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Abstract

The SARS-CoV-2 virus is the causative agent of COVID-19 and has undergone continu-
ous mutations throughout the pandemic. The more transmissible Omicron variant has
quickly spread and is replacing the Delta variant as the most prevalent strain globally,
including in the United States. A new molecular assay that can detect and differentiate
both the Delta and Omicron variants was developed. A collection of 660,035 SARS-
CoV-2 full- or near-full genomes, including 169,454 Delta variant and 24,202 Omicron
variant strains, were used for primer and probe designs. In silico data analysis pre-
dicted an assay coverage of >99% of all strains, including >99% of the Delta and >99%
of Omicron strains. The Omicron variant differential test was designed based on the
A31-33 aadeletion in the N-gene, which is present in the original B.1.1.529 main geno-
type, BA.1, as well as in BA.2 and BA.3 subtypes. Therefore, the assay should detect
the majority of all Omicron variant strains. Standard curves generated with human
clinical samples indicated that the PCR amplification efficiencies were 104%, 90.7%
and 90.4% for the Omicron, Delta, and non-Delta/non-Omicron wild-type genotypes,
respectively. Correlation coefficients of the standard curves were all >0.99. The detec-
tion limit of the assay was 14.3, 32.0, and 21.5 copies per PCR reaction for Omicron,
Delta, and wild-type genotypes, respectively. The assay was designed to specifically
detect SAR-CoV-2 strains. Selected samples with Omicron, Delta and wild-type geno-
types identified by the RT-qPCR assay were also confirmed by sequencing. The assay
did not detect any animal coronavirus-positive samples that were tested. Human nasal
swab samples that previously tested positive (n = 182) or negative (n = 42) for SARS-
CoV-2 by the ThermoFisher TagPath COVID-19 Combo Kit, produced the same result
with the new assay. Among positive samples, 55.5% (101/182), 23.1% (42/182), and
21.4% (39/182) were identified as Omicron, Delta, and non-Omicron/non-Delta wild-

type genotypes, respectively.
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1 | INTRODUCTION
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Globally, over 349.6 million confirmed human cases, and over 5.59
million deaths have resulted from the COVID-19 pandemic (https://
covid19.who.int/, January 25, 2021). In the United States, despite more
than a half billion doses of vaccines that have been administered, over
70 million total cases have been confirmed (https://www.cdc.gov/, Jan-
uary 25, 2021). The Delta variant of SARS-CoV-2, identified in India in
October, 2020, soon became the predominant variant in many coun-
tries worldwide, including the United States (Fowlkes et al., 2021; Her-
lihy et al., 2021; Lam-Hine et al., 2021). However, the Omicron variant
emerged in November, 2021 and has quickly become the most preva-
lent variant in the United States and elsewhere (CDC, 2021; Del Rio
et al., 2022). We recently developed an assay that detects the major-
ity of SARS-CoV-2 strains including Delta and Omicron variants, but
differentiates only the Delta variant, not the Omicron variant (Hamill
et al.,, 2021). In the current study, we are reporting a newly developed
real-time RT-PCR assay that can detect the majority of the SARS-CoV-

2 strains, and differentiate both Delta and Omicron variants.

2 | MATERIALS AND METHODS

2.1 | Sequence analysis and assay design

Full- or near-full genomes of Omicron and Delta variants, and non-
Delta/non-Omicron strains were downloaded from public databases
(https://www.ncbi.nlm.nih.gov/; https://www.gisaid.org/) for analysis. A
total of 660,035 genomes, including 169,454 Delta variant, 24,202
Omicron variant genomes of US origin (submitted as of December 20,
2021), and 447,359 non-Delta/non-Omicron strains were downloaded
and analyzed for primer and probe designs. The 9-bp deletion, which
confers A31-33 aa deletion in the N-gene and is unique to Omicron
variants was used as a molecular target for Omicron variant detection
assay design. Probes for both Omicron and the wild type were designed
in the same region to allow competitional hybridization to the correct
genotype template. A differential assay for the Delta variants and wild-
type strains was designed in the 6-nt deletion region in the S-gene (con-
fers A157-158 aa deletion) from an earlier study (Hamill et al., 2021)
and was then multiplexed with the Omicron design to form a five-probe
(Omicron and wild type, Delta and wild type; and 18S rRNA gene), four-
channel multiplex RT-qPCR assay with both wild-type probes labelled
with the same dye (Omicron: TexasRed; Delta: FAM; both wild types:
VIC; and 18S rRNA gene: Cy5). The 18S rRNA gene target, used as
internal control, is from a previous study (Wang et al., 2020) and ampli-

fies well from human cells (Table 1).

2.2 | Clinical samples

All human clinical samples were collected by Kansas State Univer-
sity Lafene Health Center and transferred to Kansas State Veteri-
nary Diagnostic Laboratory (KSVDL) for PCR testing. A total of 224
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human nasal swabs that previously tested positive (n = 182) or negative
(n = 42) for SARS-CoV-2 by the ThermoFisher (Carlsbad, CA) TagPath
COVID-19 Combo Kit were used for diagnostic validation of the new
assay.

2.3 | Positive amplification control constructions

A pair of primers, encompassing real-time PCR primer and probe
regions, was used to amplify a 384 base pair (bp) region of the wild-
type strain and a 375 bp region of the Omicron variant (Table 1), which
then served as positive amplification controls. Amplicons with the cor-
rect size were verified by Qiagen QlAxcel (Valencia, CA, USA), then
purified using the Qiagen QIAquick PCR Purification Kit. Purified PCR
products were measured by a Nanodrop spectrophotometer (Ther-
moFisher), and directly used as positive amplification controls and also

serially diluted and tested to determine the limit of detection.

2.4 | RNA extraction and PCR reaction
optimization

Viral RNA was extracted with MagMax Viral/Pathogen Nucleic Acid
Isolation Kit (Applied Biosystems/ThermoFisher, Foster City, CA,
USA) using KingFisher-96 Flex automated extraction machine (Ther-
moFisher). The RT-qPCR total reaction volume was 20 ul, consisting
of 5 ul of 4x TagPath 1-Step RT-gPCR Master Mix (Applied Biosys-
tems/ThermoFisher), 5 ul of template RNA, 0.5 uM of each forward
and reverse qPCR primers. To achieve similar signal intensities among
each probe in the reaction, different volumes of each target probe
were tested. To identify optimum annealing temperature, primers were
tested with a thermal gradient ranging from 58 to 70°C. All RT-gPCR
reactions were run on a Bio-Rad CFX96 Touch Real-Time PCR Detec-
tion System, and resulting cycle threshold (Ct) values of clinical sam-
ples, cloned plasmids and linear DNA were analyzed using the Bio-Rad
CFX Maestro 2.2 software.

2.5 | Analytical sensitivity and limit of detection

Naturally infected clinical samples containing high viral concentra-
tions of Omicron, Delta, and wild-type targets were used for stan-
dard curve testing. PCR amplification efficiencies and correlation coef-
ficients were calculated with the Bio-Rad CFX Maestro 2.2 software.
Analytical sensitivity and limit of detection (LOD) were also analyzed
with standard curves generated from plasmid DNA (for Delta and non-
Delta wild type), and amplified linear DNA (for Omicron and non-
Omicron wild type) templates. Both plasmid DNA and linear DNA con-
centrations were measured by a Nanodrop spectrophotometer. The
LOD Ct values were determined by testing 10-fold serial dilutions of
the DNA templates, and refined by testing twofold serial dilutions from
the end-point 10-fold diluted sample; each dilution was tested in trip-

licate, and target copy numbers corresponding to LOD Ct values were
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NLE3 |[MN306040.1 C.TC.TTT.ACATGC.TCT.TTGGT. .GTTCTG. . A, ..CATA.A...TCATTC.C.GGA.C GE..R.C
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Delta|OM084753.
Delta|OM084757.
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SARS2-WT | OL756793. 1]
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SARS2-WT |OL914963.1|----
SARS2-WT | OL980269.1
Omicron|OM059386.1
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Omicron|OM059438.
Omicron|OM059472.
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OmN-R
OmNm—Px
OmNw—Pr

el el el e el

FIGURE 1 Alignment of primers and probes of this assay with five strains each from the Omicron and Delta variants, non-Omicron/non-Delta
wild-type strains of SARS-CoV-2 (SARS2-WT), SARS-CoV-1 (SARS1), and MERS (Middle East Respiratory Syndrome coronavirus), and other
human coronavirus HKU1, OC43,NL63, and 229E strains. OmN-F: forward primer for the RT-gPCR; OmN-R: reverse primer (in reverse
complement form); OmNm-Pr: Omicron variant probe; OmNw-Pr: non-Omicron wild-type probe. “.” indicates same nucleotide to the non-Omicron
reference sequence, OL980269.1; “-” and indicate missing nucleotide. Nucleotide (nt) positions at the top of the chart refers to the number of

nt position of the N-gene of NCBI accession OL980269.1

« »
~

calculated using the following formula: gets and their flanking regions; their sequences and related informa-
tion are shown in Table 1. Randomly selected samples positive for

(602 X 1023) X (Xng/,ul X 10_9) the Omicron variant, Delta variant, and the non-Omicron/non-Delta

Plasmidcopies/ul = Plasmid length(bp) x 660 wild type, as identified by the RT-qPCR, were subjected to amplifi-

cation and sequencing by the sequencing primers. Because the Delta

where Xis the concentration in ng/ul measured by a Nanodrop spec- variant genotype was sequence confirmed in a previous study (Hamill

trophotometer. etal., 2021), only two samples were subjected to sequencing. RNA was
extracted and RT-PCR amplification was performed using TagPath 1-
. , . Step RT-qPCR Master Mix (Applied Biosystems/ThermoFisher). PCR
26 | AnaIyS|s of assay's SpeCIfICIty amplicons were purified using Qiagen QIAquick PCR Purification Kit,
and concentrations were measured by a Nanodrop spectrophotome-
The specificity of the assay was analyzed in silico by comparing closely
related coronaviruses, including SARS-CoV-1, MERS, and HKU1, 229E,

NL63, and OC43 human coronavirus strains (Figure 1). Selected animal

ter, then adjusted to optimum concentrations for Sanger sequencing.
Sequencing was performed in-house using a SeqStudio (ThermoFisher)

sequencing machine, and following manufacturer’s instructions. The

samples positive for bovine coronaviruses, canine coronavirus, porcine resulting raw Sequencing data were trimmed and assembled using Qia-

epidemic diarrhoea virus (PEDV), porcine deltacoronavirus (PDCoV), gen CLC Main Workbench. Identity of assembled sequences was con-

and porcine transmissible gastroenteritis virus (TGEV) were tested
with the new SARS-CoV-2 assay (Table 5).

firmed by comparing them to annotated Omicron variants, Delta vari-
ants, and non-Omicron/non-Delta wild-type sequences in the NCBI
GenBank database.

2.7 | Sequencing confirmation of selected Omicron
variant, Delta variant, and wild-type strains 3 | RESULTS

Primer pairs amplifying a 384 bp region of wild type and 375 bp 3.1 | Insilico sequence analysis and primer and
region of Omicron variants that were used for generating positive probe design

amplification controls were also used for Sanger sequencing confirma-

tion of the Omicron variant genotype. Primers used in Hamill et al. A vast majority of Omicron variant genomes of US origin
(2021) were used for sequencing confirmation of the Delta variant (24,186/24,202) submitted as of December 20, 2021, con-
genotype. Both primer pairs amplify their corresponding RT-qPCR tar- tained the forward and reverse primer binding sites and the
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Omicron-specific probe binding site (OmNm-Pr), indicating 99.9%
strain coverage for the Omicron variant genotype. Re-evaluation of
the Delta variant assay designed in Hamill et al. (2021) with a larger
set of data showed perfect matches of the primers and Delta-specific
probe (SARS2-dPr) in 99.0% (167,813/169,454) of Delta variant
genomes. Strain coverage of the wild-type assays (non-Delta and
non-Omicron) corresponding to the Delta or Omicron target locations
were 95.4% (426,963/447,359) and 97.7% (437,280/447,359), respec-
tively, with a combined strain coverage of 99.9% (446,950/447,359)
(Table 1).

3.2 | PCR conditions and optimization

The RT-gPCR total reaction volume was 20 ul, consisting of 5 ul of
template RNA, 0.5 uM of each forward and reverse qPCR primers,
and optimized with 0.375 uM of Omicron probe (OmNm-Pr), 0.5
“M non-Omicron probe (OmNw-Pr), 0.25 uM of SARS2-delta probe
(SARS2-dPr), 0.5 uM of SARS2 wild type (SARS2-wPr), 0.5 uM 18S
probe, and 5 ul of 4x TagPath 1-Step RT-gPCR Master Mix (Applied
Biosystems/ThermoFisher). The optimum annealing temperature for
the assay was 60.4°C as determined by a thermal gradient test rang-
ing from 58 to 70°C. Accordingly, the thermocycling parameters used
for the following experiments were set with an RT reaction at 48°C
for 10 min, then an inactivation and denaturation step at 95°C for 10
min, followed by 45 cycles of denaturation at 95°C for 20 s and anneal-
ing/extension at 60°C for 40's.

3.3 | Standard curve analysis of
genotype-confirmed plasmids and purified DNA
products

Genotypes of cloned plasmids containing Delta and non-Delta
genotypes, and purified linear DNA products of Omicron and non-
Omicron genotypes were confirmed by testing with the prototype
of this RT-gPCR assay, and further confirmed by DNA sequenc-
ing prior to standard curve testing. Standard curves indicated
that PCR amplification efficiencies for Omicron, Delta, and non-
Delta/non-Omicron wild types were 99.3%, 97.8%, and 96.6%,
respectively. Correlation coefficients (R2) for all targets were >0.99

(Figure 2a).

3.4 | Limit of detection determination and copy
number analysis

Standard curve analysis of serially diluted templates showed end-point
Ct values between 36 and 37 for each target. Based on the concentra-
tion and size of the plasmids or purified DNA products, and the dilution
factor that they reached, the calculated copy numbers per PCR reac-
tion were 14.5, 32.0, and 21.5 copies for Omicron, Delta, and the wild-
type genotypes, respectively (Table 2).

" WILEY-®

End-point threshold cycles and their corresponding copy

TABLE 2
numbers determined by standard curve analysis using quantified
plasmid or linear DNA as templates

SARS-CoV-2 genotypes Omicron Delta Wild type

Concentrations (ng/ul) 13.0 312.7 189.7

Average endpoint Ct 36.3 36.5 37.0

Endpoint copy number 2.9 6.4 4.3
(per ul)

Endpoint copy number 14.5 32 215
(per PCR reaction)

TABLE 3 PCR amplification efficiency and correlation coefficient
of singular and multiplex RT-qPCR reactions using linear DNA and
diagnostic samples as templates

Plasmid or linear

DNA Diagnostic sample

RT-qPCR assay E R? E R?2
Omicron Multiplex 99.3% 0.998 104.2% 0.992

Singular 100.7%  0.990 90.10 0.999
Delta Multiplex 97.8%  0.997 90.7%  0.997

Singular 103.0%  0.993 91.0% 0.997
Wildtype  Multiplex 96.6%  0.995 90.4%  0.999

Singular 102.9%  0.993 90.2% 0.998

Note: E: PCR amplification efficiency; RZ: correlation coefficient.

3.5 | Standard curve analysis using clinical samples
PCR amplification efficiency and correlation coefficient (R2) generated
by standard curve analyses with 10-fold dilutions of clinical samples
containing different variants and the wild type of SARS-CoV-2 are sum-
marized in Table 3. These samples were chosen due to their high viral
concentrations, allowing for testing in a wider dynamic range of detec-
tions. For the Omicron genotype, the PCR amplification efficiency was
104.2% with a correlation coefficient (R2) of 0.992 (Figure 2b); anal-
ysis with the Delta variant revealed a PCR amplification efficiency of
90.7% with R2 of 0.997 (Figure 2c); for the non-Omicron/non-Delta
wild-type strain, the PCR amplification efficiency was 90.4% and the
R? was 0.999 (Figure 2d).

3.6 | Specificity of the assay
3.6.1 | Insilico analysis of closely related human
coronaviruses

Results from an in silico analysis of five sequences each from the
Omicron and Delta variants, and non-Omicron/non-Delta wild type
of SARS-CoV-2, SARS-CoV-1, MERS, and one sequence each for
HKU1, 229E, NL63, and OC43 human coronavirus strains indicated
that the newly designed SARS-CoV-2 assay does not match any of
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FIGURE 2 Standard curves generated with quantified DNA targets (panel a), or with clinical samples of an Omicron variant (panel b), Delta

variant (panel c), or a non-Omicron/non-Delta wild-type strain (panel d).

above-mentioned strains, except for SARS-CoV-1 that had some
sequence homology. The 9-bp deletion corresponding to the A31-
33 aa deletion in the N-gene in the Omicron variant probe is very
specific and had no sequence match to SARS-CoV-1 sequences. The
non-Omicron wild-type probe had some sequence homology to the
N-gene of SARS-CoV-1, however, there are 2 bp differences near
the middle and 1 bp difference at the end of the probe, which still
distinguish it from SARS-CoV-1. Additionally, the common forward
primer for both Omicron and non-Omicron genotypes ended with a
specific nucleotide on the 3’ end that differentiated it from the same
nucleotide site on SARS-CoV-1, which should ensure specific amplifi-
cation from SARS-CoV-2 strains. Otherwise, the two newly designed
SARS-CoV-2 targets are highly specific to their respective genotypes
(Figure 1).

3.6.2 | Sequencing confirmation of selected clinical
samples of Omicron and Delta variants, and wild-type
strains

Sequencing results of 13 Omicron variant strains, eight wild-type
strains and two Delta variant strains confirmed the genotypes iden-
tified by the RT-gPCR assay. The best matching NCBI accessions and

their corresponding percentage of homology are listed in Table 4.

3.6.3 | Animal coronavirus testing

All animal samples in our current collection, that previously tested pos-
itive for multiple species of coronavirus, tested negative by the new
SARS-CoV-2 RT-gPCR, indicating no cross-detection of animal coron-
aviruses (Table 5).

3.7 | Diagnostic validation using human clinical
samples

All 182 human clinical samples used in this study that previously
tested positive for SARS-CoV-2 by the ThermoFisher TagPath COVID-
19 Combo Kit were also tested positive by our newly developed RT-
qPCR assay. Out of the 182 clinical samples, 39 were identified as non-
Omicron/non-Delta wild-type strains, while 42 and 101 tested positive
for the Delta and Omicron variants, respectively (Table 6). There was
no signal detected from all 101 Omicron variant samples for the S-gene
target when tested by the ThermoFisher TagPath COVID-19 Combo
Kit. This phenomenon is referred to as “S-gene drop out,” and is consid-
ered an indication of detection of Omicron variant under the current
pandemic situation. The 42 SARS-COV-2 negative samples tested by
the ThermoFisher TagPath COVID-19 Combo Kit were also negative

by the new assay (data not shown).
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TABLE 4 Sequencing confirmation of selected clinical samples for
Omicron, Delta, and wild-type strains

Best match in NCBI

Genotype by
RT-qPCR Sample ID % ldentity NCBI Accession
Omicron variant 1 100% OM185476.1
2 100% OM185219.1
3 100% OM185219.1
4 100% OM185219.1
5 100% OM185219.1
6 100% OM212328.1
7 100% OM212328.1
8 100% OM212328.1
9 99.7% OM212328.1
10 100% OM212328.1
11 100% OM212328.1
12 100% OM212328.1
13 99.7% OM212328.1
Wild type 1 100% OM211960.1
2 100% OM212002.1
3 100% OL706961.1
4 100% OM212002.1
5 100% OK435535.1
6 100% OK653431.1
7 100% OL337112.1
8 100% OM211960.1
Delta variant 1 100% OM139389.1
2 100% OM139389.1

4 | DISCUSSION

The emergence of multiple variants of concern (VOC), including the
Omicron variant, has introduced additional challenges to SARS-CoV-
2 diagnostics and disease management (Dejnirattisai et al.,, 2021;
Safarchietal., 2021; Zimmerman et al., 2021). The most prevalent VOC
circulating in the United States has changed from the previously dom-
inant Delta variant to the Omicron variant in a matter of a 1-month
period (Lee, 2021; Li et al., 2021) (https://www.cdc.gov/). Some reports
have indicated that infection with the Omicron variant may increase
neutralizing immunity against the Delta variant (Khan et al., 2021),
while other reports have demonstrated the Omicron variant has par-
tially reduced the effectiveness of antibody protections induced by
vaccinations (Doria-Rose et al., 2021; Edara et al., 2021; Farinholt et
al., 2021; Garcia-Beltran et al., 2021). Detection of SARS-CoV-2 vari-
ants predominantly relies on Sanger sequencing or next-generation
sequencing (Cele et al., 2021; Cherian et al., 2021; Zimmerman et al.,
2021), which are labour intensive and require a long turn-around time
to results. According to CDC tracking data, on January 1, 2022, 95.4%
of SARS-CoV-2 human infections in the United States are from the

Omicron variant, while the remaining 4.6% are from the Delta vari-

..Izonsboundory and Emerirjé |2isea esf} * oy Wl LEY 7

TABLE 5 Testingresults of animal coronavirus positives
specimens

Ct of animal Ct of SARS-
Animal coronavirus samples assays CoV-2 assay
Bovine Enteric 18.5 0.0
Enteric 20.2 0.0
Enteric 13.2 0.0
Enteric 19.5 0.0
Respiratory 23.0 0.0
Canine Enteric 171 0.0
Enteric 241 0.0
Enteric 224 0.0
Enteric 22.7 0.0
Enteric 17.2 0.0
PEDV Enteric 232 0.0
Enteric 30.0 0.0
Enteric 29.7 0.0
Enteric 15.3 0.0
Enteric 19.1 0.0
PDCoV Enteric 17.2 0.0
Enteric 17.0 0.0
Enteric 253 0.0
Enteric 17.0 0.0
Enteric 154 0.0
TGEV Enteric 13.3 0.0

Abbreviations: PDCoV, porcine deltacoronavirus; PEDV, porcine epidemic
diarrhoea virus; TGEV, transmissible gastroenteritis virus (porcine).

ant. Although various detection assays have been developed, diagnos-
tic challenges remain, especially from newly emerged variant strains
(Thomas et al., 2021). An accurate and sensitive assay for the detec-
tion and differentiation of Delta and Omicron variants, with a rapid
turnaround time, can serve as an important public health tool for vari-
ant tracing and epidemiological investigations.

The Omicron variant has noticeably increased transmissibil-
ity, largely owed to the number of additional mutations it gained
(Papanikolaou et al., 2022; Petersen et al., 2022; Syed et al., 2022).
These include a large number of point mutations and deletions in the
S-gene, as well as in N-gene and other parts of the genome (European
Centre for Disease Prevention and Control, 2021a, 2021b). Molecular
assays targeting multi-nucleotide deletions are generally more specific
than assays based on a single-nucleotide mutation (Hamill et al., 2021).
For the Omicron variant, there are several multi-nucleotide deletions
in the S-gene, NSP6, and the N-gene. The N-gene in coronaviruses,
including in SARS-CoV-2, is generally considered more conserved
than the S-gene (Fang & Shi, 2022). For that reason, we choose the
9-bp deletion corresponding to the A31-33 aa deletion in the N-gene
as the detection target. An in silico analysis predicted that the assay
should detect 99.9% of 24,202 Omicron sequences of US origin that
were submitted, as of December 20, 2021. Although phylogenetically,


https://www.cdc.gov/
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TABLE 6 Human Omicron and Delta variants and non-Omicron/non-Delta wild-type samples tested with the new assay
Genotype Sample ID Delta Wild-type Omicron 18SrRNA
Non-Delta, non-Omicron wild 1 0.00 19.66 0.00 13.50
type 2 0.00 23.91 0.00 1427
3 0.00 21.28 0.00 15.86
4 0.00 23.22 0.00 20.84
5 0.00 18.49 0.00 15.83
) 0.00 15.60 0.00 13.95
7 0.00 2445 0.00 25.60
8 0.00 21.46 0.00 15.04
9 0.00 18.80 0.00 14.33
10 0.00 24.86 0.00 15.16
11 0.00 16.26 0.00 14.16
12 0.00 28.70 0.00 24.58
13 0.00 25.56 0.00 22.55
14 0.00 30.05 0.00 2411
15 0.00 23.08 0.00 24.39
16 0.00 18.87 0.00 19.73
17 0.00 29.28 0.00 15.29
18 0.00 29.60 0.00 11.06
19 0.00 35.80 0.00 26.99
20 0.00 30.15 0.00 15.42
21 0.00 20.63 0.00 14.05
22 0.00 32.04 0.00 25.78
23 0.00 17.30 0.00 19.60
24 0.00 18.09 0.00 19.22
25 0.00 2148 0.00 13.43
26 0.00 21.20 0.00 16.39
27 0.00 26.32 0.00 16.14
28 0.00 28.54 0.00 20.68
29 0.00 19.64 0.00 14.15
30 0.00 26.70 0.00 17.18
31 0.00 27.45 0.00 16.44
32 0.00 28.63 0.00 23.67
33 0.00 28.08 0.00 16.72
34 0.00 28.76 0.00 23.98
35 0.00 35.51 0.00 17.09
36 0.00 36.90 0.00 15.10
37 0.00 36.87 0.00 17.13
38 0.00 36.20 0.00 2241
39 0.00 36.17 0.00 20.32

(Continues)
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TABLE 6 (Continued)

Genotype Sample ID Delta Wild-type Omicron 18SrRNA

Delta variant 1 25.16 29.48 0.00 14.99
2 25.28 30.35 0.00 17.90
3 21.37 26.11 0.00 14.38
4 26.72 30.36 0.00 22.08
5 22.14 26.49 0.00 20.70
6 25.45 29.55 0.00 15.71
7 21.66 25.39 0.00 18.80
8 30.05 34.42 0.00 19.14
9 29.91 35.50 0.00 15.60
10 18.84 24.21 0.00 16.15
11 25.24 30.41 0.00 19.50
12 26.67 31.23 0.00 17.15
13 23.04 28.97 0.00 17.90
14 19.45 25.02 0.00 23.24
15 26.14 31.68 0.00 17.59
16 21.34 25.52 0.00 19.61
17 20.07 24.72 0.00 18.57
18 28.23 33.87 0.00 16.77
19 22.60 27.25 0.00 19.32
20 19.17 24.08 0.00 20.17
21 30.41 36.26 0.00 15.98
22 26.42 31.00 0.00 20.64
23 28.67 32.90 0.00 21.35
24 20.35 25.19 0.00 22.12
25 24.09 27.65 0.00 29.76
26 18.98 23.76 0.00 21.23
27 20.35 25.35 0.00 2221
28 25.04 30.47 0.00 14.77
29 24.94 30.06 0.00 14.10
30 19.96 24.45 0.00 16.58
31 19.68 24.70 0.00 20.15
32 18.52 2359 0.00 13.93
33 21.26 24.83 0.00 14.86
34 2571 30.07 0.00 17.60
35 20.55 24.44 0.00 14.44
36 20.10 25.12 0.00 16.18
37 22.75 27.81 0.00 15.97
38 18.96 23.05 0.00 16.38
39 18.50 2125 0.00 16.49
40 17.64 22.30 0.00 18.25
41 21.39 23.86 0.00 16.41
42 25.71 28.39 0.00 19.68

(Continues)
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TABLE 6 (Continued)
Genotype Sample ID Delta Wild-type Omicron 18SrRNA

Omicron variant 1 0.00 32.96 37.06 20.37
2 0.00 21.05 23.50 16.24
3 0.00 21.84 2351 21.09
4 0.00 31.65 34.43 22,01
5 0.00 30.98 33.52 17.18
6 0.00 2345 25.36 20.12
7 0.00 22.98 25.54 19.87
8 0.00 29.48 31.17 14.50
9 0.00 33.90 36.07 22.08
10 0.00 30.92 33.95 16.62
11 0.00 22.00 24.30 16.30
12 0.00 2211 24.40 17.39
13 0.00 24.25 2641 23.99
14 0.00 31.65 34.54 16.67
15 0.00 29.42 32.56 16.35
16 0.00 31.11 33.84 20.99
17 0.00 21.11 23.50 15.36
18 0.00 22.02 24.03 18.94
19 0.00 34.84 36.63 16.18
20 0.00 24.47 26.37 18.67
21 0.00 20.22 22.19 19.24
22 0.00 22.59 24.20 18.12
23 0.00 32.59 35.64 14.04
24 0.00 24.57 26.79 14.78
25 0.00 25.48 28.04 17.44
26 0.00 27.89 29.14 18.56
27 0.00 27.42 29.81 16.15
28 0.00 31.04 32.08 16.47
29 0.00 21.24 23.19 16.43
30 0.00 28.17 31.30 21.94
31 0.00 25.27 28.45 18.02
32 0.00 31.25 34.45 15.78
33 0.00 33.78 35.35 24.33
34 0.00 32.63 35.52 23.36
35 0.00 30.80 33.21 17.87
36 0.00 27.13 30.02 19.35
37 0.00 33.16 36.87 18.29
38 0.00 27.16 29.37 20.20
39 0.00 23.97 26.06 17.49
40 0.00 25.79 28.21 20.02
41 0.00 25.38 28.26 18.71
42 0.00 32.82 36.94 17.07
43 0.00 21.01 2291 18.62

(Continues)
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TABLE 6 (Continued)

Genotype Sample ID Delta Wild-type Omicron 18SrRNA
44 0.00 31.29 33.48 17.20
45 0.00 22.49 25.01 15.03
46 0.00 31.08 34.23 19.11
47 0.00 23.45 25.98 20.99
48 0.00 21.82 23.98 16.32
49 0.00 23.20 26.11 16.58
50 0.00 2375 26.47 2271
51 0.00 18.18 20.59 14.58
52 0.00 26.29 29.24 21.24
53 0.00 2158 25.09 15.16
54 0.00 18.41 18.91 16.60
55 0.00 23.38 2522 2277
56 0.00 23.72 26.10 19.19
57 0.00 23.17 25.97 17.17
58 0.00 22.50 24.93 20.50
59 0.00 28.24 30.83 24.58
60 0.00 34.02 35.62 18.11
61 0.00 35.22 36.85 17.27
62 0.00 22.02 23.18 17.23
63 0.00 26.01 28.31 17.85
64 0.00 27.16 29.55 19.12
65 0.00 28.00 31.33 17.90
66 0.00 22.07 24.35 20.48
67 0.00 32.55 36.72 22.08
68 0.00 31.53 31.22 16.91
69 0.00 33.13 34.14 19.99
70 0.00 32.33 34.42 16.46
71 0.00 3125 33.42 19.99
72 0.00 28.20 30.57 19.34
73 0.00 24.64 26.83 17.47
74 0.00 25.61 27.54 15.60
75 0.00 32.22 33.89 16.88
76 0.00 27.30 29.90 20.69
77 0.00 29.84 33.46 27.92
78 0.00 2544 27.16 17.18
79 0.00 27.15 29.37 19.34
80 0.00 24.90 26.53 25.37
81 0.00 24.23 26.54 22.52
82 0.00 2246 24.82 16.96
83 0.00 33.76 35.46 18.27
84 0.00 29.49 33.31 18.34
85 0.00 2257 24.69 22.65
86 0.00 33.25 36.38 20.53

(Continues)
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TABLE 6 (Continued)

Genotype Sample ID Delta
87 0.00

88 0.00

89 0.00

90 0.00

91 0.00

92 0.00

93 0.00

94 0.00

95 0.00

96 0.00

97 0.00

98 0.00

99 0.00

100 0.00

101 0.00

No template control (NTC) 0.00
Positive amplification control (PAC) 26.12

Omicron variants belong to clades 21K and 21L, both are part of a
larger clade, 21 M (https://nextstrain.org/ncov/gisaid/global), which
is based on mutations they mutually possess; the variant is further
divided into BA.1 and BA.2 subtypes, and some reports have also
proposed the BA.3 subtype. Current data indicate that all three
subtypes contain the A31-33 aa deletion in the N-gene (Hasetline,
2022; https://covariants.org/variants/21L.Omicron), therefore the
assay should provide detection for each of these subtypes. Combined
with the Delta variant PCR that we recently developed (Hamill et al.,
2021), these assays can detect and differentiate >99% of both Delta
and Omicron variant strains.

In differential genotyping PCR assays that target on a few bp dele-
tion or asingle nucleotide polymorphism site, better genotyping results
can be obtained via competitional hybridization, a binding property
made possible when a wild-type probe is designed at the same site
of the mutant genotype probe (Hamill et al., 2021). The non-Omicron
wild-type assay has a strain coverage of 97.7%, but together with the
non-Delta wild-type test, and assay detected 99.9% of sequences ana-
lyzed (446,950/ 447,359), indicating a very high coverage for non-
Delta/non-Omicron wild-types strains.

Unlike the Delta variant assay, which had no matching probe
sequences to closely related human coronaviruses, in this Omicron
assay, the non-Omicron wild-type probe had some sequence similar-
ity to SARS-CoV-1 strains associated with an outbreak in Asia nearly
20 years ago. However, the probe had a 2-bp difference in the mid-
dle and a 1-bp difference at the 3’ end. Furthermore, the forward
primer was specifically designed to land at a different nucleotide, which
together should provide specific amplification and detection of SARS-

CoV-2 sequences only (Figure 1). With nearly 100% circulating strains
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Wild-type Omicron 18SrRNA
31.58 34.22 18.01
29.24 32.00 20.18
30.39 32.82 18.15
24.25 26.39 23.28
32.73 36.26 18.11
28.45 31.14 18.24
20.19 22.59 17.65
24.44 26.93 18.05
28.49 31.51 17.58
23.99 26.03 19.59
24.56 27.21 19.62
25.18 28.02 20.77
30.68 33.28 17.31
25.55 28.14 21.24
24.37 27.08 19.71

0.00 0.00 =
24.25 27.97 -

in the United States and many other countries or regions identified as
Omicron or Delta variants, the similarity of the non-Omicron wild-type
test to SARS-CoV-1 N-gene sequences should not affect the detection
accuracy of the assay.

We hope the high transmissibility and relatively low virulent nature
of the Omicron variant that is in predominant circulation will lead to
the end of the pandemic. We also understand that the genomes of
viruses are continuously mutating. We will continue to monitor for
changes to SARS-CoV-2 genomes, and keep our assay up-to-date in
order to detect the majority of contemporary SARS-CoV-2 strains.

ACKNOWLEDGMENT
This study was supported by Kansas State Veterinary Diagnostic Labo-
ratory, Kansas State University.

CONFLICT OF INTEREST
All authors declare no conflict of interest.

ETHICAL STATEMENT

All human nasal swab samples were collected by Lafene Health Center,
Kansas State University, and submitted to KSVDL Public Health Labo-
ratory for diagnosis under CLIA certification # 17D0648239. Research
activities of this study are also authorized under Kansas State Univer-
sity IBC # 1619 (renewal of IBC # 1322).

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available in The
GenBank at https://www.ncbi.nlm.nih.gov/. These data were derived

from the following resources available in the public domain:


https://nextstrain.org/ncov/gisaid/global
https://covariants.org/variants/21L.Omicron
https://www.ncbi.nlm.nih.gov/

TSUI ET AL.

The GenBank, https://www.ncbi.nIm.nih.gov/
GISAID, https://www.gisaid.org/about-us/history/

ORCID
Vaughn Hamill "= https://orcid.org/0000-0002-0245-7069

Jianfa Bai ¥ https://orcid.org/0000-0002-0021-3036

REFERENCES

Cele, S., Jackson, L., Khoury, D. S., Khan, K., Moyo-Gwete, T., Tegally, H.,
San, J. E., Cromer, D., Scheepers, C., Amoako, D., Karim, F., Bernstein, M.,
Lustig, G., Archary, D., Smith, M., Ganga, Y., Jule, Z., Reedoy, K., Hwa, S. H.,
... Sigal, A. (2021). SARS-CoV-2 Omicron has extensive but incomplete
escape of Pfizer BNT162b2 elicited neutralization and requires ACE2 for
infection. medRxiv. https://doi.org/10.1101/2021.12.08.21267417

Centers for Disease Control and Prevention. (2021). SARS-CoV-2B.1.1.529
(Omicron) variant-United States, December 1-8, 2021. Mmwr Morbid-
ity and Mortality Weekly Report, 70(50), 1731-1734. https://doi.org/10.
15585/mmwr.mm7050e1

Cherian, S., Potdar, V., Jadhav, S., Yadav, P, Gupta, N., Das, M., Rakshit, P,
Singh, S., Abraham, P, Panda, S., & Team, N. (2021). SARS-CoV-2 spike
mutations, L452R, T478K, E484Q and P681R, in the second wave of
COVID-19 in Maharashtra, India. Microorganisms, 9, 1542.

Dejnirattisai, W., Huo, J., Zhou, D., Zahradnik, J., Supasa, P, Liu, C,,
Duyvesteyn, H. M. E., Ginn,H. M., Mentzer, A. J., Tuekprakhon, A., Nutalai,
R., Wang, B., Dijokaite, A., Khan, S., Avinoam, O., Bahar, M., Skelly, D.,
Adele, S., Johnson, S. A, ... Screaton, G. R. (2021). Omicron-B.1.1.529
leads to widespread escape from neutralizing antibody responses.
bioRxiv. https://doi.org/10.1101/2021.12.03.471045

Del Rio, C., Omer, S. B., & Malani, P. N. (2022). Winter of Omicron—The
evolving COVID-19 pandemic. JAMA, 327(4), 319-320. https://doi.org/
10.1001/jama.2021.24315

Doria-Rose, N. A, Shen, X., Schmidt, S. D., O'Dell, S., McDanal, C., Feng, W.,
Tong, J., Eaton, A,, Maglinao, M., Tang, H., Manning, K. E., Edara, V. V,, Lai,
L., Ellis, M., Moore, K., Floyd, K., Foster, S. L., Atmar, R. L., Lyke, K. E,,
... Montefiori, D. C. (2021). Booster of mMRNA-1273 strengthens SARS-
CoV-2 Omicron neutralization. medRxiv. https://doi.org/10.1101/2021.
12.15.21267805

Edara, V. V., Manning, K. E., Ellis, M., Lai, L., Moore, K. M,, Foster, S. L.,
Floyd, K., Davis-Gardner, M. E., Mantus, G., Nyhoff, L. E., Bechnak, S.,
Alaaeddine, G., Naji, A,, Samaha, H., Lee, M., Bristow, L., Hussaini, L., Ciric,
C.R., Nguyen, P.V, ... Suthar, M. S. (2021). mRNA-1273 and BNT162b2
mRNA vaccines have reduced neutralizing activity against the SARS-
CoV-2 Omicron variant. bioRxiv. https://doi.org/10.1101/2021.12.20.
473557

European Centre for Disease Prevention and Control. (2021a). Emergence of
SARS-CoV-2 B.1.617 variants in India and situation in the EU/EEA, 11 May
2021.ECDC.

European Centre for Disease Prevention and Control. (2021b). Implications
of the emergence and spread of the SARSCoV-2 B.1.1. 529 variant of concern
(Omicron), for the EU/EEA, 26 November 2021. ECDC.

Fang, F.F,, &Shi, P.Y.(2022). Omicron: A drug developer’s perspective. Emerg
Microbes Infect, 11,208-211.

Farinholt, T., Doddapaneni, H., Qin, X., Menon, V., Meng, Q., Metcalf, G,,
Chao, H., Gingras, M. C., Avadhanula, V., Farinholt, P, Agrawal, C., Muzny,
D. M., Piedra, P.A., Gibbs, R. A., & Petrosino, J. (2021). Transmission event
of SARS-CoV-2 delta variant reveals multiple vaccine breakthrough
infections. BMC Medicine, 19, 255.

Fowlkes, A., Gaglani, M., Groover, K., Thiese, M. S., Tyner, H., & Ellingson,
K. (2021). Effectiveness of COVID-19 vaccines in preventing SARS-
CoV-2 infection among frontline workers before and during B.1.617.2
(Delta) variant predominance — Eight U.S. Locations, December
2020-August 2021. Mmwr Morbidity and Mortality Weekly Report, 70,
1167-1169.

-I:FC]ﬂSbOUFIdCJI'y cmd Eme
k!

el esf} #.

by s

riné Dise

" WILEY- -2

Garcia-Beltran, W. F,, St Denis, K. J., Hoelzemer, A., Lam, E. C., Nitido,

A. D., Sheehan, M. L., Berrios, C., Ofoman, O., Chang, C. C., Hauser,
B. M., Feldman, J., Gregory, D. J., Poznansky, M. C., Schmidt, A. G,,
lafrate, A. J.,, Naranbhai, V., & Balazs, A. B. (2021). mRNA-based
COVID-19 vaccine boosters induce neutralizing immunity against SARS-
CoV-2 Omicron variant. medRxiv. https://doi.org/10.1101/2021.12.14.
21267755

Hamill, V., Noll, L., Lu, N., Tsui, W. N. T,, Porter, E. P, Gray, M., Sebhatu, T,,
Goerl, K., Brown, S., Palinski, R., Thomason, S., Almes, K., Retallick, J.,
& Bai, J. (2021). Molecular detection of SARS-CoV-2 strains and differ-
entiation of Delta variant strains. Transboundary and Emerging Diseases.
https://doi.org/10.1111/tbed.14443

Hasetline, W. A. (2022). Birth of the Omicron family: BA.1, BA.2, BA.3. each
as different as alpha is from Delta. https://accessh.org/press/

Herlihy, R., Bamberg, W., Burakoff, A., Alden, N., Severson, R., Bush, E.,
Kawasaki, B., Berger, B., Austin, E., Shea, M., Gabrieloff, E., Matzinger,
S., Burdorf, A., Nichols, J., Goode, K., Cilwick, A., Stacy, C., Staples,
E., & Stringer, G. (2021). Rapid increase in circulation of the SARS-
CoV-2 B.1.617.2 (Delta) variant — Mesa County, Colorado, April-
June 2021. Mmwr Morbidity and Mortality Weekly Report, 70, 1084-
1087.

Khan, K., Karim, F.,, Cele, S., San, J. E., Lustig, G., Tegally, H., Bernstein,
M., Ganga, Y., Jule, Z., Reedoy, K., Ngcobo, N., Mazibuko, M., Mthabela,
N., Mhlane, Z., Mbatha, N., Giandhari, J., Ramphal, Y., Naidoo, T,
Manickchund, N., ... Sigal, A. (2021). Omicron infection enhances neu-
tralizing immunity against the Delta variant. medRxiv. https://doi.org/10.
1101/2021.12.27.21268439

Lam-Hine, T., McCurdy, S. A., Santora, L., Duncan, L., Corbett-Detig, R.,
Kapusinszky, B., & Willis, M. (2021). Outbreak associated with SARS-
CoV-2B.1.617.2 (Delta) variant in an elementary school — Marin County,
California, May-June 2021. Mmwr Morbidity and Mortality Weekly Report,
70,1214-1219.

Lee, B. U. (2021). Why does the SARS-CoV-2 Delta VOC spread so
rapidly? Universal conditions for the rapid spread of respiratory
viruses, minimum viral loads for viral aerosol generation, effects
of vaccination on viral aerosol generation, and viral aerosol clouds.
International Journal of Environmental Research and Public Health, 18,
9804.

Li, M,, Lou, F,, & Fan, H. (2021). SARS-CoV-2 variants of concern Delta: A
great challenge to prevention and control of COVID-19. Signal Trans-
duction and Targeted Therapy, 6. https://doi.org/10.1038/s41392-021-
00767-1

Papanikolaou, V., Chrysovergis, A., Ragos, V., Tsiambas, E., Katsinis, S.,
Manoli, A., Papouliakos, S., Roukas, D., Mastronikolis, S., Peschos, D.,
Batistatou, A., Kyrodimos, E., & Mastronikolis, N. (2022). From delta
to Omicron: S1-RBD/S2 mutation/deletion equilibrium in SARS-CoV-2
defined variants. Gene, 814, 146134.

Petersen, E., Ntoumi, F., Hui, D. S., Abubakar, A., Kramer, L. D., Obiero,
C., Tambyah, P. A, Blumberg, L., Yapi, R.,, Al-Abri, S., Pinto, T. C. A,
Yeboah-Manu, D., Haider, N., Asogun, D., Velavan, T. P, Kapata, N.,
Bates, M., Ansumana, R., Montaldo, C., ... Zumla, A. (2022). Emer-
gence of new SARS-CoV-2 Variant of concern Omicron (B.1.1.529)—
Highlights Africa’s research capabilities, but exposes major knowledge
gaps, inequities of vaccine distribution, inadequacies in global COVID-19
response and control efforts. International Journal of Infectious Diseases,
114,268-272.

Safarchi, A., Fatima, S., Ayati, Z., & Vafaee, F. (2021). An update on novel
approaches for diagnosis and treatment of SARS-CoV-2 infection. Cell
and Bioscience, 11, 164.

Syed, A. M,, Ciling, A., Khalid, M. M., Sreekumar, B., Chen, P. Y., Kumar,
G. R, Silva, 1., Milbes, B., Kojima, N., Hess, V., Shacreaw, M., Lopez, L.,
Brobeck, M., Turner, F.,, Spraggon, L., Taha, T. Y., Tabata, T., Chen, I. P,
Ott, M., & Doudna, J. A. (2022). Omicron mutations enhance infectivity
and reduce antibody neutralization of SARS-CoV-2 virus-like particles.
medRxiv. https://doi.org/10.1101/2021.12.20.21268048


https://www.ncbi.nlm.nih.gov/
https://www.gisaid.org/about-us/history/
https://orcid.org/0000-0002-0245-7069
https://orcid.org/0000-0002-0245-7069
https://orcid.org/0000-0002-0021-3036
https://orcid.org/0000-0002-0021-3036
https://doi.org/10.1101/2021.12.08.21267417
https://doi.org/10.15585/mmwr.mm7050e1
https://doi.org/10.15585/mmwr.mm7050e1
https://doi.org/10.1101/2021.12.03.471045
https://doi.org/10.1001/jama.2021.24315
https://doi.org/10.1001/jama.2021.24315
https://doi.org/10.1101/2021.12.15.21267805
https://doi.org/10.1101/2021.12.15.21267805
https://doi.org/10.1101/2021.12.20.473557
https://doi.org/10.1101/2021.12.20.473557
https://doi.org/10.1101/2021.12.14.21267755
https://doi.org/10.1101/2021.12.14.21267755
https://doi.org/10.1111/tbed.14443
https://accessh.org/press/
https://doi.org/10.1101/2021.12.27.21268439
https://doi.org/10.1101/2021.12.27.21268439
https://doi.org/10.1038/s41392-021-00767-1
https://doi.org/10.1038/s41392-021-00767-1
https://doi.org/10.1101/2021.12.20.21268048

Iransboundary and Emeriné Diseases

“ 1 WILEY £

Thomas, E., Delabat, S., Carattini, Y. L., & Andrews, D. M. (2021). SARS-CoV-
2 and variant diagnostic testing approaches in the United States. Viruses,
13,2492.

Wang, Y., Das, A., Zheng, W., Porter, E., Xu, L., Noll, L., Liu, X, Dodd, K., Jia,
W., & Bai, J. (2020). Development and evaluation of multiplex real-time
RT-PCR assays for the detection and differentiation of foot-and-mouth
disease virus and Seneca Valley virus 1. Transboundary and Emerging Dis-
eases, 67,604-616.

Zimmerman, P. A, King, C. L., Ghannoum, M., Bonomo, R. A., & Procop, G. W.
(2021). Molecular diagnosis of SARS-CoV-2: Assessing and interpreting
nucleic acid and antigen tests. Pathogens and Immunity, 6, 135-156.

g

TSUIET AL.

How to cite this article: Tsui, W.N. T., Hamill, V., Noll, L., Lu, N.,
Porter, E. P, Harbidge, D., Cox, E., Richardson, C., Gray, M.,
Sebhatu, T,, Goerl, K., Brown, S., Hanzlicek, G., Retallick, J., &
Bai, J. (2022). Molecular detection of SARS-CoV-2 and
differentiation of Omicron and Delta variant strains.
Transboundary and Emerging Diseases, 1-14.
https://doi.org/10.1111/tbed.14497


https://doi.org/10.1111/tbed.14497

	Molecular detection of SARS-CoV-2 and differentiation of Omicron and Delta variant strains
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Sequence analysis and assay design
	2.2 | Clinical samples
	2.3 | Positive amplification control constructions
	2.4 | RNA extraction and PCR reaction optimization
	2.5 | Analytical sensitivity and limit of detection
	2.6 | Analysis of assay’s specificity
	2.7 | Sequencing confirmation of selected Omicron variant, Delta variant, and wild-type strains

	3 | RESULTS
	3.1 | In silico sequence analysis and primer and probe design
	3.2 | PCR conditions and optimization
	3.3 | Standard curve analysis of genotype-confirmed plasmids and purified DNA products
	3.4 | Limit of detection determination and copy number analysis
	3.5 | Standard curve analysis using clinical samples
	3.6 | Specificity of the assay
	3.6.1 | In silico analysis of closely related human coronaviruses
	3.6.2 | Sequencing confirmation of selected clinical samples of Omicron and Delta variants, and wild-type strains
	3.6.3 | Animal coronavirus testing

	3.7 | Diagnostic validation using human clinical samples

	4 | DISCUSSION
	ACKNOWLEDGMENT
	CONFLICT OF INTEREST
	ETHICAL STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


