates include spike protein changes in amino acid sequences
of the ACE2 receptor binding domain (RBD) newly submitted to GISAID, displayed in
structures organized by the most common clades. The August 24/25, 2021 dashboard
data showed the new clades (Figure 1), all which contain mutations commonly used for
Delta variant categorization.

8-24-2021 Dashboard

N501T E4840Q K417N N501Y E484K NA39K T478K S494F F4905 S477TN
in GH clade (B.1.%)

EA84K TAYBK KA17T 5494P FA905 5477N N501Y

in GR clade (B.1.1.1 & B.1.1.7)

N501T E484(Q) KA417N EA84K K417E TA78K 5494P G446V 54771 Q498R
in G, GK & GV clades (B.1, B.1.617.2, AY.* & B.1.177)

E484K TA78K K417T N501Y

in pnonG clade (A, B & B.2)

8-25-2021 Dashboard

EAB4K NA39K K417N T478K 5494P 5477N N501Y

in GH clade (B.1.%)

K417N K417T L4A55F N501Y E484K G447V F4901 K417A 5494P F4905

in GR clade (B.1.1.1 & B.1.1.7)

V445F E4840Q K417N A4755 Q493E R4A0D3T S494L A475V FAS6L GA85V F4905 G446V S477N
S4771 FA90L N501T P499L K417T G446A N501Y V4451 LA55F E484K E484V K458N Q493L
TAT78K S494P P4995

in G, GK & GV clades (B.1, B.1.617.2, AY,” & B.1.177)

TA78K 54771

in nonG clade (A, B & B.2)

Figure 1. This is a figure showing GISAID hCoV-19 S protein mutation surveillance dashboard
data on August 24 and 25, 2021.

While the GISAID hCoV-19 S protein mutation surveillance focuses on the ACE2
RBD mutations, some researchers have pointed out that the Delta variant has several
unique mutations in the ACE2 RBD and the N-terminal domain (NTD) of the spike pro-
tein. The mutations in the NTD, such as T19R, G142D, E156G, F157del and R158del are
involved in the enhanced infectivity by the BNT162b2-immune sera. The neutralizing
activity of sera from vaccinated individuals as well as convalescent COVID-19 patients
decreases for the Delta variant compared to the wild-type SARS-CoV-2 [15-17]. Both
ACE2 RBD and NTD mutations should be evaluated [7] on all positive samples to un-
derstand the pathogenicity of the SARS-CoV-2 variants. The CDC’s classifications and
definitions of SARS-CoV-2 variants of concern (VOCs) and variants of interest (VOIS) are
summarized in Table 1.

Table 1. CDC’s classification of VOCs and VOIs based on S protein amino acid (AA) mutations
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WHO variant | Constant AA Potential additional AA | Pango lineage location of
labels mutations mutations first
identification
Alpha 69del T0del 1440l | (E<34K¥), (S494P%) B117 UK.
N301Y, ASTOD, D514G,
P6R1H, TT16I, S9824,
D1118H
Beta DSOAL D215G, 241del, B.1.351 South Africa
242del, 243del, K41TN,
E484K_N301Y, D614G,
ATOIV
Gamma r P65, P.1 Japan/Brazil
,R1905, K417T,
E484K, N301Y, D614G,
Ho633Y, T10271
Delta (VTOE™), (A222V*), B.1.617.2 India
(W2358L*)
L437R, T478K, D614G,
Po21R, DOSON
Delta plus (VTOF*), (A222V*), B.1617.2.1 India
(W258L*)
K417TN, L432E, T478K,
D614G, P6E1E, DO50N
Epsilon L432R, D§14G B.1.427 California
Epsilon S5 Wis36. L1452, B.1.429 California
D614G
Fta B.1.525 U. K./Nigeria
, E484K. D614G,
67 TH, FEEEL
lota i- D2153G, (DE0G™), (Y144-7), B.1.526 New York
E434K. D614G, ATOIV, | (F1578%), (L452R*),
(S47TN*), (TS39N*),
(D930H*), (Q95TR*)
Kappa GIUEDIEISER L452R, | (T951%) B.1.617.1 india
E4840Q, D614G, P6E1R,
Q1071H
Kappa , L452R, B.1.617.3 India
E4840Q, D614G, PEELR,
D950N
Lambda A246-252, C.37 Peru
L452Q, F4908_ D614G,
TE39N

In Table 1, the mutations in the ACE2 RBD are highlighted yellow and those in the
NTD highlighted green. Both the CDC and the WHO have designated Alpha, Beta,
Gamma and Delta as the VOCs.

2.1. Using amino acid mutations in ACE2 RBD and NTD for variant determination

Based on information retrieved from the GenBank database, a sequence of 116
amino acids from T393 to Y508 highlighted yellow in Figure 2 contains the entire ACE2
RBD from K417 to N501. A sequence of 160 amino acids from M1 to Y160 highlighted
green in Figure 2 covers the entire NTD whose mutations are used as additional charac-
teristics for variant categorization [3]. Assuming the classification algorithms defined by
the CDC (Table 1) to be valid and stringent, accurate determination of the mutations of
the amino acids from 545 to R158 and from positions K417 to N501 should be adequate
for variant categorization.
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MFVEVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYEDKVER (44)
_(102)
GHIFGTTLDSKTQSLLIVNNATNVVIKVCEFQECNDPFLCVY YHKNNKSVMESEFRVY (160)

SSANNCTFEYVSQPFIMDLEGKQGNFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQ (218)
GFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFL (276)
LKYNENGTITDAVDCALDPLSETKCTLKSFTVEKGI YQTSNFRVQPTESIVRFPNITN (334)
LCPFGEVFNATRFASVYAWNRKRI SNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCE (392)
TNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDEFTGCVIAWNSNNLDSKVGGNYN (450)
YLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLOSYGFQPTNGVGYQPY (508)

Figure 2. This is a figure showing the first 508 amino acids of SARS-CoV-2 S protein with high-
lighted NTD M1 to Y160 and ACE2 RBD T393 to Y508, retrieved from the GenBank database-Seq
ID# NC_045512.2. The amino acids whose mutations (Figure 1 and Table 1) are used for variant
determination are typed in red.

2.2. Patient samples used for method development

The materials used for method development were residues of 16 SARS-CoV-2 posi-
tive nasopharyngeal swab specimens from patients with clinical respiratory infections.
These were previously tested patient specimens without patient identifications and 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 VTM after collection and stored
in freezer at -80°C temperature following the initial testing.

In the author’s laboratory, these 16 swab rinse specimens were proven to contain
SARS-CoV-2 genomic RNA by successful bi-directional Sanger sequencing of a 398-bp N
gene cDNA PCR amplicon. These 16 sequencing-confirmed positive samples were
among the 30 specimens that were purchased and were initially classified as positive by
RT-qPCR tests granted emergency use authorization by the FDA for the presumptive
qualitative detection of nucleic acid from the 2019-nCoV [18]. The general characteristics
of these 30 swab specimens were previously published in detail elsewhere [19]. Accord-
ing to the commercial supplier, all these samples were re-tested with an EUA N gene RT-
qPCR assay, showing a Ct value ranging from 14.55 to 36.71. Nevertheless, only 16 of the
30 samples were shown to contain SARS-CoV-2 genomic RNA by partial N gene se-
quencing [19]. The test results of these 30 RT-qPCR positive clinical specimens collected
from patients suspected of SARS-CoV-2 infection were used to fulfill the requirement for
Clinical Laboratory Improvement Amendments (CLIA) certification to perform routine
partial N gene Sanger sequencing for SARS-CoV-2 detection and reflex target S gene
Sanger sequencing to determine variants of concern and interest. According to the FDA
guidance, false results generated by RT-qPCR tests can be investigated using Sanger se-
quencing [20]. There are no FDA-authorized diagnostic test kits for SARS-CoV-2 variant
determination[SL2][SL3].

2.3. RNA extraction from nasopharyngeal swab specimens

Instead of cell-free fluid samples, which are used for most RT-qPCR assays, cellular
components are routinely included in the material being tested in this assay [21]. The
initially published protocol was slightly modified. Briefly, about 1 mL of the residues of
the nasopharyngeal swab rinse in VTM was transferred to a graduated 1.5 mL microcen-
trifuge 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 with 0.2 mL supernatant, 200 uL 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 for 1 hr in a
heated shaker set at 47°C. After digestion, an equal volume (400 uL) of acidified 125:24:1
phenol:chloroform:isoamyl alcohol mixture (Thermo Fisher Scientific Inc.) was added to
each tube. After vortexing twice for extraction and centrifugation at ~16,000x g for 5 min
to separate the phases, the liquid in the phenol/chloroform phase was pipetted out and
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discarded. To the remaining aqueous phase solution 300 pL of acidified 125:24:1 phe-
nol:chloroform:isoamyl alcohol mixture was added for a second extraction. After a sec-
ond centrifugation at ~16,000x g for 5 min to separate the phases, 200 pL of the aqueous
supernatant without any material at the interface was transferred to a new 1.5 mL micro-
centrifuge tube for nucleic acid purification [21].

2.4. PCR primers

As reported by the CDC, nested PCR is the necessary step to generate SARS-CoV-2
c¢DNA amplicons to be used as the templates for Sanger sequencing [22]. The sequences,
the sizes of the amplicons and the reference location of the major primers used in this
study are listed in Table 2.

Table 2. Primary and nested PCR primers and their sequences used in this study

S gene Oligo- Sequence Amplicon Location
segment nucleotide Size BP | of primer
N-terminal domain | SB5 Primary F | 5’ ~AACCAGAACTCAATTACCCCC 21619-21639
SB6 Primary R | 5’ ~“TTTGARATTACCCTGTTTTCC & 505 22103-22123
SB7 Nested F | 3’ “TCAATTACCCCCTGCATACAC 21628-21648
SB8 Nested R | 5’ ~ATTACCCTGTTTTCCTICAAG | 490 22097-22117
ACE2 receptor SS1 Primary F | 3’ ~TGTGTTGCTGATTATTCTGTC 22643-22663
binding domain SS2 Primary R 5’ ~ARAGTACTACTACTCTGTATG | 460 23082-23102
$53 Nested F | 5’ ~ATTCTGTCCTATATAATTCCG 32656-22676
SS4 Nested R | 5' ~TACTCTGTATGGTTGGTAACC | 437 23072-23092
C-terminal domain | VF1 Primary F | ' ~AATCATTACTACAGACAACAC 24901-24921
VF2 Primary R ; 5’ ~CAATCAAGCCAGCTATAAAAC | 338 25218-25238
VF3 Nested F | 3’ ~AGACAACACATTTGTGICTGG 24913-24933
VF4 Nested R | 5’ ~GCTATAAAACCTAGCCAAATG | 315 25207-25227

2.5. PCR Conditions

The primary and nested RT-PCR conditions were described in detail previously [21].
\This‘[SLél] nested RT-PCR protocol has been shown to be able to amplify a single copy
of target SARS-CoV-2 RNA to be used as template for Sanger sequencing [21].

2.6. DNA sequencing

Sanger sequencing of the nested PCR amplicons was performed as previously de-
scribed [21]. The workflow from nucleic acid extraction to variant determination by
Sanger sequencing is summarized in Figure 3.
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Purified nucleic acids Primary and heminested PCR
from cell digestate _— amplification of BRCA1 for sample
adequacy
o
Primary and heminested RT-PCR No visible 398-bp PCR amplicon Negative report
SARS-CoV-2 N gene e=——=I—=== | at gel electrophoresis
amplification

i

Sequence a 398-bp cDNA amplicon Sequence a 437-bp S gene ACE2 RBD
to verify a segment of SARS-CoV-2 | =——{——== |nested RT-PCR amplicon
N gene

¢

No nonsynonymous mutation= Positive for SARS-CoV-2, not
variant of concern or interest with 2 electropherograms

Nonsynonymous S gene ACE2 RBD mutation(s) detected. Sequence a 490-bp S gene NTD nested RT-PCR ampliconl

Y

Report positive for SARS-CoV-2 with S protein amino acid mutations classified as variant of concern, of
interest or of unknown significance per CDC definitions with 3 electropherograms

[SL5]

Figure 3. Workflow diagram for SARS-CoV-2 VOC and VOI determination by Sanger sequencing

3. Results
3.1. The samples positive for N gene also contained an intact S gene

Since mutations are widely scattered in the S protein amino acid chain among the
variants (Table 1) and PCR amplification of different specific segments of the 3,822-base
S gene may be needed for Sanger sequencing and for differentiation of emerging vari-
ants, it is important to confirm that all RNA extracts from the clinical specimens, which
were positive for an N gene segment [19, 21], also contained an intact S gene. One way
to achieve this goal without performing an entire S gene sequencing was to use the
SB7/SB8 nested PCR primer set to amplify a 490 bp cDNA at position 21628-22117 (Table
2) and the VF3/VF4 nested PCR primer set to amplify a 315 bp cDNA at position 24913-
25227 (Table 2) on all 16 nasopharyngeal samples previously tested positive for the N
gene. Representative parts of these two sequences from one sample are shown in Figure
4.
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= 1ot

5/ CACTAATTCTTTCACACGTGGTGTTTATTACCCTGACAAAGTTTTCAGATCCTCAGTTTTATATTCAACTCA (21646-21717)

AT
s | M /\A/\/\ “A“n f'ﬁ\ M

5’ GTTGTAAACATTCAAAAAGAAATTGACCGCCTCAATGAGGTTGCCAAGAATTTAAATGAATCTCTCATCGATCTCCAAGAACTTGGAAAGTATGAG
CAGTATATAAAATGGCCATGGTACATTTGGCTAGGTTTTATAGC (25088-25227)

Figure 4. This is a figure showing two panels of sequencing electropherograms as evidence of intact
S gene in a sample.

The upper panel of Figure 4 was excised from an electropherogram of a 490 bp am-
plicon sequence of the S gene defined by nested PCR primers SB7 and SB8 (Table 2). The
computer-generated sequence has been converted to 5-3’ reading that was re-typed un-
der the upper electropherogram with the last 3 bases of the SB7 forward PCR primer
“CAC” underlined. The number 21646-21717 indicates the position of this segment of
sequence in the SARS-CoV-2 genome. The letter “T” in red means that the wild-type nu-
cleotide in this position has undergone a nonsynonymous mutation causing an H49Y
amino acid mutation (CAT>TAT). The lower panel was excised from an electrophero-
gram of a 315 bp amplicon sequence of the S gene defined by nested PCR primers VF3
and VF4 (Table 2). The computer-generated sequence in 5’-3' reading direction is re-
typed under the electropherogram with the entire 21-base reverse PCR primer under-
lined. The number 25088-25227 indicates the position of this segment of sequence in the
SARS-CoV-2 genome.

Since the two sequences illustrated in Figure 5 are >3,000 nucleotides apart within
the S gene of SARS-CoV-2 genome, their presence in one sample supported the interpre-
tation that the sample being tested contained an intact S gene and was suitable as the
material for development of methods for S gene target specific mutation assays.

3.2. Limitations of the size of diagnostic RT-PCR amplicon

Initially, attempts were made to design primary and nested PCR primers to amplify
a 1,524-base segment of the S gene encoding the first 508 amino acids of the SARS-CoV-
2 spike protein (Figure 2), including the NTD and the ACE2 RBD in a single amplicon. It
has been reported that under certain conditions the entire >1,500-base bacterial 165 rRNA
gene can be amplified by PCR [23, 24]. However, all attempts failed. A single >1,500-bp
S gene cDNA PCR amplicon could not be generated from the nasopharyngeal swab sam-
ples used for this study.

3.3. Target amplicon sequencing of the ACE2 RBD region

According to the CDC’s definitions, all SARS-CoV-2 variants of concern and of in-
terest contain at least one amino acid mutation in the S protein ACE2 RBD from K417 to
N501 (Table 1). But R403T has also appeared recently at the GISAID hCoV-19 S protein
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mutation surveillance dashboard along with other mutations for emerging variant char-
acterization [Figure 1]. Therefore, a diagnostic base-calling electropherogram must con-
tain a 297-base unambiguous sequence covering 99 amino acid codons (nucleotide posi-
tion 22769 -23065). For routine diagnostic convenience, these 297 bases must be present
in one single computer-generated sequence on an electropherogram to confirm that the
positive isolate is not a variant of concern or interest, or to provide mutation information
for variant identification. To fulfill these requirements, a pair of S551/SS2 primary RT-PCR
primers and a pair of SS3/554 nested PCR primers (Table 2) were selected to amplify a
460 bp primary PCR cDNA amplicon and a 437 bp nested PCR amplicon, respectively.
These two pairs of primers were proven to be successful for amplification of a 437 bp
nested PCR amplicon to be used as sequencing templates from all 16 samples proven to
contain a segment of N gene sequence. One of these electropherograms showing the se-
quence encompassing the codons from R403 to N501 is presented in Figure 5.

1525
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1525
1220
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610 _. '-
305

1525

\LM ull . J"L/\
1 M g j\l i ;\}\'/\ /W

201 209
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Figure 5. This is a figure of computer—generated electropherogram showmg the codons of 19 splke protem amino acids
in the ACE2 RBD region commonly used to detect and define SARS-CoV-2 variants.

In Figure 5, the sequencing electropherogram shows 19 underlined codons of R403,
K417, N439, V445, G446, 1452, 1455, F456, K458, A475, 5477, T478, E484K (GAA>AAA
mutation), G485, F490, Q493, 5494, P499 and N501 in the ACE2 RBD region of the SARS-
CoV-2 spike protein gene. Nonsynonymous mutations of the nucleotides in these 19 co-
dons are routinely monitored for surveillance by GISAID (Figure 1).

3.4. Target amplicon sequencing of the NTD region

The amino acids in the NTD region used by the CDC to define variants span from
L5 to R158, a segment of 154 amino acids with a coding nucleic acid sequence of 462
bases. Attempts to generate a 569 bp nested PCR amplicon from the 16 clinical samples
known to be positive for SARS-CoV-2 by partial N gene sequencing were successful in 9
samples only (9/16). By necessity, the sizes of the primary RT-PCR amplicon and the
nested PCR amplicon were reduced to 505 bp and 490 bp, respectively, to gain PCR sen-
sitivity while using the SB5/SB6 pair for the primary PCR primers and the SB7/SB8 pair
as the nested PCR primers to generate a 490 bp amplicon (Table 2) as the template for
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Sanger sequencing from all 16 samples. This 490 bp amplicon includes 17 key amino ac-
ids in a region from A67 to R158, i.e., 92 codons with a 276-base sequence. Mutations in
these 17 amino acids are used by the CDC [3] to help distinguish variants of concern and
interest for surveillance. Since several deletions are involved in these mutation profiles
and a bi-directional Sanger may be needed for verification of some of these deletions, the
size of the NTD nested PCR amplicon is longer than necessary for a one-directional read-
ing so that the key mutation sites are not placed too close to the PCR primer sites in case
a bi-directional sequencing is needed to confirm a SNP or a deletion toward the 3’ end of
a nested PCR primer site. A typical computer-generated electropherogram showing the
codons of the 17 amino acids in the NTD, which the CDC uses to help define variants, is
presented in Figure 6.

G171 CATET CTCTCE R ICCr ATEET 1017 PG GETTIC 10 A CCCIET Ot IC (A TTT P 1GATECTETTI2 11T IEC T I ACIG E I GTIC1ICAT AT A G GECTEC  TTTITCETICIAC TG (T 100 1G]]

l

1 15 29 43 57 71 85 99 113 127 141
F

. TV

Flgure 6. ThlS isa flgure of computer-generated electropherogram showmg 17 codons of S protem amino ac1ds in the
NTD region commonly used to help distinguish SARS-CoV-2 variants.

In Figure 6, the sequencing electropherogram shows 17 underlined codons of amino
acids, A67, H69, V70, G75, T76, D80, T95, D138, G142, Y144, Y145, H146, W152, E154,
E156, F157 and R158 of the SARS-CoV-2 spike protein in the NTD, which may mutate in
different variants of concern and of interest. These 17 amino acid mutations along with
the ACE2 RBD amino acid mutations are used for variant categorization (Table 1).

3.5. Determination of variants by sequencing of the ACE2 RBD and NTD

Assuming the CDC’s variant classification algorithms to be valid and stringent, the
profiles of the amino acid mutations listed in Table 1 can be simplified into Table 3, using
combinations of the mutations in the ACE2 RBD and the NTD for accurate variant cate-
gorization.

Table 3. Summary of using ACE2 RBD/NTD sequencing for variant categorization. Both the CDC and
the WHO have designated Alpha, Beta, Gamma and Delta as the VOCs.
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WHO Name | Pangg lineage ACE2 RBD mutations NTD mutations Location of first
Variant identification
Alpha B.1.1.7 N501Y 69del, 70del, United

144del Kingdom
Beta B.1.351 E417N, E484K, N501Y DE0A South Africa
Gamma P.1 K417T, E484K, N501Y D138Y lapan/Brazil
Delta B.1.617.2 L452ZR, TATEK T951, G1420, India

E156del,

F157del, R158G
Delta plus B.1617.21 E417N, L452R, T47EK T951, G142D0, India

E1S6del,

F157del, R158G
Epsilan B.1.427 L452R California, USA
Epsilon B.1.429 L452R W152C California, USA
Eta B.1.525 E484K AG7V, 69del, U. K./Nigeria

70del, 144del
lota B.1.526 E484K T95l Mew York, USA
Kappa B.1517.1 L452R, E484Q G142D, E154K India
Kappa B.1617.3 L452R, E4840 G142D India
Lambda C.37 L4520, F4905 G775V, T76I Peru

4. Discussion

When RNA viruses are allowed to transmit from population to population, genetic
change invariably occurs due to RNA polymerase copying errors, which may lead to
single nucleotide nonsynonymous mutations and indel mutations. The wildtype Wuhan-
Hu-1 SARS-CoV-2 spike protein has 1,273 amino acids encoded by a 3,822-base S gene.
But as of August 23, 2021, the number of S protein amino acid mutations reported world-
wide already reached 2,860 [25]. Even randomly mixing a small fraction of these muta-
tions will result in an enormous number of combination profiles. Therefore, as a matter
of necessity the CDC can only select the most prevalent profiles, for example, the muta-
tion combinations listed in the definitions of variants of concern and interest (Table 1) for
analyses. However, in the United States, COVID-19 patients and their healthcare provid-
ers were not even allowed to know if the SARS-CoV-2 detected in their specimens were
a Delta variant [26] because no variant test had been authorized to be used for clinical
usage and the variant surveillance tests vary greatly from laboratory to laboratory.

A university laboratory director in California was quoted as claiming that an L452R
mutation is often a telling sign and that about 94% of the samples analyzed by his labor-
atory that show that mutation are proven to be Delta [27]. “Right now, we are assuming
any new case is Delta given the high probability”, reportedly declared by an infectious
disease specialist at the University of California in San Francisco [28]. It is generally be-
lieved that there is a “Lack of testing” for Delta variant and that “without adequate data,
policymakers are just swinging in the dark,” as stated by a clinical professor of popula-
tion and public health sciences at the University of Southern California [29]. Therefore,
there is an urgent need for a science-based routine testing method for accurate detection
of the key S protein amino acid mutations on all samples positive for SARS-CoV-2 so that
the Delta and other variants of concern or of interest can be properly and consistently
identified for further analyses.

The currently widely used whole genome/NGS technology is an emerging, not yet
stable technology for general use in disease diagnosis. There is a strong opinion within
the EuroGentest and the European Society of Human Genetics that for genes that are
responsible for a significant proportion of the defects, the sensitivity should not be com-
promised by the transition from Sanger to NGS [30]. In addition, there is a high percent-
age of uncertainties of base calls associated with computational errors and biases in NGS
[11]. While the NGS technique is widely applied, varying error rates have been observed
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[31]. The first genomic sequences of SARS-CoV-2 isolates from patient specimens in
China [32] and in the United States [22] were verified by Sanger sequencing to avoid
base-calling errors. Since specific variant classification is based on certain key amino acid
mutations in the S protein, which in turn depend on accurate determination of SNPs and
indel mutations of the S gene sequence, Sanger sequencing is the method of choice if the
information derived from variant testing is used to influence patient management and
policy makings.

Sanger sequencing needs a properly prepared template, which is usually a PCR am-
plicon of the target nucleic acid, for example, a segment of the S protein gene. In molec-
ular diagnostics, the size of PCR amplicon of the target DNA or cDNA is usually <450
bp. Attempts to amplify big-sized templates in complex samples often lead to PCR fail-
ures [33]. It is technically impossible to amplify the entire 3,822-base S gene as one single
amplicon to be used as Sanger sequencing template. PCR amplification of a 405 bp frag-
ment from the SARS-CoV genome for sequencing and comparing the sequence of the
amplicon with reference sequences in the GenBank database was the established method
for molecular detection of SARS-CoV during the 2003 outbreak [34, 35]. The CDC’s stand-
ard diagnostic protocol for SARS-CoV recommended using 3 specific primers to perform
heminested PCR and to sequence a 348-bp heminested PCR amplicon “to verify the au-
thenticity of the amplified product” [36]. With accurate diagnosis, prompt isolation of
patients and early treatment, the SARS 2003 outbreak ended in June with 8,098 reported
cases and 774 deaths worldwide [37] without a variant of concern reported. It is of inter-
est to note that the CDC developed a sequencing-based molecular test to facilitate ending
the SARS epidemic so quickly, by using just 15 positive SARS patient samples for method
development. The method presented in this article followed the CDC’s established SARS
2003 protocols [34-36] to sequence two ~400-base segments of the S gene of SARS-CoV-2
for accurate determination of SNP and indel mutations, which are used to determine
amino acid changes to further define variants. Specific points of discussion are presented
as follows.

4.1. Accurate categorization of VOCs and VOlIs on all samples positive for SARS-CoV-2

This article introduces a generic target specific mutation assay for accurate detection
of variants of concern (VOCs) and variants of interest (VOIs) by sequencing two nested
RT-PCR amplicons of the SARS-CoV-2 spike protein gene, one located in the ACE2 RBD
and one in the NTD region. Since the sample being tested includes phenol-extracted di-
gestate of virus-infected cells instead of cell-free fluid only [19, 21], more viral genome
copies are available for testing in this assay as compared to other commercial assays. In
addition, the nested RT-PCR technology routinely amplifies the target nucleic acid for a
total of 60 cycles to raise detection sensitivity. Therefore, this target specific mutation
assay can determine the amino acid mutations accurately in samples with low viral loads
when the whole genome/NGS surveillance technologies may fail.

Traditionally, the CDC recommends sequencing of an approximately 400-bp RT-
PCR amplicon to verify the authenticity of the amplified product [34-36] in molecular
testing for SARS-CoV. Phenol-chloroform has been shown to be a 106 times more sensi-
tive extraction method than the popular commercial QIAamp blood kit in detection of
HBV DNA in serum samples [38].

Any meaningful correlative analysis linking variants to clinical and epidemiological
data must be based on precise determination of S protein amino acid mutations, which
are the basis for variant categorization. Variant testing should be conducted routinely on
all samples positive for SARS-CoV-2. The current surveillance programs select less than
5% of the positive samples with high viral loads for variant testing by whole ge-
nome/NGS; it is generating highly biased and potentially misleading information based
on which public policy with impacts on society and economy is made. A high SARS-
CoV-2 viral load in a clinical specimen is not invariably associated with disease severity
[39].
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4.2. The current confusion of Delta variant testing

When RNA viruses are allowed to pass from host to host, only those mutations that
can be passed down to descendant viruses in subsequently infected individuals can be
observed, documented, and reported in the literature [40]. The WHO and the U.S. CDC
have selected the mutations of 8 amino acids, namely the K417, L452, 5477, T478, E484,
F490, 5494 and N501, in the spike protein ACE2 RBD as the key mutations to create a
limited number of VOCs and VOlIs for surveillance purpose (Table 1). The WHO and
CDC seem to advise that the absence of mutations in these 8 amino acids rules out VOCs
or VOlIs although such advice has not been clearly stated on record.

As SARS-CoV-2 continues to spread, more new amino acid mutations in the ACE2
RBD have been accumulated to the circulating strains and reported to GISAID (Figure
1). Some of these new profiles may contain a mixture of mutations each of which is con-
sidered unique for a specific variant, such as the E484K, T478K, K417T and N501Y (Figure
1 and Table 1). It is not clear if these new profiles are considered to be VOCs or as Delta
variants if there is a T478K mutation.

According to the official classification algorithms, the T478K mutation in the RBD is
unique to the Delta variant; by definition the spike protein of Delta variant contains eight
mutations, including four mutations in the NTD (T19R, G142D, 156-157del, and R158G),
two in the RBD (L452R and T478K), one mutation close to the furin-cleavage site (P681R)
and one in the S2 region (D950N) [3, 41]. The Delta variant has been reported to become
the most dominant SARS-CoV-2 worldwide in the summer of 2021. In the United States
during the week of 8/22/2021- 8/28/2021, 99.1% of the SARS-CoV-2 isolates were classi-
fied as Delta variants [42].

However, the WHO's definition for Delta variant is a profile of T19R, G142D, 157del
and 158del in the NTD plus L452R and T478K in the ACE2 RBD [12] and the Public
Health England uses P681R as the key mutation to define Delta variant [13]. It is not clear
which classification algorithm is being used to define Delta variants in different parts of
the world. In the United Stated, some specialists simply assumed “any new case is Delta”
[28]. Since the whole genome/NGS surveillance technology tends to generate uncertain-
ties of base calls associated with computational errors and biases [11], it is not known
how many of the new cases have been erroneously classified as Delta variants as a result
of computational errors and biases. Based on information available in the public domain,
the sequence data for variant surveillance have not been verified by Sanger sequencing
as stringently as those used to identify the initial Wuhan-Hu-1 SARS-CoV-2 strain [22,
32].

4.3. Accumulation of mutations in viruses is a function of passages

When RNA viruses are subjected to passages as in serial culture transfers, accumu-
lation of mutations will occur [43]. The same biological process takes place among hu-
mans in the current COVID-19 pandemic.

The 2003 SARS spreading ceased in June. There was no SARS-CoV variant of con-
cern in 2003 because the epidemic ended too soon for accumulation of a significant num-
ber of mutations in the circulating viruses.

During the 2020 COVID-19 outbreak, it took 11 months for the first variant of con-
cern, an Alpha variant of SARS-CoV-2, to develop and to be isolated from a 58-year-old
human male on November 24, 2020 in England, United Kingdom [44]. Accumulation of
amino acid mutations and emerging of SARS-CoV-2 variants of concern were probably
the result of uncontrolled transmission of the RNA virus among populations [45].

For example, E484K is the unique mutation in combination with K417N and N501Y
in the ACE2 RBD that is used to define the Beta variant, the so-called South Africa vari-
ant, first reported in December 2020 [46]. However, a search of the SARS-CoV-2 ge-
nomic sequence database in the GenBank revealed that solitary E484K mutations in the
ACE2 RBD without concomitant K417N or N501Y were already reported to the GenBank
from a specimen collected on March 15, 2020 in Utah, USA (Sequence ID: MW190617),
from a specimen collected on May 22, 2020 in Illinois (Sequence ID: MT772530), from a
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specimen collected on August 17, 2020 in Utah (Sequence ID: MW420419), from a speci-
men collected on October 28, 2020 in Minnesota (Sequence ID: MW349062), and from two
specimens collected in November, 2020 in Virginia (Sequence ID: MW338781 and Se-
quence ID: MW411871). The same solitary E484K might have been in the SARS-CoV-2
strains circulating unknowingly in South Africa before December, 2020. Some of the
“Beta variant” isolates might have been locally developed in the United States.

A search of the SARS-CoV-2 genomic sequence database in the GenBank also re-
vealed that solitary T478K mutations without concomitant mutations in the ACE2 RBD
or the NTD had been reported to the GenBank on numerous occasions from different
states before the summer of 2021, for example, in a specimen collected on January 13,
2021 in Utah (Sequence ID: MZ490259), in a specimen collected on March 22, 2021 in
Arizona (Sequence ID: MZ914771), in a specimen collected on April 24, 2021 in Alaska
Interior (Sequence ID: MZ643206), and in a specimen collected on May 6, 2021 in Alaska
Anchorage (Sequence ID: MZ927507). In addition to the solitary T478K mutation in the
ACE2 RBD with a wild-type NTD sequence and a wild-type D950, the sequences men-
tioned above also contain a P681H mutation instead of a P681R that is used to define
Delta variant. It is not clear if these isolates are being classified as Delta variant. They are
certainly not the descendent of the Delta variant originating in India. According to the
currently accepted classification algorithms, P681H only occurs in Alpha variant (Table
1).

The GenBank database contains numerous SARS-CoV-2 spike protein amino acid
mutation profiles, which may be mistaken as Delta variant if stringent variant classifica-
tion algorithm is not followed. A few potential sequence profiles that can be mistaken for
a Delta variant are listed as follows:

e [452R and T478K without concomitant mutations in the NTD -Sequence ID: MZ637393.

e E156del, F157del, R158G without concomitant mutations in the ACE2 RBD-Sequence ID: MZ340544.

e (142D, E156del, F157del, R158G without concomitant mutations in the ACE2 RBD-Sequence ID: MZ341068.
e T95I, G142D, E156del, F157del, R158G, E484K-Sequence ID: MZ531409.

e T95]I, L452R-Sequence ID: MZ086521
4.4. The Delta variant scare is not supported by facts.

Currently, there is a coronavirus Delta variant scare being generated in the United
States to the point that the created public anxiety may have a negative impact on the U.S.
economic recovery from the pandemic [47] although even the CDC does not know ex-
actly how many U.S. coronavirus deaths are attributable to the Delta variant infections
[48]. Nevertheless, according to the data published up to 5 July 2021 by Public Health
England the system recorded a total number of 170,063 cases of Delta variant infection
and 259 deaths among this group of patients [49] with a mortality rate of 0.15%. In the
same document, there were 225,864 cases with Alpha variant infection and 4,264 deaths
in the same group with a mortality rate of 1.89%. So, the Alpha variant is at least 10 times
more deadly than the Delta variant.

For comparison, the Chinese data show that up to March 3, 2020 before any variants
of concern emerged, there were 80,270 confirmed COVID-19 cases with 2,981 deaths in
China, most of which were from the epicenter of the outbreak [50]. The mortality rate of
the wild-type Wuhan-Hu-1 SARS-CoV-2 infections is 2981/80270=3.71%, which is about
twice as high as the mortality rate of Alpha variant infections.

Therefore, the Delta variant is not more dangerous or more deadly than the wild-
type Wuhan-Hu-1 strain or the Alpha variant. The high number of Delta variants being
reported in the literature may have resulted from over-extrapolation bias based on se-
quencing of a very limited number of specially selected samples with surveillance testing
methods of uncertain accuracy in unregulated laboratories. Generally, surveillance
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testing using sequencing technology to identify SARS-CoV-2 genetic variants can be per-
formed in a facility that is NOT CLIA certified, provided that patient-specific results are
not reported to (1) the individual who was tested or (2) their health care provider [51].
There are no quality control measures to identify potential flaws in coronavirus variant
testing in the United States because the surveillance testing results are not for patient
management even though they are being used as the basis for formulation of public
health policies.

The high number of Delta variants being reported to the government for surveil-
lance purpose may simply indicate that many SARS-CoV-2 strains with certain amino
acid mutations described in the CDC’s definition for Delta variant (Table 1) have ac-
quired a genetic profile that enables them to have a higher replication rate in the host
than the others, but their pathogenicity may have been reduced to the level of that of the
common human coronaviruses as those of types 229E, NL63, OC43, and HKU1[52]. This
heterogeneous group of SARS-CoV-2 strains may have been detected more often because
there are more virus copies in the samples being tested resulting from their higher repli-
cation rates. A higher rate of being detected does not necessarily indicate that the virus
variant is more transmissible unless actual movement of the variant among close contacts
has been studied by epidemiological tracing research supported by accurate variant test-
ing. Transmissibility of a virus is primarily determined by the infectivity of the pathogen
[53], not the viral load of the donor.

4.5. Routine sequencing on all positive samples for variant determination

According to the CDC update for the week ending August 28, 2021, the combined
proportion of cases attributed to Delta variant is estimated to be greater than 99% in the
United States. It is expected that Delta will continue to be the predominant circulating
variant [54]. However, the 99% attribution to Delta is an estimate. Laboratories may use
different profiles of amino acid mutations to define Delta variant. Some reports were
based on assumptions only [28].

Notably, some researchers in the field use a profile of T19R, G142D, E156G, F157del,
R158del, L452R, T478K, D614G, P681R and D950N in the spike protein to define Delta
variant by following the GISAID database [55]. According to the latter system of classifi-
cation, Delta variant lacks T95], and has E156G and R158del [55], the two mutations that
are not in line with the CDC’s definition for Delta variant (Table 1). A GenBank Sequence
ID# OU534154 also lists an NTD/ACE2 RBD sequence containing G142D, E156G,
F157del, R158del, L452R and T478K with neither T19R nor T95I in the NTD. Based on the
various issues discussed above, the actual number of Delta variants categorized accord-
ing to the stringent CDC’s definition is unknown. All statistics based on correlations be-
tween Delta variant and its biological characteristics are highly questionable because the
SARS-CoV-2 isolates currently classified as Delta variants may actually consist of numer-
ous genetic variants.

In order to fully realize the potential of genomic epidemiology, there is a need for
routine sequencing of viral nucleic acid established in parallel with COVID-19 testing
[56], on all positive samples, including those with low viral loads. Even with high viral
load samples, it took several months for the CDC to accurately verify the entire ~30,000-
base sequence of a SARS-Cov-2 whole genome, using both the NGS and the nested
PCR/Sanger sequencing technology [22]. Such an approach, even used to sequence the
entire 3,822-base spike protein gene, is not practical in routine diagnostic works because
the common RT-PCR amplicon size in SARS-CoV diagnostic testing is ~348 bp in size
[36]. If a NGS technology is used for the diagnostic work, under certain circumstances it
may need to sequence as many as 10 PCR amplicons to verify or to correct the base-
calling uncertainties generated by the computational errors and biases of the NGS tech-
nology [9, 11] in a gene target of 3,822 bases long among numerous non-target nucleic
acids in a nasopharyngeal swab sample.

This article proposes routine sequencing of a 437-bp nested PCR cDNA amplicon of
the S gene ACE2 RBD (Figure 5) on all samples that are positive for a SARS-CoV-2 RNA
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gene. If there is no amino acid mutation in the RBD, the SARS-CoV-2 detected is not a
VOC or a VOL If the RBD sequencing shows any amino acid mutations, an additional
490-bp nested PCR cDNA amplicon of the S gene NTD is sequenced (Figure 6). Since a
properly executed computer-generated sequencing electropherogram does not have am-
biguous base calls, the codons of the amino acids in the ACE2 RBD and in the NTD can
be easily determined without the need of bioinformatic services.

Assuming the CDC’s definitions based on amino acid mutations for variant deter-
mination to be valid and stringent, even the recently reported Mu variant (PANGO line-
age B.1.621), which is characterized by a combination of R346K, E484K, N501Y, D614G
and P681H [57], can be distinguished from other VOCs and VOIs by the protocol pro-
posed because there are no concomitant mutations in the NTD sequence in the presence
of only E484K and N501Y in the ACE2 RBD sequence for the Mu variant.

By the same token, a newly reported South Africa variant with PANGO lineage
C.1.2, which contains multiple substitutions (R190S, D215G, N484K, N501Y, H655Y and
T859N) and deletions (Y144del, L242-A243del) within the spike protein [58], can be dis-
tinguished from other VOCs and VOIs by demonstration of only N484K and N501Y in
the ACE2 RBD and a Y144del in the NTD without other concomitant mutations in the
two amplicons targeted for Sanger sequencing.

5. Conclusions

The protocol presented in this article is able to sequence a 437-bp nested RT-PCR
cDNA amplicon of the ACE2 RBD and a 490-bp nested RT-PCR cDNA amplicon of the
N-terminal domain (NTD) of the S gene for detection of the amino acid mutations needed
for accurate determination of all variants of concern and variants of interest defined by
the CDC and the WHO in samples positive for SARS-CoV-2 regardless of their viral
loads. In order to fully realize the potential of genomic epidemiology, there is a need for
routine diagnostic sequencing of viral nucleic acid established in parallel with COVID-
19 testing on all positive samples, including those with low viral loads. Currently, there
are no authorized SARS-CoV-2 variant diagnostics. In the United States, a Sanger se-
quencing-based variant determination assay certified under the CLIA program can be
used as a routine diagnostic test for patient management and follow-ups.

Author Contributions: S.H.L.: Conceptualization, study design, methodology, data analysis, man-
uscript preparation and final review

Funding: None.

Acknowledgments: The author thanks Wilda Garayua for her technical assistance.

Conflicts of Interest: Sin Hang Lee is Director of Milford Molecular Diagnostics Laboratory spe-
cialized in developing DNA sequencing-based diagnostic tests implementable in community hos-
pital laboratories.

References

1.

Coronavirus Updates. Worldometer. https://www.worldometers.info/coronavirus/ (accessed on 7 September,
2021).

John, G.; Sahajpal, NS.; Mondal, A.K.; Ananth, S.; Williams, C.; Chaubey, A.; Rojiani, A.M.; Kolhe, R. Next-
Generation Sequencing (NGS) in COVID-19: A Tool for SARS-CoV-2 Diagnosis, Monitoring New Strains and
Phylodynamic Modeling in Molecular Epidemiology. Curr. Issues Mol. Biol. 2021, 43, 845-867. doi:
10.3390/cimb43020061. PMID: 34449545,

CDC. SARS-CoV-2 Variant Classifications and Definitions. https://www.cdc.gov/coronavirus/2019-ncov/vari-
ants/variant-info.html (accessed on 15 August, 2021).

WHO. Tracking SARS-CoV-2 variants. https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
(accessed on 25 August, 2021).


https://doi.org/10.20944/preprints202109.0415.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 November 2021 d0i:10.20944/preprints202109.0415.v2

5. Yen Nee Lee. CNBC. 3 charts show how far Covid delta variant has spread around the world. PUBLISHED
THU, AUG 5 2021 https://www.cnbc.com/2021/08/06/covid-charts-show-how-far-delta-variant-has-spread-
around-the-world.html (accessed on 7 September, 2021).

6. WHO. Episode #45 - Delta variant. 5 July 2021. Science conversation. https://www.who.int/emergencies/dis-
eases/novel-coronavirus-2019/media-resources/science-in-5/episode-45---delta-variant (accessed on 7 Sep-
tember, 2021).

7. World Health Organization. Regional Office for Europe. (2021). Methods for the detection and identification
of SARS-CoV-2 variants, March 2021. World Health Organization. Regional Office for Europe.
https://apps.who.int/iris/handle/10665/340067 .

8. Australian Government Department of Health. Coronavirus Disease 2019 (COVID-19) CDNA National
Guidelines for Public Health Units. 24 June 2021.

https://wwwl.health.gov.au/internet/main/publishing.nsf/Con-

tent/7 A8654A8CB144F5FCA2584F8001F91E2/$File/COVID-19-SoNG-v4.7.pdf (accessed on 20 August, 2021).
9. Buchan, B.W.; Wolk, D.M.; Yao, ].D. Rapid Communication. SARS-CoV-2 Variant Testing. Ver.1, released

4.28.2021. The Association for Molecular Pathology (AMP), Infectious Diseases Society of America (IDSA),

and Pan American Society for Clinical Virology (PASCV). https://www.amp.org/AMP/assets/File/clinical-
practice/COVID/AMP RC VariantTestingforSARSCOV2 4 28 21.pdf?pass=91 (accessed on 7 September,
2021)

10. Tartof, S.Y.; Slezak, ].M.; Fischer, H.; et al. Effectiveness of mRNA BNT162b2 COVID-19 vaccine up to 6 months
in a large integrated health system in the USA: a retrospective cohort study. Lancet; 2021,398:1407-1416. Sup-
plement.

11. Abnizova, L; te Boekhorst, R.; Orlov, Y. Computational Errors and Biases in Short Read Next Generation Se-
quencing. J. Proteomics Bioinform. 2017, 10, 1-17. doi: 10.4172/jpb.1000420 https://www longdom.org/open-
access/computational-errors-and-biases-in-short-read-next-generationsequencing-jpb-1000420.pdf (ac-
cessed on 7 September, 2021)

12. WHO. Coronavirus Disease (COVID-19): Weekly Epidemiological Update (11 May 2021) https://re-
liefweb.int/report/world/coronavirus-disease-covid-19-weekly-epidemiological-update-11-may-2021  (ac-

cessed on 25 August, 2021)

13. Public Health England. SARS-CoV-2 variants of concern and variants under investigation in England. Tech-
nical briefing 15. 11 June 2021. https://assets.publishing.service.gov.uk/government/uploads/system/up-
loads/attachment_data/file/993879/Variants_of_Concern_VOC_Technical_Briefing_15.pdf (accessed on 25
August, 2021)

14. FDA. Clinical Laboratory Improvement Amendments (CLIA) https://www.fda.gov/medical-devices/ivd-

regulatory-assistance/clinical-laboratory-improvement-amendments-clia

15. Liu, Y.; Arase, N.; Kishikawa, ].; Hirose, M.; Li, S.; et al. The SARS-CoV-2 Delta variant is poised to acquire

complete resistance to wild-type spike vaccines. bioRxiv 2021.08.22.457114; doi:
https://doi.org/10.1101/2021.08.22.457114 (accessed on 7 September, 2021)

16. Li, D.; Edwards, R.J.; Manne, K.; Martinez, D.R.; Schafer, A.; Alam, S.M.; et al. In vitro and in vivo functions
of SARS-CoV-2 infection enhancing and neutralizing antibodies. Cell 2021, 184, 42034219 e4232.

17. Liu, C.; Ginn, H.M.; Dejnirattisai, W.; Supasa, P.; Wang, B.; Tuekprakhon, A.; et al. Reduced neutralization of
SARS-CoV-2 B.1.617 by vaccine and convalescent serum. Cell 2021, 184, 42204236 e4213.


https://apps.who.int/iris/handle/10665/340067
https://www1.health.gov.au/internet/main/publishing.nsf/Content/7A8654A8CB144F5FCA2584F8001F91E2/$File/COVID-19-SoNG-v4.7.pdf
https://www1.health.gov.au/internet/main/publishing.nsf/Content/7A8654A8CB144F5FCA2584F8001F91E2/$File/COVID-19-SoNG-v4.7.pdf
https://www.amp.org/AMP/assets/File/clinical-practice/COVID/AMP_RC_VariantTestingforSARSCOV2_4_28_21.pdf?pass=91
https://www.amp.org/AMP/assets/File/clinical-practice/COVID/AMP_RC_VariantTestingforSARSCOV2_4_28_21.pdf?pass=91
https://reliefweb.int/report/world/coronavirus-disease-covid-19-weekly-epidemiological-update-11-may-2021
https://reliefweb.int/report/world/coronavirus-disease-covid-19-weekly-epidemiological-update-11-may-2021
https://www.fda.gov/medical-devices/ivd-regulatory-assistance/clinical-laboratory-improvement-amendments-clia
https://www.fda.gov/medical-devices/ivd-regulatory-assistance/clinical-laboratory-improvement-amendments-clia
https://doi.org/10.20944/preprints202109.0415.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 November 2021 d0i:10.20944/preprints202109.0415.v2

18. FDA to CDC. Letter dated December 1, 2020. https://www.fda.gov/media/134919/download (accessed on
7 September, 2021)

19. Lee, S.H. gPCR is not PCR Just as a Straightjacket is not a Jacket-the Truth Revealed by SARS-CoV-2 False-
Positive Test Results. COVID-19 Pandemic: Case Studies & Opinions. 2021, 2, 230-278.

20. FDA. In Vitro Diagnostics EUAs. Molecular Diagnostic Template for Laboratories.https://www.fda.gov/med-

ical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizationsmedical-devices/vitro-diagnos-

tics-euas (accessed on 5 August, 2021)

21. Lee, S.H. Testing for SARS-CoV-2 in cellular components by routine nested RT-PCR followed by DNA se-
quencing. Int. |. Geriatr. Rehabil. 2020, 2, 69-96.

22. Harcourt, J.; Tamin, A.; Lu, X,; Kamili, S.; Sakthivel, S.K.; Murray, J.; et al. Severe Acute Respiratory Syn-
drome Coronavirus 2 from Patient with Coronavirus Disease, United States. Emerg. Infect. Dis. 2020, 26, 1266—
1273.

23. Clarridge, J.E. 3rd. Impact of 165 rRNA gene sequence analysis for identification of bacteria on clinical micro-
biology and infectious diseases. Clin. Microbiol. Rev. 2004, 17, 840-862.

24. Zeng, Y.H.; Koblizek, M.; Li, Y.X,; Liu, Y.P.; Feng, F.Y.; Ji, ].D.; et al. Long PCR-RFLP of 165-ITS-23S rRNA
genes: a high-resolution molecular tool for bacterial genotyping. J. Appl. Microbiol. 2013, 114, 433—447.

25. China National Center for Bioinformation. 2019 Novel Coronavirus Resource (2019nCoVR).

https://ngdc.cncb.ac.cn/ncov//  (accessed on 23 August, 2021).

26. Herb Scribner. You're not allowed to know if you have the delta variant. Deseret News. Aug 24, 2021.

https://www.deseret.com/coronavirus/2021/8/24/22637867/delta-variant-covid-test-results-how-to-know

27. Angelo Fichera. Factcheck. Sequencing Used to Identify Delta, Other Coronavirus Variants. August 4, 2021.
https://www.factcheck.org/2021/08/scicheck-sequencing-used-to-identify-delta-other-coronavirus-variants/
(accessed on 7 September, 2021).

28. Alix Martichoux, Nexstar Media Wire. How do you know if you have the delta variant of COVID-19? Aug §,
2021. https://www.news10.com/news/how-do-you-know-if-you-have-the-delta-variant-of-covid-19/ (ac-
cessed on 7 September, 2021).

29. Denise Chow. NBC News. Where’s the data on delta? Lack of testing, info makes it hard to see virus’s full
scope. Aug. 19, 2021 https://www.nbcnews.com/science/science-news/delta-variant-response-hindered-
covid-test-limitations-lack-data-rcnal692 (accessed on 7 September, 2021).

30. Matthijs, G.; Souche, E.; Alders, M.; Corveleyn, A.; Eck, S.; Feenstra, I.; Race, V.; Sistermans, E.; Sturm, M.;
Weiss, M.; et al. Guidelines for diagnostic next-generation sequencing. Eur. . Hum. Genet. 2016, 24, 2-5.

31. Pfeiffer, F.; Grober, C.; Blank, M.; Handler, K.; Beyer, M.; Schultze, J.L.; Mayer, G. Systematic evaluation of
error rates and causes in short samples in next-generation sequencing. Sci Rep. 2018, 8, 10950. doi:
10.1038/s41598-018-29325-6. PMID: 30026539; PMCID: PMC6053417.

32. Ren, L.L.; Wang, Y.M.; Wu, Z.Q.; Xiang, Z.C.; Guo, L.; Xu, T.; et al. Identification of a novel coronavirus caus-
ing severe pneumonia in human: a descriptive study. Chin. Med. ]. (Engl). 2020, 133, 1015-1024.

33. McCarty, S.C.; Atlas, R. M. Effect of amplicon size on PCR detection of bacteria exposed to chlorine. PCR
Methods Appl. 1993, 3, 181-185.

34. Drosten, C.; Preiser, W.; Giinther, S.; Schmitz, H.; Doerr, H.-W. Severe acute respiratory syndrome: identifica-

tion of the etiological agent. Trends Mol. Med. 2003, 9, 325-327.


https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizationsmedical-devices/vitro-diagnostics-euas
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizationsmedical-devices/vitro-diagnostics-euas
https://www.fda.gov/medical-devices/coronavirus-disease-2019-covid-19-emergency-use-authorizationsmedical-devices/vitro-diagnostics-euas
https://ngdc.cncb.ac.cn/ncov/
https://www.deseret.com/coronavirus/2021/8/24/22637867/delta-variant-covid-test-results-how-to-know
https://doi.org/10.20944/preprints202109.0415.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 November 2021 d0i:10.20944/preprints202109.0415.v2

35. Ksiazek TG, Erdman D, Goldsmith CS, Zaki SR, Peret T, Emery S, Tong S, Urbani C, Comer JA, Lim W,
Rollin PE, Dowell SF, Ling AE, Humphrey CD, Shieh W], Guarner ], Paddock CD, Rota P, Fields B, DeRisi ],
Yang JY, Cox N, Hughes JM, LeDuc JW, Bellini W], Anderson LJ; SARS Working Group. A novel coronavirus
associated with severe acute respiratory syndrome. N Engl ] Med. 2003 May 15;348(20):1953-66. doi:
10.1056/NEJMo0a030781. Epub 2003 Apr 10. PMID: 12690092.

36. CDC. SARS-CoV Specific RT-PCR Primers. https://www.who.int/csr/sars/CDCprimers.pdf?ua=1  (accessed
on 7 September, 2021)

37. CDC. Severe Acute Respiratory Syndrome (SARS). https://www.cdc.gov/sars/about/fag.html  (accessed on
7 September, 2021)

38. Kramvis, A.; Bukofzer, S.; Kew, M.C. Comparison of hepatitis B virus DNA extractions from serum by the
QIAamp blood kit, GeneReleaser, and the phenol-chloroform method. J. Clin. Microbiol. 1996, 34, 2731-2733.

39. Abdulrahman, A.; Mallah, S.I.; Algahtani, M. COVID-19 viral load not associated with disease severity: find-
ings from a retrospective cohort study. BMC Infect. Dis. 2021, 21, 688. doi: 10.1186/512879-021-06376-1. PMID:
34271860; PMCID: PM(C8284033.

40. Sanjuan, R.; Domingo-Calap, P. Mechanisms of viral mutation. Cell Mol. Life Sci. 2016, 73, 4433-4448.

41. Planas, D.; Veyer, D.; Baidaliuk, A.; Staropoli, I.; Guivel-Benhassine, F.; Rajah, M.M.; et al. Reduced sensitiv-
ity of SARS-CoV-2 variant Delta to antibody neutralization. Nature 2021, 596, 276-280

42. CDC. COVID data tracker. 8/22/2021- 8/28/2021. https://covid.cdc.gov/covid-data-tracker/#variant-propor-
tions (accessed on 7 September, 2021)

43. Peck, K.M.; Lauring, A.S. Complexities of Viral Mutation Rates. J. Virol. 2018, 92, e01031-e17. doi:
10.1128/JV1.01031-17. PMID: 29720522; PMCID: PMC6026756.

44. BEI Resources. NR-54000 SARS-Related Coronavirus 2, Isolate hCoV19/England/204820464/ 2020 (Viruses)
https://www.beiresources.org/Catalog/animalviruses/NR-54000.aspx (accessed on 7 September, 2021)

45. Rotondo, J.C.; Martini, F.; Maritati, M.; Mazziotta, C.; Di Mauro, G.; Lanzillotti, C.; Barp, N.; Gallerani, A.;
Tognon, M.; Contini, C. SARS-CoV-2 Infection: New Molecular, Phylogenetic, and Pathogenetic Insights.
Efficacy of Current Vaccines and the Potential Risk of Variants. Viruses 2021, 13, 1687.
https://doi.org/10.3390/v13091687

46. Reuters. SA reaches grim milestone of 1 million Covid-19 cases. Dec 27, 2020.
https://www.iol.co.za/news/south-africa/kwazulu-natal/sa-reaches-grim-milestone-of-1-million-covid-19-
cases-a01906de-5442-451c-932£-84d6£c381b84 (accessed on 7 September, 2021)

47. Oliver O'Connell. Independent News. Will the Delta variant scare American diners and shoppers into stay-
ing home? Monday 26 July 2021. https://www.independent.co.uk/news/world/americas/covid-delat-variant-
us-economy-b1890897. html (accessed on 7 September, 2021)

48. Fact Check-The Delta variant death toll is not zero in the United States, as posts claim. https://www.reu-
ters.com/article/factcheck-delta-zero/fact-check-the-delta-variant-death-toll-is-not-zero-in-the-united-states-
as-posts-claim-idUSLIN200O2I3  (accessed on 7 September, 2021)

49. Public Health England. SARS-CoV-2 variants of concern and variants under investigation in England. Tech-
nical briefing 18. 9 July 2021. https://assets.publishing.service.gov.uk/government/uploads/system/up-
loads/attachment_data/file/1001358/Variants_of_Concern_VOC_Technical_Briefing 18.pdf (accessed on 7
September, 2021)


https://www.cdc.gov/sars/about/faq.html
https://doi.org/10.20944/preprints202109.0415.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 November 2021 d0i:10.20944/preprints202109.0415.v2

50. Zhang, Z.; Yao, W.; Wang, Y.; Long, C.; Fu, X. Wuhan and Hubei COVID-19 mortality analysis reveals the
critical role of timely supply of medical resources. J. Infect. 2020, 81, 147-178. doi: 10.1016/j.jinf.2020.03.018.
Epub 2020 Mar 21. PMID: 32209384; PMCID: PMC7163181.

51. Centers for Medicare and Medicaid Services. US Government. CLIA SARS-CoV-2 Variant Testing Frequently
Asked Question. Date: 3/19/2021. Does a facility that performs surveillance testing to identify SARS- CoV-2
genetic variants need a CLIA certificate? https://www.cms.gov/files/document/clia-sars-cov-2-
variant.pdf? ACSTrackingID=USCDC 2146-DM52811&ACSTrackingl.a-
bel=Laboratory%20Update%3A %20CMS%20Posts%20FAQ%20for%20Reporting %20Sequencing %20Results
%20for%20SARS-CoV-2%20Variants&deliveryName=USCDC 2146-DM52811

(accessed on 7 September, 2021)

52. CDC. Common Human Coronaviruses. https://www.cdc.gov/coronavirus/general-information.html (ac-
cessed on 7 September, 2021)

53. Leung, N.H.L. Transmissibility and transmission of respiratory viruses. Nat. Rev. Microbiol. 2021, 19, 528-545.

54. CDC. Covid Data Tracker Weekly Review. Interpretive Summary for September 3, 2021.
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/covidview/index.html (accessed on 7 September,
2021)

55. Liu, Y.; Liu, J.; Johnson, B.A.; Xia, H.; Ku, Z.; Schindewolf, C.; et al. Delta spike P681R mutation enhances
SARS-CoV-2 fitness over Alpha variant. bioRxiv 2021.08.12.456173; doi:
https://doi.org/10.1101/2021.08.12.456173 (accessed on 7 September, 2021)

56. Urhan, A.; Abeel, T. Emergence of novel SARS-CoV-2 variants in the Netherlands. Sci Rep. 2021, 11, 6625.
doi: 10.1038/s41598-021-85363-7. PMID: 33758205; PMCID: PMC7988010.

57. eCDC. SARS-CoV-2 variants of concern as of 6 September 2021. https://www.ecdc.europa.eu/en/covid-

19/variants-concern (accessed on 7 September, 2021)

58. Scheepers, C.; Everatt, ].; Amoako, D.G.; Mnguni, A.; Ismail, A.; Mahlangu, B.; et al. The continuous evolu-
tion of SARS-CoV-2 in South Africa: a new lineage with rapid accumulation of mutations of concern and
global detection. https://www.medrxiv.org/content/10.1101/2021.08.20.21262342v2  (accessed on 7 Septem-
ber, 2021)



https://www.cms.gov/files/document/clia-sars-cov-2-variant.pdf?ACSTrackingID=USCDC_2146-DM52811&ACSTrackingLa-bel=Laboratory%20Update%3A%20CMS%20Posts%20FAQ%20for%20Reporting%20Sequencing%20Results%20for%20SARS-CoV-2%20Variants&deliveryName=USCDC_2146-DM52811
https://www.cms.gov/files/document/clia-sars-cov-2-variant.pdf?ACSTrackingID=USCDC_2146-DM52811&ACSTrackingLa-bel=Laboratory%20Update%3A%20CMS%20Posts%20FAQ%20for%20Reporting%20Sequencing%20Results%20for%20SARS-CoV-2%20Variants&deliveryName=USCDC_2146-DM52811
https://www.cms.gov/files/document/clia-sars-cov-2-variant.pdf?ACSTrackingID=USCDC_2146-DM52811&ACSTrackingLa-bel=Laboratory%20Update%3A%20CMS%20Posts%20FAQ%20for%20Reporting%20Sequencing%20Results%20for%20SARS-CoV-2%20Variants&deliveryName=USCDC_2146-DM52811
https://www.cms.gov/files/document/clia-sars-cov-2-variant.pdf?ACSTrackingID=USCDC_2146-DM52811&ACSTrackingLa-bel=Laboratory%20Update%3A%20CMS%20Posts%20FAQ%20for%20Reporting%20Sequencing%20Results%20for%20SARS-CoV-2%20Variants&deliveryName=USCDC_2146-DM52811
https://www.ecdc.europa.eu/en/covid-19/variants-concern
https://www.ecdc.europa.eu/en/covid-19/variants-concern
https://www.medrxiv.org/content/10.1101/2021.08.20.21262342v2
https://doi.org/10.20944/preprints202109.0415.v2

