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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 countermeasures, 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 relation-
ship 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 uncertain-
ties 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
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 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 cONA 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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1. Introduction

The COVID-19 crisis has continued its pace. According to Real Time World Statistics, 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 surveillance. Great efforts have been made to categorize
these S protein amino acid mutations 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 pos-
sible increased transmissibility, increased virulence, or reduced effectiveness of vaccines against them [2, 3].

The U.S. Centers for Disease Control and Prevention (CDC) has selected four variants of concern, namely the
Alpha, Beta, Delta and Gamma variants, to be closely monitored for their potential impact on critical SARS-CoV-2
countermeasures, including vaccines, 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 [2].

As reported in mass media, the SARS-CoV-2 Delta variant has spread around the world [4] and is becoming the
variant of most concern [5]. 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 vari-
ant depends on demonstration of a specific profile of amino acid mutations listed as T19R, (V70F¥), T95I, G142D,
E156 del, 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 [2]. The amino acid mutations with a *
in parenthesis (*) indicate that the mutation of this particular amino acid may or may not occur, and will not affect a
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Delta variant designation. The amino acid mutations not in a (*) are invariable mutations, which must be present in a
Delta variant. But it is not known if all laboratories performing variant testing are generating unambiguous sequenc-
ing data to verify all these 15 potential amino acid mutations before making a diagnosis of Delta variant of SARS-
CoV-2. 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 laboratory that show that mutation are proven to be Delta
[6]. “Right now, we are assuming any new case is Delta given the high probability”, reportedly declared by an infec-
tious disease specialist at the University of California in San Francisco [7]. It is generally believed 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 population and public health sciences at the University of Southern California [8]. There-
fore, 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.

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 worldwide already reached
2,860 [9]. Even randomly mixing a small fraction of these mutations will result in an enormous number of combina-
tion profiles. Therefore, as a matter of necessity the CDC can only select the most prevalent profiles, for example, the
mutation combinations listed in the definitions of variants of concern and interest, for analyses. However, in order to
find a common denominator for meaningful statistical analyses, laboratories still need to follow a single, stringent,
but easily achievable set of criteria to define each variant to be included for the analyses and there should not be any
bias in selecting positive samples for variant determination in order to generate truly comparable data.

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 [10, 11]. And the NGS technology
is also known to be associated with computational errors and biases in base-calling [12]. Target specific mutation as-
says are needed to identify variants of concern [11] and for their differentiation from other variants.

Based on information available in the public domain, even the profiles used to identify Delta variant vary from
laboratory to laboratory. According to the World Health Organization (WHO), 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 [13]. 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 combi-
nation 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 lineage and all results with P681R are treated as prob-
able Delta given the current dominance of this lineage [14]. Therefore, there is a need to develop a uniform practical
protocol for precise variant classification on all SARS-CoV-2 isolates.

This article introduces a simplified routine target amplicon sequencing assay on all nasopharyngeal swab sam-
ples, which are positive for SARS-CoV-2, to accurately determine the key S protein amino acid mutations that are
used to characterize variants of concern and of interest according to the CDC’s definitions.

2. Materials and Methods

SARS-CoV-2 S protein amino acids mutate constantly and unpredictably when the virus is allowed to continue
transmitting from host to host. 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 bind-
ing 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.

Figure 1. This is a figure showing GISAID hCoV-19 S protein mutation surveillance dashboard data on
August 24 and 25, 2021
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8-24-2021 Dashboard

N501T E4840Q K417N N501Y E484K N439K T478K 5494P F4905 S477TN
in GH clade (B.1.%)

EA84K TATEK KA17T S494P FA90S S477N N501Y

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

N501T E4840Q K417N EA84K K417E T478K 5494P G446V S4771 Q498R
in G, GK & GV clades (B.1, B.1.617.2, AY,* & B.1.177)

E484K T478K K417T N501Y

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

8-25-2021 Dashboard

E484K N439K K417N T478K 5494P S477N N501Y

in GH clade (B.1.%)

KA417N K417T LA55F N501Y E484K G447V FA490I K417A S494P F4905

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

VA445F E4A84Q K417N A475S Q493E R403T S494L A475V FA56L G485V F490S G446V S47TN
S4771 FA90L N501T P499L K417T GA46A N501Y V4451 LA55F E4A84K E484V K458N Q493L
TA7BK S4904P P499S

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

TA78K 54771

in ponG clade (A, B 8 B.2)

While the GISAID hCoV-19 S protein mutation surveillance focuses on the ACE2 RBD mutations, some re-
searchers have pointed out that the Delta variant has several unique mutations in the ACE2 RBD and the N-terminal
domain (NTD) of the spike protein. 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 vac-
cinated 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 on all positive samples to under-
stand the pathogenicity of the SARS-CoV-2 variants. The CDC’s classifications and definitions of SARS-CoV-2 vari-
ants of interest and concern, including mutations in the NTD, are summarized in Figure 2.

Figure2  This is a figure showing CDC’s definitions of SARS-CoV-2 variants of interest and concern

Alpha FOGE1T0GSIITH4GE], (E484K*), (S494P%), N501Y, AST0D, D614G, P681H, T716L §982A, D1118H,
(K1191N*)(B117 UK)

Beta DBOA D215G, 241del, 242del, 243del, K417N, E484K, N301Y, D614G, AT01V (B.1351 South Africa)

Gamma DISFITION, P26s, DISEY, R190S, K417T, E484K, N301Y, D614G, H655Y, T10271 (P.1 Japan Brazil)

Delta [FIOR. (V70F*), TOSHIGIEIDIEIS6 FISTURISEE. (A222V*), (W258L*), L432R, T478K, D614G,
P621R, D930N (B.1.6172 India)

Delta plus F19R, (v70F =), IOSHIGIAIDIEISENEISTRRISEG] (A202V=), (W238L*), K417N, L45IR, T47SK,
D614G, P681R, D950N (B.1.617.2.1 India)

Epsilon L45IR. D614G (B.1.427 California)
Epsilon SI51 WAS2E, L452R, D614G (B.1.429 California)

Eta METV, 60del, 70del 149d6], E424K, D614G, Q677H, F888L (B.1.525 U. K./Nigeria)

Tota ISE. (DS0G*), THEL, (Y144-%), (F1578%), D253G, (L452R*), (S47TN#), E484K, D614G, AT01V, (T8ION#),
(D950H=), (Q95TR*) (B.1.526 New York)

Kappa (T2930), GI4IDIEISEE. L432F. E484Q, D614G, PA3IR, QLOTIH (B.1.617.1 India)
Kappa [FI9R, G830, L452R, E484Q, D614G, P681R, D950N (B.1.617.3 India)

Lambda [GISWALIGH A246-252, L452Q, F490S, D614G and T859N (C.37 Peru)

In Figure 2, the WHO variant labels are presented in boldfaced Greek letter names on the far left, followed by
their distinctive specific spike protein amino acid mutations, the Pango lineage and the locations of first identifica-
tion [2]. The mutations in the ACE2 RBD are highlighted yellow and those in the NTD highlighted green.

Sanger sequencing is the technology used to verify genomic nucleotide sequences, the analyte of all nucleic acid
amplification tests. The currently widely used whole genome/NGS technology is an emerging, not yet stable technol-
ogy 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 compromised by the transition from Sanger to NGS [18]. In addition, there is a high percentage of un-
certainties of base calls associated with computational errors and biases in NGS [12]. While the NGS technique is
widely applied, varying error rates have been observed [19]. The first genomic sequences of SARS-CoV-2 isolates
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from patient specimens in China [20] and in the United States [21] 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 se-
quencing is the method of choice if the information derived from variant testing is used to influence patient manage-
ment and policy makings.

Sanger sequencing needs a properly prepared template, which is usually a PCR amplicon of the target nucleic
acid, for example, a segment of the S protein gene. In molecular 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
failures [22]. 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 fragment 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 [23]. The CDC’s standard diagnostic protocol
for SARS 2003 recommended using 3 SARS-CoV specific primers to perform heminested PCR and to sequence the
348-bp heminested PCR amplicon “to verify the authenticity of the amplified product” [24]. 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 [25] without a variant of concern reported. The method presented in this article followed
the CDC’s established SARS 2003 protocols [22, 24] 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.

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

Both the WHO and the CDC definitions of SARS-CoV-2 variants of concern and interest depend on 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 [2, 13].

Based on information retrieved from the GenBank database, a sequence of 116 amino acids from T393 to Y508
highlighted yellow in Figure 3 contains the entire ACE2 RBD from K417 to N501. A sequence of 160 amino acids
from M1 to Y160 highlighted green in Figure 3 covers the entire NTD whose mutations are used as additional charac-
teristics for variant categorization [2]. Assuming the classification algorithms defined by the CDC (Figure2) 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.

Figure3 This is a figure showing the first 508 amino acids of SARS-CoV-2 S protein with highlighted
NTD M1 to Y160 and ACE2 RBD

SSANNCTFEYVSQPFIMDLEGKQGNFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQ (218)
GFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSGWTAGAAAYYVGYLQPRTFL (276)
LKYNENGTITDAVDCALDPLSETKCTLKSFTVEKGI YQTSNFRVQPTESIVRFPNITN (334)
LCPFGEVFNATRFASVYAWNRKRI SNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCF (392)
TNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYN (450)
YLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLOSYGFQPTNGVGYQPY (508)

Figure 3 shows the sequence of the first 508 amino acids of the SARS-CoV-2 Wuhan-Hu-1 S protein (retrieved
from the GenBank database-Seq ID# NC_045512.2). The ACE2 RBD region is highlighted yellow and the NTD green.
The common amino acids whose mutations (Figures 1 and 2) 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 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
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laboratory endorsed by the U.S. Food and Drug Administration (FDA) as a supplier of clinical samples positive for
SARS-CoV-2 by RT-qPCR assays. According to the commercial supplier, the swabs were immersed in VIM after col-
lection 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-con-
firmed 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 nu-
cleic acid from the 2019-nCoV [26]. The general characteristics of these 30 swab specimens were previously published
in detail elsewhere [27]. According 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 sequencing [27].

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 [28]. The initially published protocol was slightly modified. Briefly,
about 1 mL of the residues of the nasopharyngeal swab rinse in VIM was transferred to a graduated 1.5 mL micro-
centrifuge tube and centrifuged at ~16,000x g for 5 min to pellet all cells and cellular debris. The supernatant was dis-
carded 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 pL of digestion buffer containing 1% sodium dodecyl sulfate, 20mM Tris-HCI (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 discarded. To the re-
maining aqueous phase solution 300 pL of acidified 125:24:1 phenol:chloroform:isoamyl alcohol mixture was added
for a second extraction. After a second centrifugation at ~16,000x g for 5 min to separate the phases, 200 uL of the
aqueous supernatant without any material at the interface was transferred to a new 1.5 mL microcentrifuge tube.

To the 200 pL of phenol/chloroform-extracted aqueous solution, 20 puL of 3M sodium acetate (pH 5.2) and 570
uL of 95% ethanol were added. The mixture was placed into a cold metal block in a -15 to -20°C freezer for 20 min.
The precipitated nucleic acids were centrifuged at ~16,000x g for 5 min and washed with 700 pL of cold 70% ethanol.

After a final centrifugation at ~16,000x g for 5 min, the 70% ethanol was completely removed with a fine-tip pi-
pette, and the microcentrifuge tubes with opened caps were put into a vacuum chamber for 10 minutes to evaporate
the residual ethanol. The nucleic acids in each tube were dissolved in 50 pL of UltraPure™ DEPC-Treated Water
(ThermoFisher Scientific). All samples were tested immediately or stored at -80°C until testing.

2.4. PCR primers

As reported by the CDC, nested PCR is the necessary step to generate SARS-CoV-2 cDNA amplicons to be used
as the templates for Sanger sequencing [21]. Three sets of primary and nested PCR primers were used to generate
various amplicons for Sanger sequencing. The sequences, the sizes of the amplicons and the reference positions of the
major primers used in this study are listed in Figure 4.

Figure 4 This is a figure showing sequences of 3 sets of primary and nested PCR primers and their posi-
tions in reference Seq # NC_045512.2
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SB5 5’ -AACCAGAACTCAATTACCCCC Primary Forw 21619-21639
SB6 5’ -TTTGAAATTACCCTGTTTTCC Primary Rev 505 bp 22103-22123
SB7 5’ -TCAATTACCCCCTGCATACAC Nested Forw 21628-21648

SB8 5’ -ATTACCCTGTTTTCCTTCAAG Nested Rev 490 bp 22097-22117

581 5’ -TGTGTTGCTGATTATTCTGTC Primary Forw 22643-22663
582 5’ -ARAGTACTACTACTCTGTATG Primary Rev 460 bp 23082-23102
583 5’ -ATTCTGTCCTATATAATTCCG Nested Forw 22656-22676
554 5’ -TACTCTGTATGGTTGGTAACC Nested Rev 437 bp 23072-23092
VF1l 5’ -AATCATTACTACAGACAACAC Primary Forw 24901-24921
VF2 5'-CRAATCAAGCCAGCTATAAAAC Primary Rev 338 bp 25218-25238

VF3 5’ -AGACAACACATTTGTGTCTGE Nested Forw 24913-24933
VF4 5'-GCTATARAACCTAGCCARATG Nested Rev 315 bp 25207-25227

2.5. PCR Conditions

To initiate the primary RT-PCR, a total volume of 25 uL mixture was made in a PCR tube containing 20 pL of
ready-to-use LoTemp® PCR mix with denaturing chemicals (HiFi DNA Tech, LLC, Trumbull, CT, USA), 1 uL (200
units) of Invitrogen SuperScript III Reverse Transcriptase, 1 L (40 units) of Ambion™ RNase Inhibitor, 0.1 uL of
Invitrogen 1 M DTT (dithiothreitol), 1 pL of 10 umolar primary PCR forward primer in TE buffer, 1 uL of 10 umolar
primary PCR reverse primer in TE buffer and 1 puL of sample RNA extract, 1 uL of RNA extract from a patient sam-
ple previously tested positive for SARS-Cov-2 S gene as positive control, and 1 pL of M.B. grade water as negative
control. 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.

To perform the nested PCR, a trace (about 0.2 uL) of primary PCR products was transferred by a micro-glass
rod into a 25 pL volume of complete PCR mixture containing 20 pL of ready-to-use LoTemp® mix, 1 puL of 10 pmolar
nested PCR forward primer, 1 uL of 10 umolar nested PCR reverse primer and 3 uL of M.B. grade water. The ther-
mocycling steps were programmed to 85°C 1 cycle for 10 min, followed by 30 cycles of 85°C 30 sec for denaturing,
50°C 30 sec for annealing, 65°C 1 min for primer extension, and final extension 65°C for 10 minutes.

Aliquots of all primary and nested PCR products were analyzed by agarose gel electrophoresis. The nested PCR
products yielding a band of expected size on the gel plate were subject to Sanger sequencing without further purifi-
cation.

2.6. DNA sequencing

About 0.2 uL of the nested PCR products showing an expected band on agarose gel electrophoresis was transferred
by a micro-glass rod into a Sanger reaction tube containing 1 pL of 10 pmolar sequencing primer (one of the nested
PCR primers), 1 uL of BigDye® Terminator (v 1.1/Sequencing Standard Kit), 3.5 uL 5x buffer, and 14.5 uL M.B. grade
water in a total volume of 20 uL for 20 enzymatic primer extension/termination reaction cycles according to the pro-
tocol supplied by the manufacturer (Applied Biosystems, Foster City, CA, USA). After a dye-terminator cleanup with
a CentriSep column (Princeton Separations, Adelphia, NJ, USA), the reaction mixture was loaded in an Applied Bio-
systems SeqStudio Genetic Analyzer for sequence analysis. Sequence alignments were performed against the stand-
ard sequences stored in the GenBank database by on-line BLAST alignment analysis, and by visual comparison with
the SARS-CoV-2 wild-type S gene sequence (Seq # NC_045512.2) for possible SNPs and indels.

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 (Figure 2) 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 variants, it is important to confirm that all RNA extracts from the clinical specimens,
which were positive for an N gene segment [27], also contained an intact S gene. One way to achieve this goal
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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 (Figure 4) and the VF3/VF4 nested PCR primer set to amplify a 315 bp cDNA at posi-
tion 24913-25227 (Figure 4) on all 16 nasopharyngeal samples previously tested positive for the N gene. Representa-
tive parts of these two sequences from one sample are shown in Figure 5.

Figure 5 This is a figure showing two panels of sequencing electropherograms as evidence of intact S
gene in a sample
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The upper panel of Figure 5 was excised from an electropherogram of a 490 bp amplicon sequence of the S gene
defined by nested PCR primers SB7 and SB8 (Figure 4). The computer-generated sequence has been converted to 5'-
3’ reading that was re-typed under 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 nucleotide in this position has undergone a nonsynonymous
mutation causing an H49Y amino acid mutation (CAT>TAT). The lower panel was excised from an electropherogram
of a 315 bp amplicon sequence of the S gene defined by nested PCR primers VF3 and VF4 (Figure 4). The computer-
generated sequence in 5’-3’ reading direction is re-typed under the electropherogram with the entire 21-base reverse
PCR primer underlined. 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 interpretation 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 3), 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
16S rRNA gene can be amplified by PCR [29, 30]. However, all attempts failed. A single >1,500-bp S gene cDNA PCR
amplicon could not be generated from the nasopharyngeal swab samples 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 interest contain at least one
amino acid mutation in the S protein ACE2 RBD from K417 to N501 (Figure 2). But R403T has also appeared recently
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at the GISAID hCoV-19 S protein mutation surveillance dashboard along with other mutations for emerging variant
characterization [Figure 1]. Therefore, a diagnostic base-calling electropherogram must contain a 297-base unambigu-
ous sequence covering 99 amino acid codons (nucleotide position 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 identifica-
tion. To fulfill these requirements, a pair of S51/SS2 primary RT-PCR primers and a pair of 553/554 nested PCR pri-
mers (Figure 4) 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 am-
plicon 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 sequence encompassing the codons from R403 to N501 is presented in Fig-
ure 6.

Figure 6 This is a figure of computer-generated electropherogram showing the codons of 19 spike protein
amino acids in the ACE2 RBD region commonly used to detect and define SARS-CoV-2 variants
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In Figure 6, the sequencing electropherogram shows 19 underlined codons of R403, K417, N439, V445, G446,
1452, 1455, F456, K458, A475, 5477, T478, E484K (GAA>A AA 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 codons 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 spans 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 re-
duced to 505 bp and 490 bp, respectively, to gain PCR sensitivity 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 (Figure 4) as the template for
Sanger sequencing from all 16 samples. This 490 bp amplicon includes 17 key amino acids 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 [2] to help
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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 reading 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 7.

Figure 7 This is a figure of computer-generated electropherogram showing 17 codons of S protein amino
acids in the NTD region commonly used to help distinguish SARS-CoV-2 variants
'ILIZ LRICGTCTCIGEGHCC L\i G EG::'\; CCCIETCCT G A TTITA R IGATCEICTTIATITICCTITCACIGIGHIGTCIAICATIAT GIGCCTICGATITTITCCT/CIACITIIG ITICCRIGE|
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In Figure 7, 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 (Figure 2).

TTIAT IIr r_ ILG ; GIGZGTICAGIGTT

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

According to the CDC’s definitions, all SARS-CoV-2 variants of concern or interest must have at least one amino
acid substitution in the ACE2 RBD of the S protein (Figure 2). Assuming the CDC’s variant classification algorithms
to be valid and stringent, the profiles of the amino acid mutations in the NTD listed in Table 1 in combination of the
mutations in the ACE2 RBD can be used for accurate variant categorization.

Tablel  Summary of using ACE2 RBD/NTD sequencing for variant categorization

WHO Name | Pango lineage ACE2 RBD mutations NTD mutations Location of first

Valiant identification
Alpha B.1.1.7 N501Y 69del, 70del, United

144del Kingdom
Beta B.1.351 K417N, E484K, N501Y | D80A South Africa
Gamma P.1 K417T, E484K, N501Y D138y Japan/Brazil
Delta B.1.617.2 L452R, T478K T95l, G142D, India

E156del,
F157del, R158G
Delta plus B.1.617.2.1 K417N, L452R, T478K T951, G142D, India
E156del,
F157del, R158G

Epsilon 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 Tos51 New York, USA
Kappa B.1.Variant617.1 | L452R, E484Q G142D, E154K India

Kappa B.1.617.3 L452R, E484Q G142D India

Lambda C.37 L452Q, F4305 G75V, T761 Peru

4. Discussion

4.1. Accurate categorization of VOCs and VOlIs on all samples positive for SARS-CoV-2
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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 pro-
tein gene, one located in the ACE2 RBD and one in the NTD region. Since the sample being tested includes digestate
of virus-infected cells, instead of cell-free fluid only [28], 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 fail.

Traditionally, the CDC recommends sequencing of a 348-bp nested RT-PCR amplicon to verify the authenticity
of the amplified product [23, 24] in molecular testing for SARS-CoV. In molecular diagnostics, PCR amplification of a
target DNA > 400 bases long may risk loss of test sensitivity because human nasopharyngeal swab specimens invari-
ably contain PCR inhibitors of unpredictable kinds and quantities. PCR inhibitors co-extracted from the complex
clinical specimens tend to interfere with enzymatic primer extension. But in the assay recommended in this article
the RNA samples for RT-PCR are prepared by phenol/chloroform extraction, which has removed most of the PCR
inhibitors carried over from the clinical specimens. Therefore, a > 400-base RNA segment can be readily amplified to
be used as the sequencing template. Phenol-chloroform has been shown to be a 10¢ times more sensitive extraction
method than the popular commercial QIAamp blood kit in detection of HBV DNA in serum samples [31].

Any meaningful correlative analysis linking variants to clinical and epidemiological data must be based on pre-
cise determination of S protein amino acid mutations, which are the basis for variant categorization. Variant testing
must be conducted routinely on all samples positive for SARS-CoV2. The current surveillance programs select less
than 5% of the positive samples with high viral loads for variant testing by whole genome/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 se-
verity [32].

4.2. The current confusion of Delta variant testing

When RNA viruses are allowed to pass from host to host, the viruses invariably acquire genome mutations due
to RNA polymerase copying errors. Obviously, only those mutations that can be passed down to descendant viruses
in subsequently infected individuals can be observed, documented, and reported in the literature [33]. 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 surveil-
lance purpose (Figure 2). 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). These new profiles of mutations may involve some of
the 8 amino acids used to define the VOCs and VOlIs. Some of these new profiles may contain a mixture of mutations
each of which is considered unique for a specific variant, such as the E484K, T478K, K417T and N501Y (Figure 1 and
Figure 2). It is not clear if these new profiles are considered to be VOCs or as Delta variants if there is a T478K muta-
tion.

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) [2, 34]. 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 classified as Delta variants [35].

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 [13] and the Public Health England uses P681R as the key mutation to de-
fine Delta variant [14]. 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” [7]. Since the
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whole genome/NGS surveillance technology tends to generate uncertainties of base calls associated with computa-
tional errors and biases [12], 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 se-
quence 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 [20, 21].

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

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

During the 2003 SARS outbreak, the CDC instituted 3 SARS-CoV specific RT-PCR primers to amplify a 348-bp
PCR product for sequencing confirmation of molecular detection of SARS-CoV [24]. The accurately diagnosed SARS
patients were isolated properly and treated promptly. The outbreak in 2003 ended in June. There was no SARS-CoV
variant of concern in the 2003 outbreak 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 concern, 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 [37]. 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.

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 variant, first reported in December 2020 [38]. However, a
search of the SARS-CoV-2 genomic sequence database in the GenBank revealed that a solitary E484K mutation in the
ACE2 RBD without a concomitant K417N or N501Y was 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 (Se-
quence ID: MT772530), from a specimen collected on August 17, 2020 in Utah (Sequence ID: MW420419), from a
specimen collected on October 28, 2020 in Minnesota (Sequence ID: MW349062), and from two specimens collected in
November, 2020 in Virginia (Sequence ID: MW338781 and Sequence 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 revealed that a solitary T478K mu-
tation 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 mentioned 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 cur-
rently accepted classification algorithms, P681H only occurs in Alpha variant (Figure 2).

The GenBank database contains numerous SARS-CoV-2 spike protein amino acid mutation profiles, which may
be mistaken as Delta variant if stringent variant classification 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 El156del, 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.
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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 [39] although
even the CDC does not know exactly how many U.S. coronavirus deaths are attributable to the Delta variant infec-
tions [40]. Nevertheless, according to the data published up to 5 July 2021 by Public Health England the system rec-
orded a total number of 170,063 cases of Delta variant infection and 259 deaths among this group of patients [41]
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 out-
break [42]. 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 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 sequencing of a very limited number of specially selected samples with surveillance testing methods of un-
certain accuracy in unregulated laboratories. Generally, surveillance testing using sequencing technology to identify
SARS-CoV-2 genetic variants can be performed 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 [43]. There are no qual-
ity control measures to identify potential flaws in coronavirus variant testing in the United States because the surveil-
lance 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 surveillance purpose may simply indi-
cate that many SARS-Cov-2 strains with certain amino acid mutations described in the CDC” definition for Delta var-
iant (Figure 2) have acquired 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[44]. 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 testing. Transmissibility of a virus is primarily determined by the infectivity of the
pathogen [45], 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. The national proportions of Alpha, Beta, and
Gamma are estimated to be well below 0.5%. It is expected that Delta will continue to be the predominant circulating
variant [46]. 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 [7].

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 [47]. Ac-
cording to the latter system of classification, Delta variant lacks T95I, and has E156G and R158del [47], the two muta-
tions that are not in line with the CDC’s definition for Delta variant (Figure 2). A GenBank Sequence ID# OU534154
also lists an NTD/ACE2 RBD sequence containing G142D, E156G, F157del, R158del, L452R and T478K with neither
T19R nor T951 in the NTD. Based on the various issues discussed above, the actual number of Delta variants catego-
rized according to the stringent CDC definition is unknown. All statistics based on correlations between Delta vari-
ant and its biological characteristics are highly questionable because the SARS-CoV-2 isolates currently classified as
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Delta variants may actually consist of numerous genetic variants. There is no common denominator for any mean-
ingful comparative discussions.

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 [48], on all positive samples, including those with low vi-
ral 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 [21]. 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 [24]. 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 technology [12] 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 (Fig-
ure 6) on all samples that are positive for a SARS-CoV-2 RNA 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 addi-
tional 490-bp nested PCR cDNA amplicon of the S gene NTD is sequenced (Figure 7). Since a properly executed com-
puter-generated sequencing electropherogram does not have ambiguous 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 determination to be valid and strin-
gent, categorization of mutations of the amino acid codons underlined in Figures 6 and 7 can be used as the basis for
accurate variant determination of all VOCs and VOlIs currently recognized (Figure 2 and Table 1). Even the recently
reported Mu valiant (PANGO lineage B.1.621), which is characterized by a combination of R346K, E484K, N501Y,
D614G and P681H [49], can be distinguished from other VOCs and VOIs because there are no concomitant mutations
in the NTD sequence in the presence of only E484K and N501Y in the ACE2 RBD sequence for this 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 [50], can be distinguished 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
sequencing.

5. Conclusions

As SARS-CoV-2 is allowed to continue spreading through human populations, amino acid mutations occur and
the mutations tend to accumulate in the circulating virus. When the mutations and deletions involve the amino acids
of the S protein, especially those in the ACE2 RBD, the changes of the amino acid sequence may have potential im-
pact on critical SARS-CoV-2 countermeasures, including vaccines, therapeutics, and diagnostics. Some of the amino
acid mutations have been selectively grouped together as specific variants in an attempt to link these mutations and
the biological behavior of the SARS-CoV-2. However, the whole genome sequencing technologies currently used for
surveillance of a small fraction of the clinical specimens with high viral loads only cannot test specimens with low
viral loads accurately, and may generate uncertainties in the DNA sequence, which is crucial for variant categoriza-
tion. The protocol presented in this article is able to routinely 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 de-
tection of the amino acid mutations needed for accurate determination of all variants of concern and variants of inter-
est in samples positive for SARS-CoV-2 regardless of their viral loads. In order to fully realize the potential of ge-
nomic epidemiology, there is a need for routine sequencing of viral nucleic acid established in parallel with COVID-
19 testing on all positive samples, including those with low viral loads.
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