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ABSTRACT Emerging severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) variants with enhanced transmissibility, pathogenicity, and immune escape ability
have ravaged many countries and regions, which has brought substantial challenges
to pandemic prevention and control. Real-time reverse transcriptase PCR (rRT-PCR) is
widely used for SARS-CoV-2 detection but may be limited by the continuous evolu-
tion of the virus. However, the sensitivity of Chinese commercial rRT-PCR kits to criti-
cal SARS-CoV-2 variants remains unknown. In this study, contrived MS2 virus-like par-
ticles were used as reference materials to evaluate the analytical sensitivity of Daan,
BioGerm, EasyDiagnosis, Liferiver, and Sansure kits when detecting six important
variants (Alpha, Beta, Gamma, Delta, Omicron, and Fin-796H). The Beta and Delta
variants adversely affected the analytical sensitivity of the BioGerm ORF1ab gene
assay (9.52% versus 42.96%, P = 0.014, and 14.29% versus 42.96%, P = 0.040,
respectively), whereas the N gene assay completely failed in terms of the Fin-796H
variant. The Gamma and Fin-796H variants impeded the PCR amplification effi-
ciency for the Sansure ORF1ab gene assay (33.33% versus 66.67%, P = 0.031, and
66.67% versus 95.24%, P = 0.040, respectively), and the Delta variant compromised
the E gene assay (52.38% versus 85.71%, P = 0.019). The Alpha and Omicron var-
iants had no significant effect on the kits. This study highlights the necessity of
identifying the potential effect of viral mutations on the efficacy and sensitivity of
clinical detection assays. It can also provide helpful insights regarding the develop-
ment and optimization of diagnostic assays and aid the strategic management of
the ongoing pandemic.
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Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has severely endangered national security and human

health on a global scale. From late December 2019 to March 1, 2022, there have been
more than 435.62 million confirmed cases, including 5.95 million deaths (1). As the
global pandemic continues to flare, the viral genome has accumulated a considerable
number of mutations, and circulating variants with enhanced transmissibility, pathoge-
nicity, and immune escape ability have ravaged many countries and regions. The
large-scale, sustained emergence of novel SARS-CoV-2 variants has brought substantial
challenges to pandemic prevention and control.

For real-time investigation and tracking of SARS-CoV-2 evolution, three nomencla-
ture systems have been established by the Global Initiative of Sharing All Influenza
Data (GISAID) (2), Nextstrain (3), and Pango (4). The World Health Organization (WHO)
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recommends the use of the Greek alphabet to distinguish important variants (5), which will
facilitate public discussion and understanding of variants. Variants of concern (VOCs), includ-
ing Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529),
and variants of interest (VOIs), including Lambda (C.37) and Mu (B.1.621), have been classi-
fied based on the increased risk posed to global public health (6). Some genetic variations
have been documented to cause significant changes in transmissibility, pathogenicity,
immune escape ability, available diagnostics, vaccines, and therapeutics of the virus, making
them more detrimental to human beings. For example, the N501Y mutation contained in
the Alpha, Beta, Gamma, and Omicron variants can enhance the binding affinity of the re-
ceptor-binding domain (RBD) for human angiotensin-converting enzyme 2 (ACE2) (7), lead-
ing to the enhanced cellular infectivity of the virus. The E484K mutation presented in the
Beta and Gamma variants can facilitate evasion from the host immune system (8), thereby
reducing the neutralization activity of the vaccine against the variants (9). Furthermore, the
L452R mutation of the Delta variant can escape the cellular immune response, stabilize the
spike protein, and boost the infectivity and replication capability of the virus (10). The Fin-
796H (B.1.1.318) variant, identified by researchers from Finland, was found to present muta-
tions similar to those in the Alpha and Beta variants and an additional mutation in the area
targeted by the N gene assay recommended by China’s Center for Disease Control and
Prevention (CDC).

Real-time reverse transcriptase PCR (rRT-PCR) is recognized as the “gold standard”
for COVID-19 diagnosis and is widely used in clinics, but may be challenged and lim-
ited by the continuous evolution of the virus. The variation in SARS-CoV-2 is of high fre-
quency and wide range (11). However, most nucleic acid detection reagents were
established in the early stages of the pandemic, and primer/probe oligonucleotides
were designed based on the initial viral sequence. As SARS-CoV-2 continues to mutate,
an increasing number of mismatched sites have appeared in the primer/probe binding
regions, which may affect the analytical performance of the detection reagents and
even lead to false-negative results. Previous studies have compared the performance
characteristics of commercial rRT-PCR kits for the detection of nonmutated SARS-CoV-
2. However, the sensitivity of Chinese commercially available rRT-PCR kits to critical
SARS-CoV-2 variants remains unknown. According to the external quality assessment of
SARS-CoV-2 conducted by China’s National Center for Clinical Laboratories, of all the SARS-
CoV-2 RNA detection kits approved by China’s National Medical Products Administration
(NMPA), Daan Gene Co., Ltd. of Sun Yat-sen University, Shanghai BioGerm Medical
Technology Co., Ltd., Wuhan EasyDiagnosis Biomedicine Co., Ltd., Shanghai Liferiver Bio-
Tech Co., Ltd., and Sansure Biotech Co., Ltd. are the top five tests most commonly used in
Chinese laboratories, accounting for more than 75% of the total market share. Therefore,
this study aimed to evaluate the analytical sensitivity of these five kits when detecting six
important variants, namely, Alpha, Beta, Gamma, Delta, Omicron, and Fin-796H, and to
investigate the potential effects of virus mutations on these tests.

MATERIALS ANDMETHODS
Preparation of samples. The genome sequence of the SARS-CoV-2 Wuhan-Hu-1 strain (accession

number MN908947.3) was obtained from the National Center for Biotechnology Information (NCBI)
GenBank and used as a reference sequence for viral genetic variations. The whole genome sequences of
the SARS-CoV-2 variants, including Alpha, Beta, Gamma, Delta, Omicron, and Fin-796H, were down-
loaded from the GISAID (Table 1). Genome sequence alignments between individual variants and the
Wuhan-Hu-1 strain were performed using Nucleotide BLAST (12). Only genome sequences with no more
than three degenerate bases were selected for further studies. A preliminary investigation was con-
ducted on the target detection segments of the NMPA-approved assays and laboratory-developed tests.
All of these assays targeted sequences in the ORF1ab, N, or E genes. The length of the RNA sequence
enveloped was 12795 bp, consisting of a partial region of the ORF1ab, full region of the S, N, and E
genes. Ultimately, target detection segments of nucleotide sequences from the SARS-CoV-2 reference
genome and six different mutated genomes were outsourced to Sangon Biotech Co., Ltd. (Shanghai,
China) for synthesis.

The synthesized sequences were double-enzyme excised, gel-purified, and subcloned into Kpn I/Pac
I or AatII/Pac I sites of the dual expression vector pACYC-MS2 that was able to stably express MS2 coat
protein and maturase. The recombinant plasmids successfully verified by Sanger sequencing were trans-
formed into Escherichia coli strain BL21(DE3) to express armored RNAs, and the MS2 virus-like particles
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(VLPs) were purified according to previous studies in our laboratory (13). The obtained MS2-VLPs were
then verified by DNase I and RNase A digestion and real-time quantitative PCR (RT-qPCR), after which
each sample was quantitated using droplet digital PCR (ddPCR, Bio-Rad). First, the RNAs of diluted VLPs
were isolated using the QIAamp Viral RNA minikit (Qiagen, Hilden, Germany), followed by being reverse
transcribed into cDNA using the PrimeScript RT reagent kit (Perfect Real Time; TaKaRa, Japan). Then,
ddPCR was performed on the Bio-Rad QX-200 system with ddPCR Supermix for Probes (Bio-Rad,
Hercules, USA). The QuantaSoft software version 1.7.4 (Bio-Rad) was used to analyze the copy number of
cDNA in the ddPCR reaction system, which can be used to deduce the initial concentration of VLPs. All
primers and probes used for RT-qPCR and ddPCR are listed in Table S1 in the supplemental material.

Preparation of commercial rRT-PCR kits. Five commercial rRT-PCR detection kits most commonly
used in Chinese laboratories were selected for evaluation: Daan, BioGerm, EasyDiagnosis, Liferiver, and
Sansure. The characteristics of the five kits are summarized in Table 2. To eliminate the potential influence of
nucleic acid extraction on detection, a commercial NP968-C automatic nucleic acid extraction system (Xi’an
Tianlong Science and Technology Co., Ltd.) was used to separate and purify nucleic acids. A total sample of
200mL of the SARS-CoV-2 variant-specific MS2-VLPs was used for extraction, and RNA was eluted with 80mL
elution buffer. All the procedures were performed according to the manufacturer’s instructions.

Limits of detection (LODs) of different kits for different strains. The six types of quantified VLPs
were, respectively, serially diluted 3-fold to 9000, 3000, 1000, 333.33, 111.11, 37.04, 12.35, and 4.12 cop-
ies/mL using Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) and dispensed in 0.5-mL aliquots
for detection. For the reference strain and six variants, a total of 168 positive samples were tested using
the five commercial kits on the Applied Biosystems 7500 Fast real-time PCR system (Thermo Fisher
Scientific, USA), with 21 samples per concentration. In addition, 21 negative samples were detected in
parallel. Retesting of the samples and interpretation of results were carried out according to the manu-
facturer’s specifications (Table S2). Ultimately, the test results were uniformly classified into two catego-
ries: positive and negative.

Statistical analysis. MedCalc Statistical Software version 19.6.1 (MedCalc Software Ltd., Ostend,
Belgium) was used for probit regression analysis, and the LODs of five detection assays were estimated.
Other statistical analyses were performed using SPSS Statistics for Windows (version 19.0; IBM Corp.,
Armonk, NY, USA). The variance among different groups was compared using Pearson’s chi-square test,
and a P value ,0.05 was regarded as statistically significant.

RESULTS
Evaluation of samples. MS2-VLPs of the reference strain and six variants of SARS-

CoV-2 were constructed and expressed successfully, which were verified using sequencing
and double enzymatic digestion. After quantification using RT-qPCR and ddPCR with spe-
cific primers and probes, the VLPs containing different target genes were blended in identi-
cal proportions at a concentration of 1 � 108 copies/mL. The samples were then diluted in
a 3-fold series and tested from 9,000 copies/mL to 4.12 copies/mL.

Retest rates of different samples. Based on the retest rules for instructions, sam-
ples from suspected positive cases in the first test were retested. The retest rates of
five detection kits for different samples are presented in Table S3. In general, the retest

TABLE 2 Characteristics of five SARS-CoV-2 rRT-PCR detection kitsa

Detection kit Specimens Target genes
Claimed LOD
(copies/mL)

RNA input
(mL)

Total reaction
vol (mL)

Total PCR
cycle no.

Daan NP, OP, sputum ORF1ab, N 500 5 25 45
BioGerm OP, sputum ORF1ab, N 500 5 25 45
EasyDiagnosis NP, OP, sputum ORF1ab, N 500 5 25 40
Liferiver NP, sputum ORF1ab, N, E 200 5 25 45
Sansure NP, OP, BALF ORF1ab, N 200 20 50 45
aNP, nasal pharyngeal; OP, oral pharyngeal; BALF, bronchoalveolar lavage fluid; ORF, open reading frame; N, nucleocapsid protein gene; E, envelope protein gene; LOD, the
limit of detection.

TABLE 1 Information on the six variants in the study

WHO label Pango lineage Virus name Accession ID Earliest documented samples Date of designation
Alpha B.1.1.7 BetaCoV/England/QEUH-F56F0F/2021 EPI_ISL_852526 United Kingdom, Sep-2020 18-Dec-2020
Beta B.1.351 BetaCoV/South_Africa/KRISP-K007869/2020 EPI_ISL_860630 South Africa, May-2020 18-Dec-2020
Gamma P.1 BetaCoV/Brazil/AM-994/2020 EPI_ISL_833174 Brazil, Nov-2020 11-Jan-2021
Delta B.1.617.2 BetaCoV/India/ILSGS00922/2021 EPI_ISL_1663498 India, Oct-2020 11-May-2021b

Omicron B.1.1.529 BetaCoV/South Africa/CERI-KRISP-K032233 EPI_ISL_6699757 Multiple countries, Nov-2021 26-Nov-2021c

Fin-796Ha B.1.1.318 BetaCoV/Finland/FinD796H/2021 EPI_ISL_1061414 Finland, Feb-2021 /d

aUnlike other variants, the “Fin-796H” label is not recommended by WHO.
bThe Delta variant was designated as VOI on April 4, 2021, and as VOC on May 11, 2021.
cThe Omicron variant was designated as VUM on November 24, 2021, and as VOC on November 26, 2021.
dThe Fin-796H variant is not a VOC designated by WHO.
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rates of samples at 111.11 and 37.04 copies/mL were higher than those of samples at
lower or higher concentrations. However, this was not the case when the BioGerm kit
was used to detect serially diluted Fin-796H variants. The percentage of Fin-796H sam-
ples with concentrations ranging from 9,000 to 333.33 copies/mL that required retest-
ing were all 100% using the BioGerm kit. Besides, when detecting Beta, Delta, and
Omicron variants at 111.11 copies/mL using the BioGerm kit, and Beta, Gamma, and
Delta variants at 111.11 copies/mL using the EasyDiagnosis kit, the retest rates all
exceeded 70%. However, for the Sansure kit, retesting of single-target positive samples
was not required, the retest rates of which were 0%.

Evaluation of LODs of rRT-PCR kits. The results of the probit regression analysis
performed to calculate the LODs of the six detection assays for different strains with a
95% repeatable probability are shown in Table 3, Fig. 1, and Fig. 2A. The LODs of
Gamma and Delta variants detected using the Daan kit were 488.34 copies/mL (95%
confidence interval [CI]: 296.95–1116.55 copies/mL) and 439.84 copies/mL (95% CI:
269.84–997.45 copies/mL), which were higher than that of the Wuhan-Hu-1 strain
(325.33 copies/mL, 95% CI: 212.17–699.04 copies/mL) (Fig. 1A, 2A). The BioGerm kit
showed higher LODs for the Beta (410.15 copies/mL, 95% CI: 254.87–919.14 copies/mL)
and Delta (454.31 copies/mL, 95% CI: 275.44–1042.21 copies/mL) variants than the
Wuhan-Hu-1 strain (286.13 copies/mL, 95% CI: 177.52–643.30 copies/mL) (Fig. 1B, 2A).
The LOD of the EasyDiagnosis for the Omicron variant (954.28 copies/mL, 95% CI:
623.23–2,048.12 copies/mL) was higher than the Wuhan-Hu-1 strain (876.14 copies/mL,
95% CI: 519.04–2,050.53 copies/mL) (Fig. 1C, 2A). The Liferiver kit showed higher LODs
for the Delta (479.52 copies/mL, 95% CI: 277.77–1,158.03 copies/mL), Omicron (411.19
copies/mL, 95% CI: 264.51–893.73 copies/mL), and Fin-796H (499.75 copies/mL, 95%
CI: 320.55–1,088.88 copies/mL) variants than the Wuhan-Hu-1 strain (309.62 copies/mL,
95% CI: 189.49–705.63 copies/mL) (Fig. 1D, 2A). The LODs of the Beta (48.55 copies/mL,
95% CI: 29.81–126.07 copies/mL), Gamma (167.94 copies/mL, 95% CI: 96.31–434.17
copies/mL), Delta (97.49 copies/mL, 95% CI: 96.31–434.17 copies/mL), Omicron (57.17
copies/mL, 95% CI: 39.62–117.33 copies/mL), and Fin-796H (81.74 copies/mL, 95% CI:
49.37–203.71 copies/mL) variants detected using the Sansure kit were all higher than
the Wuhan-Hu-1 strain (21.55 copies/mL, 95% CI: 14.75–48.85 copies/mL) (Fig. 1E, 2A).

Evaluation of LODs of target genes. The effects of SARS-CoV-2 variants on the LODs
of target genes assayed by the five commercial detection kits were analyzed. The positive
rates of the ORF1ab gene of Beta and Delta variants detected using the BioGerm kit at
37.04 copies/mL were 9.52% (2/21) and 14.29% (3/21), respectively, which were much
lower than that of the Wuhan-Hu-1 strain (42.96%, 9/21), indicating the potential effect of
genetic mutations carried by the two variants on the sensitivity of the BioGerm ORF1ab
gene (P = 0.014 and 0.040, respectively) (Fig. 2B). Most remarkably, BioGerm failed to detect
the N gene in the Fin-796H variant (Fig. 2C). Accordingly, contrasted with the Wuhan-Hu-1
strain, the lower positive rates of the ORF1ab gene for the Gamma variant at 37.04 copies/
mL (42.86%, 9/21, versus 95.24%, 20/21, P = 0.000) and 12.35 copies/mL (33.33%, 7/21, ver-
sus 66.67%, 14/21, P = 0.031), as well as the Fin-796H variant at 37.04 copies/mL (66.67%,
14/21, versus 95.24%, 20/21, P = 0.040), showed that the Gamma and Fin-796H variants
might affect the performance of Sansure (Fig. 2B). Furthermore, similar performance com-
promising effects on the Liferiver were also observed during the detection of the E gene of
the Delta variant at 1,000 copies/mL (52.38%, 11/21, versus 85.71%, 18/21, P = 0.019) (Fig.
2D). The Alpha and Omicron variants had no significant effect on the analytical sensitivity
of these five kits.

DISCUSSION

SARS-CoV-2 replicates rapidly and is prone to replication errors upon entry into the
host cells. Moreover, its wide range of hosts and structural characteristics predispose it
to mutations or genetic recombination in the process of evolution, leading to exten-
sive genetic diversity. Some variations have been documented to cause considerable
alterations in transmissibility, pathogenicity, immune escape ability, available diagnos-
tics, vaccines, and therapeutics of the virus. Variations in the primer/probe binding
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regions may potentially affect the PCR amplification efficiency and even lead to errone-
ous results. The 28881–28883GGG.AAC trinucleotide mutation, located at the 59 end
of the forward primer in the N gene assay recommended by China’s CDC, has a
reported mutation rate of 36.11% in the 84,305 available high-quality genomes submit-
ted to the NCBI and GISAID databases (14). Substantial mismatches and polymor-
phisms have also been identified in the reverse primer from the RdRp gene assay of
Charité hospital and the reverse primer from the N gene assay of Japan’s National
Institute of Infectious Diseases (NIID) (15). In addition, a study from Belgium observed
that the C-to-U transition at position 26340 in the SARS-CoV-2 genome restrained the
Roche Cobas SARS-CoV-2 E gene assay in eight clinically positive samples (16). The
B.1.177.75 lineage containing 28948C.T coupled with 28932C.T was speculated to
be associated with the failure of the Thermo Fisher TaqPath N gene assay (17). Isolates
containing the 29200C.T single nucleotide polymorphism have also been reported to
suppress the N gene detection in the Cepheid Xpert Xpress assay (18). In response to
the emergence of new variants, reagent manufacturers in China have performed
sequence alignment with publicly available variants and optimized their tests by

FIG 1 Results of probit regression analysis performed to calculate the LODs of five rRT-PCR detection kits for
different strains. (A–E) Daan, BioGerm, EasyDiagnosis, Liferiver, and Sansure, respectively. LOD, the limit of
detection.
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FIG 2 Estimated LODs of five rRT-PCR detection kits for different strains. (A–D) The overall LODs, LODs of ORF1ab gene, N
gene, and E gene, respectively. LOD, the limit of detection.
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changing target sequences, thus ensuring the accurate detection of variants. As a
result, the five detection kits, all of which are commonly used large-scale population
screening reagents, can effectively detect positive infections in the 2021 Delta and
Omicron epidemics (Delta: in Guangzhou in May, Nanjing, and Yangzhou in July,
Putian and Xiamen in September, and Ejina Banner in October; Omicron: in Tianjin and
Anyang in December).

In this study, by comparing the detection results from six different SARS-CoV-2 variants
with those from the nonmutated Wuhan-Hu-1 strain, we analyzed the underlying effects of
different variants on the sensitivity of commercially available rRT-PCR detection kits.
According to the results, the Beta and Delta variants affected the analytical sensitivity of
the BioGerm ORF1ab gene assay, whereas the N gene assay completely failed in terms of
the Fin-796H variant. Furthermore, the Gamma and Fin-796H variants impeded the PCR
amplification efficiency of the Sansure ORF1ab gene assay, and the Delta variant compro-
mised the Liferiver E gene assay. The Alpha and Omicron variants had no significant effect
on the analytical sensitivity of these five kits. The sensitivity of different target genes will
affect the retest rate, thus delaying detection results reported to clinics, leading to more
consumption of reagents, and aggravating the workload of medical staff.

The severity of the influence of mismatches on PCR amplification efficiency is de-
pendent on numerous factors, among which the position and number of mismatches
are the most important (19, 20). The presence of four mismatches in a single primer is
known to block amplification almost entirely, and the degree of inhibition is negatively
related to the distance of the mismatches from the 39 end of the primers (21).
Mismatches situated at the probe binding sites have the greatest influence on the
detection efficiency (22). The rRT-PCR products of these kits were sequenced, and the
target regions are shown in Fig. 3. Based on the sequencing results, the target regions
of the BioGerm kit were consistent with China’s CDC-developed SARS-CoV-2 assay (23).
The 28881–28883GGG.AAC combined with 28896_28898delCTA in the N gene assay
suggest that they may be responsible for the failure of BioGerm to detect the Fin-796H
variant. Apart from the BioGerm kit, the combined mutations may also affect the per-
formance of other commercial or laboratory-developed tests that are based on the
same set of primers and probe as China’s CDC-developed N gene assay. The adverse
influence of pyrimidine-pyrimidine and purine-pyrimidine mismatches is more sub-
stantial than purine-purine mismatches, with G:G and C:C as exceptions because of the
hydrogen-bonded structure and stacking force (24). Additionally, the DNA polymerase
binds to the terminus to be extended by recognizing its hydrogen bonding, base
stacking, and overall steric structure, which may be altered by mismatches between
primers and templates (20). The incorporation of mismatched base pairs has been
shown to destabilize the primer–template duplexes to a certain extent (25), the overall
stability of which may determine the binding of the DNA polymerase to the target
sites. In addition, the polymerase may be much more easy to dissociate from mis-
matched duplexes, contributing to incompletely amplified DNA products (26).

However, the increased or decreased analytical sensitivity in the absence of muta-
tions in the amplified region was observed, indicating that other factors might affect
the assay efficiency in a particular sequence context (22). Templates with mutations
might facilitate the formation of secondary structures that are conducive or adverse to
opening during reverse transcription and amplification processes (27). Moreover, the
primers might hybridize with the stem structure or ring structure of the mutated tem-
plate, which is less stable and more susceptible to hydrolysis by RNase A (28–30).
There is another possibility that mismatches might neutralize or aggravate the stem-
loop interference in the primer binding site previously free of mutation (31). Therefore,
there are many factors that might affect the PCR amplification efficiency, including the
number, position, and type of mismatches, the inherent flexibility of DNA with many
conformational states (32), and the adjacent sequence context (varying steric hin-
drance and/or duplex stability) (33). Notably, the effects of spatial structures are minor
compared to those of the mismatches on the primer/probe binding sites.
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Furthermore, our results revealed that the affected detection of one of the target
genes did not necessarily change the overall LODs of the detection kits, because the
undesired effect of one target gene could be countered by another impervious gene
after retesting. This phenomenon can be explained by the interpretation criteria of dif-
ferent stringencies for these detection kits. For example, a single positive result for the
target genes required to be retested for the Liferiver kit, and two positive retested
results, could be interpreted as positive. Therefore, although the LODs of the Alpha
variant for the Liferiver N gene and E gene assays were higher compared to those of

FIG 3 Sequencing results of rRT-PCR products of detection kits. The bases marked in red are mismatched compared to the Wuhan-Hu-1 strain.
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the Wuhan-Hu-1 strain, the overall LOD was unaffected due to the ORF1ab gene. In
contrast, although the influence of each target gene was small, the superposition
effects of the combined target genes possibly resulted in more pronounced differences
in the overall LODs.

To minimize the effect of mutations on the detection performance of commercial kits
in the context of emerging and new variants, improvements can be made from multiple
perspectives. First, in the design of the primers and probes used in a diagnostic assay for
SARS-CoV-2, research personnel should not only focus on the expected sensitivity and
specificity of nonmutated sequences, but should also take circulating variants into consid-
eration. In the design of primers/probe sets, the selection from conserved regions of the
genome has been suggested to minimize the number of mismatches. A single T or double
T at the 39 terminal end has been shown to aid in alleviating amplification bias derived
from mismatches (20). Given the multiple rRT-PCR assays employed by almost all reagent
manufacturers, in silico alignment of the primer and probe sequences with sufficient SARS-
CoV-2 genomic sequences should be emphasized. The NCBI Primer-BLAST (34) can be
used to confirm primer specificity in the case of different variants. And the secondary struc-
tures of variant sequences can be predicted using ProbKnot (35) or Mfold (36) to avoid
ring structures recognized by primers. In addition, lowering the annealing temperature
(37), increasing the extension cycles in the low template-concentration reaction (21),
replacement of modified bases such as 5-meC (38), and introducing degenerate primers
(39) can also be exploited to improve the mismatch tolerance. Moreover, after completing
the optimization of the reaction system design, different variant samples are recom-
mended to be evaluated for performance validation. Second, laboratories should compre-
hensively interpret the detection results in consideration of the feasible genetic mutations.
Contradictory results must be cautiously combined with clinical observations, medical his-
tory, and epidemiological information, which can be verified using other detection kits to
prevent incorrect reports to clinics. Besides, several vital variants can be added to regular
quality control materials in routine work. Third, genomic surveillance based on ongoing
sequencing is of tremendous importance for monitoring strains of concern and localized
epidemic outbreaks.

In conclusion, this study revealed the potential influence of six significant SARS-
CoV-2 variants on the analytical sensitivities of five commercial rRT-PCR detection kits
and analyzed the underlying mechanisms. The implications of this study remind us
that the effect of mutations on detection should not be ignored. To ensure the validity
of commercial rRT-PCR kits in the context of genomic diversity, it is necessary to
strengthen genomic surveillance and sequencing capacities of SARS-CoV-2 samples, as
well as improve the analytical performance of the kits.
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