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ABSTRACT The objective of this study was to construct a novel strategy for the detec-
tion of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants using mul-
tiplex PCR-mass spectrometry minisequencing technique (mPCR-MS minisequencing).
Using the nucleic acid sequence of a SARS-CoV-2 nonvariant and a synthetic SARS-CoV-2
variant-carrying plasmid, a matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS) method based on the single-base mass probe extension
of multiplex PCR amplification products was established to detect 9 mutation types in 7
mutated sites (HV6970del, N501Y, K417N, P681H, D614G, E484K, L452R, E484Q, and
P681R) in the receptor-binding domain of the spike protein of SARS-CoV-2 variants.
Twenty-one respiratory tract pathogens (9 bacteria and 12 respiratory viruses) and
nucleic acid samples from non-COVID-19 patients were selected for specific validation.
Twenty samples from COVID-19 patients were used to verify the accuracy of this
method. The 9 mutation types could be detected simultaneously by triple PCR amplifica-
tion coupled with MALDI-TOF MS. SARS-CoV-2 and six variants, B.1.1.7 (Alpha), B.1.351
(Beta), B.1.429 (Epsilon), B.1.526 (lota), P.1 (Gamma) and B.1.617.2 (Delta), could be identi-
fied. The detection limit for all 9 sites was 1.5 x 10° copies. The specificity of this
method was 100%, and the accuracy of real-time PCR cycle threshold (C;) values less
than 27 among positive samples was 100%. This method is open and extensible, and
can be used in a high-throughput manner, easily allowing the addition of new mutation
sites as needed to identify and track new SARS-CoV-2 variants as they emerge. mPCR-
MS minisequencing provides a new detection option with practical application value for
SARS-CoV-2 and its variant infection.

IMPORTANCE The emergence of SARS-CoV-2 variants is the key factor in the second wave
of the COVID-19 pandemic. An all-in-one SARS-CoV-2 variant identification method based
on a multiplex PCR-mass spectrometry minisequencing system was developed in this
study. Six SARS-CoV-2 variants (Alpha, Beta, Epsilon, lota, Gamma, and Delta) can be identi-
fied simultaneously. This method can not only achieve the multisite simultaneous detec-
tion that cannot be realized by PCR coupled with first-generation sequencing technology
and quantitative PCR (QPCR) technology but also avoid the shortcomings of time-consum-
ing, high-cost, and high technical requirements of whole-genome sequencing technology.
As a simple screening assay for monitoring the emergence and spread of SARS-CoV-2 and
variants, mPCR-MS minisequencing is expected to play an important role in the detection
and monitoring of SARS-CoV-2 infection as a supplementary technology.

KEYWORDS SARS-CoV-2 variants, SNPs, screening and identification, mPCR-MS
minisequencing
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evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has spread world-

wide since the end of 2019. The second wave of COVID-19 has been incessantly
causing catastrophe worldwide. The emergence of SARS-CoV-2 variants is the key fac-
tor in the second wave of the COVID-19 pandemic. As of June 2021, there are six differ-
ent SARS-CoV-2 variants have been identified, including the United Kingdom variant
(B.1.1.7, Alpha), South African mutant (B.1.351, Beta), California mutant (B.1.429,
Epsilon), New York mutant (B.1.526, lota), Brazilian mutant (P.1, Gamma), and Indian
mutant (B.1.617.2, Delta) (1, 2). Some reports suggest that these variants have impor-
tant mutations in the receptor-binding domain (RBD) of the spike protein of SARS-CoV-
2 that increase the transmission efficiency of the virus, increase the severity of the dis-
ease, enhance the immune escape ability of the virus, and reduce the immune effect of
the current vaccines (3-6); this has not been proven to be universally true.

Currently, the mutation and evolution of SARS-CoV-2 are mainly detected by whole-ge-
nome sequencing (WGS) (7-11). Although genome sequencing is the gold standard for iden-
tifying SARS-CoV-2 variants, routine genomic testing is expensive and difficult to perform in
real time and is not available in many areas due to lack of resources and expertise.
Quantitative PCR (qPCR) (12), melting-temperature RT-PCR (13), and CRISPR-Cas13a-based
transcription amplification were general used for the single-site detection of SARS-CoV-2 var-
iants (14). Therefore, the rapid, accurate, economic, and multisite detection method of SARS-
CoV-2 variant identification is an urgent technical system for SARS-CoV-2 infection preven-
tion and control worldwide.

Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF
MS) has been utilized for detecting single nucleotide polymorphisms (SNPs) in recent deca-
des, and the basic process is as follows. Multiplex PCR is used to amplify the genes contain-
ing the targets of SNPs. Subsequently, an extension mass probe is utilized for the extension
of SNP sites. Finally, MALDI-TOF MS is performed to identify the mass-to-charge ratio (m/z) of
extended mass probes. In order to understand and distinguish from other mass spectrome-
try techniques, we named this technique of detecting SNPs by multiplex PCR coupled with
MALDI-TOF MS as multiplex PCR-mass spectrometry minisequencing (mPCR-MS minise-
quencing) technology. In recent years, MALDI-TOF MS has been commonly used in clinical
hospitals, the Center for Disease Control and Prevention, and research institutes in many
countries for microbiological detection and analysis (15-17). To date, multiple-SNP detection
and diagnosis of various viral infections based on MALDI-TOF MS have been frequently con-
ducted (18-20). Our team has also completed a multisite SNP genotyping and macrolide sus-
ceptibility gene method for Mycoplasma pneumoniae using mPCR-MS minisequencing. SNP
analysis based on MALDI-TOF MS features high-throughput, rapid detection and simultane-
ous detection of multiple targets (21). Therefore, it is one of the most promising biomolecular
techniques. In this study, 9 mutation types of 7 mutation sites in the RBD of the spike protein
were detected simultaneously by using mPCR-MS minisequencing technology for the identi-
fication all current SARS-CoV-2 variants.

RESULTS

MPCR-MS minisequencing-based method establishment and optimization. The
nine targets were amplified by triple PCR. The m/z of mass probe extension (MPE) origi-
nal peaks at 9 mutation types (HV69-70del, N501Y, K417N, P681H, D614G, E484K,
L452R, E484Q, and P681R) were 5,170 = 3, 5,105 = 3, 5,794 * 3,6,036 £ 3,5,816 * 3,
6,436 + 3, 5691 = 3, 6436 = 3, and 6,036 = 3, respectively (mass error less than
500 ppm; the same below). The m/z of MPE peaks of these 9 mutation types of SARS-
CoV-2 nonvariants were 5483 = 3, 5402 *= 3, 6,067 = 3, 6,309 = 3, 6,113 = 3,
6,749 * 3,5,988 * 3, 6,749 * 3, and 6,309 * 3, and the extension bases were C, A, G,
C A G, G, G, and C. The m/z of MPE peaks of these 9 mutation types of the S gene-
mutated plasmid of SARS-CoV-2 variants were 5512 * 3, 5447 = 3, 6,091 £ 3,
6,333 = 3,6,129 *+ 3,6,733 * 3,5,964 * 3, 6,709 * 3, and 6,349 * 3, respectively, and
the extended bases were A, T, T, A, G, A, G, C, and G (Fig. 1). All mutation types were
identified correctly using mPCR-MS minisequencing methods.
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FIG 1 MS peak of the MPE probes. (a) MS peaks of 9 MPE probes without extension; (b) target site peaks of the MPE probes extended to
non-SARS-CoV-2 variants; (c) target site peaks of the MPE probes extended to SARS-CoV-2 S gene mutation plasmid 1 (containing the
HV69-70del, K417N, E484K, N501Y, D614G, and P681H mutations); (d) target site peaks of the MPE probes extended to SARS-CoV-2 S gene
mutation plasmid 2 (containing the L452R, E484Q, and P681R mutations).
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After optimization, the final concentrations of 7 MPEs were 7.0 uM (HV69-70del),
8.09 uM (K417N), 9.09 uM (E484K/Q), 6.87 uM (N501Y), 8.12 uM (D614G), 8.48 uM
(P681H/R), and 7.91 uM (L452R).

Detection limit and specificity of mPCR-MS minisequencing. The extended signals
of mass probe pairs 5483 *= 3/5512 * 3 (HV69-70del), 5402 = 3/5447 = 3 (N501Y),
6,067 = 3/6,091 = 3 (K417N), 6,309 * 3/6,333 £ 3 (P681H), 6,309 * 3/6,349 * 3 (P681R),
6,113 = 3/6,129 = 3 (D614G), 6,749 * 3/67,33 + 3 (E484K), 6,749 * 3/6,709 * 3 (E484Q),
and 5,988 * 3/5964 = 3 (L452R) were not detected in 21 other respiratory pathogen and
non-COVID-19 patient nucleic acids, which showed that the specificity of this method was
100%. The detection limits for HV69-70del, K417N, E484K, N501Y, D614G, P681H, L452R,
E484Q, and P681R were 400, 1,560, 400, 400, 400, 1,560, 400, 400, and 1,560 copies, respec-
tively, and the total detection limit for all sites of the mPCR-MS minisequencing was 1,560
copies when using the diluted concentration of the nucleic acids of the SARS-CoV-2 nonvar-
iants (Fig. 2). The mutation sites were detected by synthetic DNA plasmids, and the detection
limits of all the sites were between 100 and 400 copies.

Detection results of clinical nucleic acid specimens. The threshold cycle (C;) val-
ues of RT real-time PCR (FAM fluorescence signal C; value of N gene) of nucleic acid
samples of 20 COVID-19 patients were 16.04 to 34.95, among which 13 samples with
CT within 27 were all positive in the 7 target sites, and three mutations (delta variant)
were found. Of the seven specimens with CT values were around 30, some of the sites
were detected in 5, and none of the sites were detected in one specimen (Table 1).

DISCUSSION

In view of the emerging SARS-CoV-2 variants, researchers are trying to develop
rapid detection methods in addition to genome sequencing. Based on the existing
technology, all variants cannot be detected simultaneously by qPCR or CRISPR-Cas13a
amplification technology. In this study, we developed a mPCR-MS minisequencing
method that can simultaneously detect 9 mutation types in 7 mutated sites in the RBD
of spike proteins HV69-70del (Alpha), N501Y (Alpha, Beta, and Gamma), K417N (Beta),
P681H (Alpha), D614G (Alpha, Beta, Gamma, Epsilon, lota, and Delta), E484K (Beta and
Gamma), L452R (Delta and Epsilon), P681R (Delta), and E484Q (B.1.617.1 and B1.617.3)
to identify SARS-CoV-2 and its mutated variants. The workflow of this method is shown
in Fig. 3. Through combination of the results of the nine mutation sites, we can judge
whether the detected sample is a SARS-CoV-2 infection, and if it is a SARS-CoV-2 infec-
tion, we can also determine which variant strain is present (Table 2).

The Indian variant strain B.1.617 lineage includes three main subtypes, B1.617.1,
B1.617.2, and B1.617.3. Delta variant (B1.617.2) has been detected in many countries
and was believed to spread faster than other variants, and it notably escapes neutraliz-
ing monoclonal antibodies and polyclonal antibodies elicited by previous infection
with SARS-CoV-2 or by vaccination (22, 23). The method constructed in this study can
simultaneously detect 9 mutation sites, which can accurately judge whether the sam-
ple is infected by the Delta variant. In the 20 clinical samples, 3 Delta variants were cor-
rectly identified according to our judgment rules (Table 2). The nucleic acid load of the
samples with real-time PCR C; values greater than 27 was roughly estimated to be less
than 1,000 copies, which was lower than the detection limit of some sites. Therefore,
only a portion of sites were detected in six samples with C; values greater than 27, and
one sample was negative. The reliability of the method is verified by the detection of
clinical samples, which indicates that the method has clinical application value.

This method can not only detect SNP gene mutation but also detect gene variation
caused by deletion and insertion according to probe extension. The type of extended
base was determined according to the peak value (m/z) acquired by MALDI-TOF MS.
For example, for the HV69-70del site, if the peak of the detected extension product
was 5,483 =+ 3, then the extension base was C, indicating that CATGTC (HV69-70R) was
not deleted and the detected sample was a non-SARS-CoV-2 variant; if the peak of the
detected extension product was 5,512 = 3, then the extension base was A, indicating
that CATGTC was deleted (Fig. 4) and the detected sample was a SARS-CoV-2 variant. If
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FIG 2 Detection limit of the 9 types of mutations at 7 mutated sites by non-SARS-CoV-2 variants. The left and right
sides show two repetitions. NTC, negative control without DNA template.
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TABLE 1 Detection results of target sites in COVID-19 patients by mPCR-MS minisequencing?

Detection result

mPCR-MS infection ~WGS infection

No. Specimentype C;value N501Y HV6970R L452R K417N D614G P681H/R E484K/Q type type

1 Sputum 16.04 A C T G A C G Nonvariant Nonvariant
2 Sputum 21.05 A C T G A C G Nonvariant Nonvariant
3 Sputum 21.05 A C T G A C G Nonvariant Nonvariant
4 Sputum 21.12 A C T G A C G Nonvariant Nonvariant
5 Sputum 21.60 A C T G A C G Nonvariant Nonvariant
6 Sputum 22.19 A C T G A C G Nonvariant Nonvariant
7 Sputum 22.24 A C T G A C G Nonvariant Nonvariant
8 Sputum 26.31 A C T G A C G Nonvariant Nonvariant
9 Sputum 26.47 A C T G A C G Nonvariant Nonvariant
10  Sputum 26.89 A C T G A C G Nonvariant Nonvariant
1 Sputum 30.35 Nocall C Nocall Nocall Nocall Nocall No call Nonvariant Nonvariant
12 BALF 30.89 A C Nocall Nocall Nocall Nocall No call Nonvariant Nonvariant
13 Sputum 31.64 A C Nocall Nocall Nocall Nocall No call Nonvariant Nonvariant
14  BALF 3234 A C Nocall Nocall Nocall Nocall No call Nonvariant Nonvariant
15 Sputum 34.63 A C Nocall Nocall Nocall Nocall No call Nonvariant Nonvariant
16 Sputum 34.95 No call  No call Nocall Nocall Nocall Nocall No call Negative Nonvariant
17 NPS 18.56 A C G G G G G Delta variant Delta variant
18 NPS 19.71 A C G G G G G Delta variant Delta variant
19 NPS 29.91 A C Nocall Nocall Nocall Nocall No call Indeterminacy Delta variant
20  NPS 25.67 A C G G G G G Delta variant Delta variant

9Bold indicates mutated base. “Indeterminacy” means that SARS-CoV-2 infection could be determined but the mutation type could not be determined. BALF,
bronchoalveolar lavage fluid; NPS, nasopharyngeal swab.

these two characteristic peaks were not detected, the sample was not infected with
SARS-CoV-2. The detection of mutation sites through the same principle (Fig. 4).

This method relies on MPE probe detection after PCR amplification and has high
specificity. There was no nonspecific identification in various non-SARS-CoV-2
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FIG 3 Workflow of mPCR-MS minisequencing for SARS-CoV-2 variant detection.
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TABLE 2 Interpretation basis of the identification of SARS-CoV-2 variants using mPCR-MS minisequencing

&,  Microbiolos
7 Spectrui Y

Identification results (variants)®

Mutation site? Delta (B.1.617.2) Alpha (B.1.1.7) Beta (B.1.351) Epsilon (B.1.429) lota (B.1.526) Gamma (P.1)

Nonvariants

Non-SARS-CoV-2
infection

HV69-70R del 5,483 5,512* 5,483 5,483 5,483
L452R 5,964* 5,988 5,988 5,964* 5,988
N501Y 5,402 5,447 5,447 5,402 5,447
D614G 6,129 6,129 6,129 6,129* 6,129*
P681H 6,309 6,333* 6,309 6,309 6,309
P681R 6,349" 6,309 6,309 6,309™* 6,309
E484K 6,749 6,749 6,733 6,749 6,733*
E484Q 6,709** 6,749 6,749 6,749** 6,749
K417N 6,067 6,067 6,091* 6,067 6,067

5,483
5,988
5,447*
6,129*
6,309
6,309
6,733*
6,749
6,091*

5,483
5,988
5,402
6,113
6,309
6,309
6,749
6,749
6,067

5,170
5,691
5,105
5,816
6,036
6,036
6,436
6,436
5,794

aMutation sites detected in this study.

bSingle and double asterisks indicate that the mutation sites must be identified and unidentified in the same test, respectively. The mass error of the spectrum peak value in

this table is allowed to be less than 500 ppm (#3 Da). The values in the table are the m/z of MPE peaks.

pathogens (9 bacteria and 12 respiratory viruses) or nucleic acid samples from non-
COVID-19 patients. The method of detection of mutation sites based on PCR and first-
generation sequencing technology has a high requirement for the quantity of PCR
amplification products. PCR products with insignificant electrophoretic bands often fail
to be sequenced due to insufficient quantity. However, the mPCR-MS minisequencing
requires fewer PCR products than sequencing when extending the MPE probe. The
PCR products, which are not obvious in electrophoretic bands or even hard to be
observed by the naked eye, can also be detected by MALDI-TOF MS after MPE exten-
sion. Therefore, for mPCR-MS minisequencing, the detection limit is affected by both
multiplex PCR amplification and MPE probe extension, and there are great differences
among different mutation sites. For example, D614G and P681H are located in the
same PCR amplification fragment. The detection limit of D614G is 400 copies after MPE
extension, while that of P681H/R is only 1,560 copies, indicating that the probe exten-
sion efficiency of P681H/R is much lower than that of D614G, which is closely related
to the base sequence near the detection site of P681H/R. Although the detection limit
of the mutant site of synthetic plasmid is lower (100 to 400 copies), considering the
lack of RNA virus reverse transcription step in the process of plasmid DNA amplifica-
tion, we still use the lowest detection limit (LDL) of nucleic acid amplification of SARS-
CoV-2-infected samples (1,560 copies) as the LDL of this method.

PCR coupled with first-generation sequencing technology is only suitable for the
detection of multiple mutation sites in a nucleic acid sequence of less than 600 bp and
cannot be used for the detection of all mutation sites of SARS-CoV-2 (2,000 bp). gPCR
is only suitable for the detection of single mutation sites. WGS is time-consuming and
high cost and has high technical requirements, so it is only suitable for mutation site

Spike glycoprotein (5) —— Deletion: tgctata[catgtc]tctgggaccaatggtactaa

l /Insertion c..tctgggaccaatggtac 5° Original strain

6970HV-del
Mutation sites

detection

Coronavirus (SARS-CoV-2) —— SNP: accaggttgctgttctttatcagga/gtgttaact

5’gttgctgttctttatcagga  Original strain
5’gttgetgttetttatcaggg  Mutant strain
FIG 4 The detection principle of mPCR-MS minisequencing.
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analysis in important samples and not suitable for routine sample screening. This
method constructed in this study is very suitable for the detection of multiple mutation
sites of SARS-CoV-2 variants. In addition, this method is open and extensible and can
be used in a high-throughput manner (96 samples can be detected within 7 h), easily
allowing the addition of new mutation sites as needed to identify and track new SARS-
CoV-2 variants as they emerge.

This study developed a novel strategy for detecting SARS-CoV-2 variants. However,
this method has some limitations. First, the 3’-terminal sequence of the extension
probe is fixed, and the quality of the probe is greatly influenced by the base sequence
near the detection site, which can lead to the inefficient detection in extreme cases.
Second, in some HV69-70del mutants, in addition to six bases (CATGTC), the front base
of these six bases also had an A-C mutation. The extension probe of HV69-70del could
not effectively distinguish the A-C mutation, which does not affect the accuracy for the
other six SNP sites. Third, the number of clinical specimens used in this study is limited,
and the number of validation specimens needs to be further increased.

As a simple screening assay for monitoring the emergence and spread of these
SARS-CoV-2 variants, mPCR-MS minisequencing may be helpful for implementing pub-
lic health strategies to counter these and future mutation strains.

MATERIALS AND METHODS

Specimens and nucleic acids of SARS-CoV-2. The nucleic acid of the SARS-CoV-2 clinical isolate
(nonvariant) was obtained from the Institute of National Institute for Communicable Disease Control
and Prevention, Chinese Center for Disease Control and Prevention (ICDC). The S gene mutation plas-
mids (plasmid 1, containing the HV69-70del, K417N, E484K, N501Y, D614G, and P681H mutations, and
plasmid 2, containing the L452R, E484Q, and P681R mutations) of SARS-CoV-2 variants (Alpha, Beta, lota,
Epsilon, Gamma, and Delta) were synthesized by Sangon Biotech (Shanghai, China). The nucleic acids of
21 common respiratory tract pathogens, including Mycoplasma pneumoniae (ATCC 29342), Escherichia
coli (ATCC 11229), Streptococcus pneumoniae (ATCC 49619), Staphylococcus aureus (ATCC 29213),
Legionella pneumophila (clinical isolate), Mycobacterium tuberculosis (clinical isolate), Pseudomonas aeru-
ginosa (clinical isolate), Haemophilus influenzae (clinical isolate), Neisseria meningitidis (clinical isolate),
influenza A virus, influenza B virus, parainfluenza viruses |, I, lll, and 1V, adenovirus, rhinovirus, coronavi-
ruses 229E, OC43, and NL63, and respiratory syncytial virus, and non-COVID-19 patient sputum and
bronchoalveolar lavage fluid specimens were selected for specific validation of this method. The nucleic
acids of 20 clinical samples of COVID-19 patients (kept at the ICDC) were used to verify the accuracy of
this method. All the specimens collected from COVID-19 patients were collected with complete
informed-consent procedures. This study was approved by the ethics committee of the ICDC.

Design of amplification primers and extension probe for the variant sites. Three sets of PCR pri-
mers were designed to amplify the related fragments of the nine mutation types (Table 3). The S-F1/R1
amplification product contained one mutation type (HV69-70del), the S-F2/R2 amplification product
contained five mutation types (K417N, E484K, E484Q, N501Y, and L452R), and the S-F3/R3 amplification
product contained three mutation types (D614G, P681H, and P681R). The lengths of primers ranged
from 19 bp to 22 bp, and the molecular weight of each primer was made more than 9 kDa (beyond the
mass range of the mass extension probe) by adding a 10-bp fixed sequence (ACGTTGGATG) to the 5’
end of each primer. MALDI-TOF MS quality difference probes for mutation sites were designed by using
the IntelliBio genetic locus analysis software (V2.0, IntelliBio, China) (Table 3). The molecular weight of
the mass probe was required to be 4 to 9 kDa and the length was 17 to 28 bp, and a minimal difference
between the probe molecular weights was set for 20 Da.

Establishment of mPCR-MS minisequencing method. SARS-CoV-2 nonvariants and S gene mu-
tant plasmids of SARS-CoV-2 variants were used as templates to construct the analysis method.
Nucleic acid-free water served as the blank control. The specific steps were as follows. (i) For multiplex
PCR amplification, the mutated gene fragment was amplified by an AgPath-ID one-step RT-PCR kit. (ii)
For shrimp alkaline phosphatase (SAP) digestion, PCR products were treated with SAP to eliminate the
free deoxynucleoside triphosphates (dNTPs). (iii) For mass probe extension (MPE), the purified PCR
products were added with mixed MPE probes for single base extension, and the mutation sites were
detected. (iv) For desalination and purification, an appropriate amount of resin was added to the
extension product, turned over and mixed for 30 min, and centrifuged, and the supernatant was sub-
jected to MALDI-TOF MS.

SNP identification and data analysis by MALDI-TOF MS. 3-Hydroxypyridine-2-carboxylic acid (3-
HPA; 0.9 ul) was dropped at the center of the sample target. After drying, the matrix was covered with
0.3 ul of purified supernatant. Then the samples were subjected to testing after crystallization. The data
were acquired from the QuanTOF | system (Intelligene Biosystems, Qingdao, China). The parameters and
data analysis were previously described (21).

Determination of the detection limit and specificity. The lowest detection limit (LDL) of PCR-
MALDI-TOF MS was determined by using RNA of SARS-CoV-2 nonvariants and the mutant DNA plasmids
of the S gene. The original concentration of nucleic acids was quantified (Qubit 3.0) and diluted in 7
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concentration gradients. The specificity of this method was validated by 21 kinds of nucleic acids of the
other respiratory pathogens (9 bacteria and 12 respiratory viruses) and human sputum and bronchoal-
veolar lavage fluid nucleic acid extraction.
Nucleic acid validation of COVID-19 patient specimens using mPCR-MS minisequencing. The
nucleic acid of specimens of 20 COVID-19 patients was used to test the accuracy of this method. These
specimens were also detected with a 2019-nCoV RT real-time PCR detection kit (Da An Gene Co., Ltd.)
and WGS.
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