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Abstract
Background As the rapidly evolving characteristic of SARS-CoV-2 could result in false negative diagnosis, the use of as 
much sequence data as possible is key to the identification of conserved viral sequences. However, multiple alignment of 
massive genome sequences is computationally intensive.
Objective To extract conserved sequences from SARS-CoV-2 genomes for the design of diagnostic PCR primers using a 
bioinformatics approach that can handle massive genomic sequences efficiently.
Methods A total of 230,163 full-length viral genomes were retrieved from the NCBI SARS-CoV-2 Resources and GISAID 
EpiCoV database. This number was reduced to 14.11% following removal of 5′-/3′-untranslated regions and sequence 
dereplication. Fast, reference-based, multiple sequence alignments identified conserved sequences and specific primer sets 
were designed against these regions using a conventional tool. Primer sets chosen among the candidates were evaluated by 
in silico PCR and RT-qPCR.
Results Out of 17 conserved sequences (totaling 4.3 kb), two primer sets targeting the nsp2 and ORF3a genes were picked 
that exhibited > 99.9% in silico amplification coverage against the original dataset (230,163 genomes) when a 5% mismatch 
between the primers and target was allowed. In addition, the primer sets successfully detected nine SARS-CoV-2 variant 
RNA samples (Alpha, Beta, Gamma, Delta, Epsilon, Zeta, Eta, Iota, and Kappa) in experimental RT-qPCR validations.
Conclusion In addition to the RdRp, E, N, and S genes that are targeted commonly, our approach can be used to identify 
novel primer targets in SARS-CoV-2 and should be a priority strategy in the event of novel SARS-CoV-2 variants or other 
pandemic outbreaks.

Keywords SARS-CoV-2 · Multiple sequence alignment · RT-qPCR

Introduction

The ongoing global COVID-19 pandemic, caused by a pos-
itive-sense, single-stranded RNA virus named severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), has dis-
rupted everyday life beyond public health and the economy 
in the two years since its initial discovery in China. Together 

with vaccines and therapeutics, diagnostics are key tools for 
controlling the COVID-19 pandemic. PCR-based molecu-
lar diagnoses have superior sensitivity and specificity and 
are therefore favored over antigen tests (Lisboa Bastos et al. 
2020). Reverse-transcription quantitative PCR (RT-qPCR) is 
used more widely than other molecular diagnostic methods 
such as digital PCR or loop-mediated isothermal amplifica-
tion (LAMP). As various RT-qPCR primer–probe sets devel-
oped by various groups across the world perform differently, 
a comparative study has recommended using a combination 
of sets from different institutions (Jung et al. 2020). Despite 
its narrow dynamic range and high cost, droplet digital PCR 
has a relatively low dependency on the primer–probe sets 
and is therefore a more reliable method of quantifying viral 
nucleic acid targets than RT-qPCR (Park et al. 2021).

Since SARS-CoV-2 is a rapidly evolving virus, emerging 
variants harboring nucleotide changes in the primer-binding 
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sites might evade detection, resulting in low diagnostic sen-
sitivity. The ORF1ab, E, and N genes are conserved among 
members of the Sarbecovirus subgenus and have been used 
as the major targets for COVID-19 diagnoses (Li et  al. 
2020). Conserved sequences (CSs), which are usually identi-
fied from multiple sequence alignments (MSAs), are invalu-
able resources for successful PCR primer design because 
they can cover multiple variants. To increase the sensitivity 
of PCR analyses, degenerate primers can also be used to 
amplify multiple SARS-CoV-2 genotypes (Li et al. 2020), 
with MSA as the starting point. However, the rapid growth 
of publicly available SARS-CoV-2 genome sequences 
has made it difficult to implement such a straightforward 
strategy. As of December 10, 2021, the NCBI SARS-
CoV-2 Resources website (https:// www. ncbi. nlm. nih. gov/ 
sars- cov-2/) lists 2,641,217 nucleotide records, a number 
that has increased by almost 60-fold over a 1-year period. 
Moreover, the Global Initiative for Sharing All Influenza 
Data (GISAID) (Shu and McCauley 2017) EpiCoV database 
(https:// www. epicov. org/) holds approximately 6,000,000 
viral sequence submissions. Several primer design software 
packages can take a MSA as input (Perini et al. 2020; Yoon 
and Leitner 2015), but these packages are not able to deal 
with massive alignment data. MRPrimerV (Kim et al. 2017), 
a database containing PCR primer pairs for the detection of 
1,818 RNA virus, cannot be used for SARS-CoV-2 diagno-
ses because it has not been updated since 2016, despite the 
recent update of the primer design engine from MapReduce 
to a GPU-based pipeline (Bae et al. 2021).

MSA, a fundamental step in biological sequence analysis, 
is computationally demanding. Standard MSA methods such 
as MUSCLE (Edgar 2004), MAFFT (Katoh and Standley 
2013), and Clustal (Sievers and Higgins 2018) scale poorly 
with increasing numbers of input sequences, such that align-
ment of hundreds of thousands of viral genome sequences 
is not feasible on a Linux desktop computer. A recent study 
reported the extraction of CSs from Clustal Omega-gener-
ated MSAs of SARS-CoV-2 genomes (Davi et al. 2021), 
but only 2,341 complete sequences were available at that 
time. Reference-guided MSA tools such as VIRULIGN 
(Libin et al. 2019) and ViralMSA (Moshiri 2021) run much 
faster than the standard methods and can be used for a large-
scale viral genome analysis. Qu et al. (2022) described a 
different strategy for PCR primer design that does not 
depend on massive MSA of SARS-CoV-2 genomes. In this 
approach, viral genomes are aligned to a reference sequence 
to identify mutations, primer pairs are designed using the 
PRIMER3 software package (Untergasser et al. 2012) with 
the ‘PRIMER_LOWERCASE_MASKING = 1’ tag to avoid 
mismatches at the 3’-ends by using a soft-masked template 
sequence at the mutated sites, and then the coverages and 
specificities of the designed primer sets are re-evaluated 
using MFEprimer (Wang et al. 2019). Since this approach 

does not take into account the frequency of mutations at a 
given site, usable primers that can anneal to most of the viral 
genome dataset might be rejected at the design step.

Pretreatment of viral genome sequences can reduce the 
effective data size prior to MSA. For example, filters can 
be applied to retrieve complete high-quality viral genomes 
from the database and reject inadequate sequences that 
might lead to spurious analysis results. More importantly, 
sequence dereplication is required because multiple viral 
isolates originating from a local outbreak can have identi-
cal genome sequences, leading to redundant submissions 
and a concomitant increase in the available data. Indeed, 
dereplication is a popular sequence pretreatment technique 
that is used widely in 16S rRNA-based microbial profiling 
and (meta)genomics analyses to reduce the data size and/or 
identify representative members of a sequence cluster.

In this study, we identified 17 CSs (> 150 bp) from a ref-
erence-guided MSA of 32,483 SARS-CoV-2 genomes that 
were obtained via dereplication of 230,163 full-length viral 
sequences. Subsequently, we designed primer sets based on 
the CSs. For experimental validation, two primer sets were 
chosen among the candidates, and nine major variants were 
identified successfully using real-time quantitative PCR.

Materials and methods

Sequence data collection and manipulation

Most of the SARS-CoV-2 genome sequences (218,799) were 
retrieved from the NCBI SARS-CoV-2 Resources database 
on July 9, 2021 (collection period: December 31, 2020 to 
July 1, 2021; dataset: ‘NCBI-all’). The following filters 
were applied: ‘ambiguous character: max 290’ and ‘RefSeq 
genome/nucleotide completeness: complete.’ On the same 
day, all viral sequences submitted from South Korea (4931) 
were downloaded from the GISAID EpiCoV database, 
applying the ‘complete,’ ‘high coverage,’ and ‘low cover-
age excl’ filters (dataset: ‘GISAID-S. Korea’). Complete 
Delta variant sequences (6621; AY.3, AY.3.1, AY.4, AY.5, 
AY.6, AY.7, AY.9, AY.10, AY.12, AY.25, and B.1.617.2; 
dataset: ‘NCBI-Delta’) were retrieved from the NCBI 
SARS-CoV-2 Resources database on September 2, 2021, 
with the same filters activated regardless of the collection 
period. Sequences from these three datasets were chunked 
into 10,000-seq units and aligned with the 29,490 bp ‘core 
region’ of the SARS-CoV-2 reference genome sequence 
(RefSeq NC_045512.2) using the ‘nucmer -maxmatch’ com-
mand (Kurtz et al. 2004). The core region of the reference 
sequence was defined as the region spanning nucleotides 
266 (start codon of ORF1ab) through 29,674 (stop codon 
of ORF10) and was therefore devoid of 5′- and 3′-untrans-
lated regions. Because untranslated regions often have extra 
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sequence variations or low-quality nucleotides, they were 
trimmed off all sequences based on the nucmer alignment 
coordinates against the core region of the reference. Based 
on the sequence accessions, 188 redundant Delta variants 
were removed from the first dataset. The number of total 
sequences at this stage was 230,163, comprising 218,611 
‘NCBI-non-Delta,’ 4,931 ‘GISAID-S. Korea,’ and 6621 
‘NCBI-Delta’ sequences.

Dereplication of viral genome sequences

The three trimmed datasets were dereplicated separately 
using the ‘vsearch –derep_fulllength’ command (Rognes 
et al. 2016). In principle, singletons were removed from the 
major dataset (‘NCBI-non-Delta’), because they might have 
resulted from sequencing errors, but were not removed from 
the remaining two datasets (Korean isolates and Delta vari-
ants). The finalized datasets were combined to produce a sin-
gle dataset comprising 32,483 sequences (85.8% reduction 
in data size). Pango lineage was assigned to each genome 
sequence using Pangolin (https:// cov- linea ges. org/ resou rces/ 
pango lin. html) v3.1.11 with Pango-designation v1.2.123, 
followed by hierarchical visualization using Krona Tools 
(Ondov et al. 2011).

MSA and CS extraction

Using NC_045512.2 as the reference, MSAs of the 32,483 
sequences were carried out using ViralMSA v1.1.16 
(Moshiri 2021). To extract CS position information, Clip-
KIT v1.1.5 (Steenwyk et al. 2020) was then applied to the 
aligned FASTA file with the ‘-m kpic-smart-gap’ option 
that retains the union of parsimony informative and con-
stant sites. From the log file, the positions of contiguous 
nucleotides longer than 150 bp were calculated using a cus-
tom Perl script. Conservations per column, defined as the 
percentages of the most frequent bases at a given position 
(taking gapped sequences into account), were calculated 
directly from the MSA using BioPerl (Stajich et al. 2002) 
Bio::AlignIO. For better visualization, less conserved ref-
erence positions (conservation < 99%) were masked with 
lowercase bases as described previously (Qu et al. 2022), 
and CSs were extracted from the masked reference and CS 
position information. The normalized Shannon entropy of 
each nucleotide position was calculated from the MSA using 
the ANDES tool (Li et al. 2010). Consensus sequences were 
also extracted from the MSA using the EMBOSS ‘cons’ pro-
gram (Rice et al. 2000) and were compared with correspond-
ing CSs.

Primer design and in silico validation

Primer and probe candidates were designed for each CS 
using Primer3 (Untergasser et al. 2012). The specificities of 
the primers and probes were assessed by Primer-BLAST (Ye 
et al. 2012) comparisons against the complete RefSeq RNA 
databases for Homo sapiens (taxid: 9606), bacteria (taxid: 
2), fungi (taxid: 4751), and Apicomplexa (taxid: 5794). Oli-
goAnalyzer online software (Integrated DNA Technologies, 
Coralville, IA, USA) was used to check for primer dimers 
and secondary structure formation.

The EMBOSS ‘PrimerSearch’ program (Rice et al. 2000) 
was used to check primer pairs against the three SARS-
CoV-2 genome datasets used in this study, with 0%, 5%, 
and 10% mismatches between the primers and templates 
allowed. For comparison, nucleotide sequences from 16 
primer sets that are either used widely worldwide or have 
been developed by domestic researchers were included in 
the in silico analysis (Corman et al. 2020; Won et al. 2020).

Experimental validation using RT‑qPCR

All primers and probes were synthesized by Bioneer Inc. 
(Daejeon, Republic of Korea). The One-Step RT-qPCR 
Kit v.6 (Nanohelix, Daejeon, Republic of Korea) was used 
according to the manufacturer’s instructions. The RT-qPCR 
reaction mixture (20 µL) included the following reagents: 4 
µL of 5 × buffer mix, 2 µL of enzyme mix, 1.5 µL of primer/
probe mix, 9.5 µL of nuclease-free water, and 3 µL of tem-
plate RNA. Multiplex RT-qPCR was performed by serial 
dilutions of SARS-CoV-2 RNA templates  (102,  103, and 
 104 copies per reaction) using specific primers for nsp2 and 
ORF3a targets and probes labeled with JOE and Texas Red, 
respectively on a CFX96 Real-Time PCR Detection System 
(Bio-Rad Laboratories, Hercules, CA, USA), with cycling 
conditions as follows: 50 °C for 10 min, 95 °C for 3 min, 
and then 42 cycles of 95 °C for 1 s and 60 °C for 5 s. All 
SARS-CoV-2 variant RNA samples used in this study were 
obtained from the National Culture Collection for Patho-
gens (NCCP; Cheongju-si, Chungcheongbuk-do, Republic 
of Korea).

Results

Collection and pretreatment of SARS‑CoV‑2 genome 
sequences

The viral genome sequences used in this study were col-
lected initially as three separate datasets (‘NCBI-all,’ 
‘GISAID-S. Korea,’ and ‘NCBI-Delta’) (Fig. 1a). The first 
dataset, generated by searching the NCBI SARS-CoV-2 
Resources database, included 218,799 sequences and 

https://cov-lineages.org/resources/pangolin.html
https://cov-lineages.org/resources/pangolin.html


902 Genes & Genomics (2022) 44:899–912

1 3

accounted for 54.5% of all SARS-CoV-2 genomes (with fil-
ters activated) available on the data collection date. Because 
only 30 Korean isolates were included in the first dataset, the 
second dataset was generated by downloading 4931 South 
Korean viral sequences from the GISAID EpiCoV database, 
with no date restriction. There might be redundant Korean 
isolate records that had been submitted to both NCBI and 

GISAID, but they could not be removed due to the absence 
of information linking two datasets.

At the time of data download and analysis, the Delta vari-
ant accounted for the majority of COVID-19 cases world-
wide.1 However, only 185 genomes from the ‘NCBI-all’ 

Fig. 1  The workflow for collection and manipulation of SARS-CoV-2 
genomes. a Data collection and dereplication process. 32,483 com-
plete viral sequences in the thick-lined boxes (right) were taken as 
the final dataset. b The Pango lineage distributions of the ‘all’ data-

set (comprising the initial ‘NCBI-non-Delta,’ ‘GISAID-S. Korea,’ 
and ‘NCBI-Delta’ datasets; N = 230,163) and the dereplicated dataset 
(N = 32,483). Note that singletons were removed from the NCBI-non-
Delta dataset after dereplication

1 CNBC News. WHO says delta variant accounts for 99% of Covid 
cases around the world. https:// www. cnbc. com/ 2021/ 11/ 16/ who- 
says- delta- varia nt- accou nts- for- 99per cent- of- covid- cases- around- the- 
world. html.

https://www.cnbc.com/2021/11/16/who-says-delta-variant-accounts-for-99percent-of-covid-cases-around-the-world.html
https://www.cnbc.com/2021/11/16/who-says-delta-variant-accounts-for-99percent-of-covid-cases-around-the-world.html
https://www.cnbc.com/2021/11/16/who-says-delta-variant-accounts-for-99percent-of-covid-cases-around-the-world.html
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dataset were assigned a Delta annotation (Pango lineage 
B.1.617.2; no AY lineages). Because 230 of the 218,799 
records in the ‘NCBI-all’ dataset were probably recently 
submitted sequences and lacked a Pango lineage designa-
tion, Pangolin (v3.1.11) was executed over the same dataset. 
This approach increased the number of sequences belong-
ing to Delta variants only slightly, to 193. Consequently, we 
generated the third dataset (‘NCBI-Delta’) by collecting all 
Delta variant genomes (6621) from the NCBI SARS-CoV-2 
Resources NCBI database at a later date (September 2, 2021; 
about 2 months after the ‘NCBI-all’ dataset was generated). 
With a sequence quality filter applied, we identified 17,188 
genomes that were deposited during the 2 months, of which 
6436 (37.4%) were Delta variants. Based on the sequence 
accessions, 188 Delta variants were removed from the 
‘NCBI-all’ dataset to generate the ‘NCBI-non-Delta’ dataset 
(comprising 218,611 sequences).

Dereplication reduces the total amount of sequence 
data markedly, enabling subsequent analysis processes 
to be performed more efficiently. In our current analysis, 
dereplication reduced the number of ‘NCBI-non-Delta’ 
sequences from 218,611 to 149,946 (31.4% reduction), 
of which 125,993 sequences were singletons. The repre-
sentative sequence of the largest cluster (size = 366) was 
MZ336928.1, belonging to the B.1.1.7 lineage (Alpha vari-
ant). Since 57.6% of the total sequences in the ‘NCBI-non-
Delta’ dataset were singletons that might have originated 
from sequencing errors or very rare variants, we discarded 
them, leaving 23,953 sequences in the dereplicated ‘NCBI-
non-Delta’ dataset. In addition, the combined total of 11,552 
sequences in the ‘GISAID-S. Korea’ and ‘NCBI-Delta’ 
datasets was reduced to 8530 sequences (26.2% reduction) 
after dereplication. Singletons, which accounted for 66.0% 
of this combined dataset, were not removed to preserve 
original data of importance (domestic isolates and Delta 
variants) as much as possible. Therefore, the combined 
dereplicated dataset comprised a total of 32,483 sequences 
(23,953 + 8530). Thirteen sequences were found to be identi-
cal to the reference after trimming, the representative ones 
being MZ093199.1 (size = 8, from the first dataset) and 
EPI_ISL426169_2020-02–05 (size = 5, from the combined 
second and third datasets). Figure 1b shows a comparison of 
the Pango lineage distributions before and after the derepli-
cation and differential removal of singletons. This treatment, 
applied separately to datasets, slightly affected Pango line-
age composition of the sequences. As expected, the propor-
tion of Delta variants increased to approximately 16% after 
dereplication and singleton removal.

MSAs and extraction of CS candidates

Reference-guided MSAs of the 32,483 dereplicated 
sequences using the ViralMSA tool took less than 1 min on 

a Linux server with two Xeon E5-2640 @2.5 GHz CPUs 
(using 16 threads out of 24) and 128 GB memory. Consid-
ering Davi et al. (2021) reported that a supercomputer was 
required for the alignment of only 2,341 full viral genome 
sequences using Clustal Omega, ViralMSA would be the 
best choice for a PC-level computer. When the MAFFT 
(Katoh and Standley 2013) v7.490 program was used with 
the FFT-NS-2 option, it took more than 3 days to complete 
the alignment on the same computer.

Initially, we tried to use the well-known alignment trim-
mer trimAl (Capella-Gutierrez et al. 2009) to extract posi-
tional information on CSs from the FASTA-format MSA 
file (928 MB). In principle, alignment trimming/editing 
software packages do not simply select constant sites or 
CSs only, because they are not very informative for subse-
quent analyses such as phylogenetic tree generation. Thus, 
CS ‘candidates’ would be the correct term to describe the 
output of post-MSA process and its manipulation. Running 
trimAl with the ‘-automated1’ option (a heuristic trimming 
method), as described previously (Davi et al. 2021), dis-
carded only a few sites from the original alignments and 
generated six subsequences covering 29,384 bp of the origi-
nal 29,903 bp, suggesting that parameter optimization was 
required. However, as a single-threaded program, the pro-
longed execution time for a typical trimAl run (~ 16 h) made 
it unfeasible to tweak the parameters to prioritize conserved 
sites. Furthermore, the proportion of identical nucleotides at 
a given site cannot be translated simply into trimAl param-
eters such as a residue similarity score, nor can it be inferred 
easily from the result files. Consequently, ClipKIT (Steen-
wyk et al. 2020) was chosen for this purpose because it runs 
much faster than trimAl and produces a comprehensive log 
file that contains information about all positions in the input 
MSA.

Although it is not impossible to extract constant sites 
through the manipulation of ClipKIT log files, extraction of 
constant sites literally yielded only fragmentary sequences, 
such that primer design was impractical. When we checked 
the ClipKIT log file for contiguous constant sites (gappy-
ness < 0.001) to find out ‘true’ CSs that showed constant 
nucleotides across all genomes, the longest segment was 
only 14 bp long. Thus, ClipKIT was executed with one of 
the recommended trimming mode (‘-m kpic-smart-gap’ 
option), and based on the kept (non-discarded) site infor-
mation, nucleotide sequences of 17 CS regions longer 
than 150 bp (max 503 bp; average 260.6 bp; total 4431 bp) 
were extracted from the soft-masked reference sequence 
(Table 1). When the CSs were compared to the correspond-
ing consensus sequences, most were identical, and only two 
regions exhibited differences of 1 bp (Table 1, rightmost 
column). Applying the ‘-m kpic-gappy-g 0.05’ or ‘-m kpic-
gappy’ (default gappyness threshold: 0.9)’ option for Clip-
KIT execution did not produce substantially different results 
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(data not shown). Figure 2 shows the locations of the 17 CSs 
(CS_1 through CS_17) on the reference genome map; over-
all, 96.35% of sites displayed > 99% conservation. 

Primer design and in silico/experimental validation

Eleven primer sets were designed initially and were tested 
against SARS-CoV-2 RNA (data not shown). Two primer 
sets, designed from CS_1 (NH-CS_1 in the nsp2 gene; 
2576–2691) and CS_14 (NH-CS_14 in the ORF3a gene; 
25,634–25,657), showed good amplification efficiency and 
were selected for in silico analysis. The sequence specifici-
ties of the NH-CS_1 and NH-CS_14 primer sets, as well 
as those of 16 other primer sets used in previous SARS-
CoV-2 analyses, were checked against the genome datasets 
used in this study (‘all’ dataset, dereplicated dataset, and 
Delta dataset). Specifically, we examined the percentages of 
genomes in each dataset that would be identified by each set 
of primers, allowing a 0%, 5%, or 10% mismatch between 
the primer and template sequences (Table 2). Even at a 0% 
mismatch threshold, the performances of the NH-CS_1 and 
NH-CS_14 primer sets were at least on par with those of the 
16 known primer sets. The NH-CS_1 and NH-CS_14 primer 
sets performed especially well for the Delta dataset. Because 
the MSA was derived from the dereplicated dataset, from 
which singletons were removed (although not for the Korean 
isolates or Delta variants), the percentage amplification cov-
erages of the NH-CS_1 and NH-CS_14 primer sets against 
genomes in the ‘all’ dataset (230,163 genomes) were slightly 
lower (96.77% for NH-CS_1 and 98.79% for NH-CS_14) 
than those obtained for the other primer sets, whereas better 
performance (99.96%) was achieved if a 5% mismatch was 
allowed. Overall, these results demonstrate that dereplicated 
sequences can be useful for primer design without losing 

coverage of the primer sets against the original genome data-
set. The amplification coverage of all primer sets against 
6803 complete Omicron sequences (B.1.1.529), downloaded 
from the NCBI SARS-CoV-2 Resources on March 2, 2022, 
were also checked (Table 2).

Finally, we examined the abilities of the NH-CS_1 and 
NH-CS_14 primers (and corresponding probes) to detect 
all currently known nine SARS-CoV-2 variants, including 
Alpha, Beta, Gamma, Delta, Epsilon, Zeta, Eta, Iota, and 
Kappa variants (Fig. 3). No detectable signals were observed 
from NTC or human RNA samples. Based on the similarity 
of the Ct values (Table 3), the primer–probe sets were seem-
ingly capable of detecting all variants with similar amplifica-
tion efficiencies.

Discussion

When the number of available SARS-CoV-2 genomes was 
limited, choosing conserved target genes was a crucial factor 
for the design of optimal PCR primers (Li et al. 2020), and 
optimization of laboratory test protocols was important for 
effective detection (Won et al. 2020). Checking for abundant 
splicing variants (Park et al. 2020) and designing primers 
that can anneal to non-degenerate codons (encoding trypto-
phan) at the 3’-ends of sequences (Dong et al. 2021) were 
also suggested to ensure highly sensitive viral nucleic acid 
detection. On the contrary, our current study does not rely 
on previous knowledge of the structural aspects of conserved 
genes, and our approach can be scaled easily as the number 
of SARS-CoV-2 genomes increases.

The primer–probe sets validated here targeted the nsp2 
and ORF3a genes; to our knowledge, these genes are rarely 
used as targets for the molecular diagnosis of SARS-CoV-2. 

Fig. 2  The locations of the 17 conserved sequences (magenta blocks) 
on the reference SARS-CoV-2 genome map. The coding region of 
RdRp (RNA-dependent RNA polymerase) is shown beneath the 
ORF1ab coding region. The lower plot shows the conservation (red 

line), gappyness (blue line), and normalized Shannon entropy (plum 
triangles) of each nucleotide position. The conserved sequences are 
shown as gray shaded areas in the lower plot
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However, Yip et al. (2020) developed a probe-free COVID-
19-nsp2 assay system based on four specific regions > 50 bp 
in length (nsp2, two regions in S, and ORF8) that were iden-
tified by k-mer based comparison of 96 SARS-CoV-2 and 
104 non-SARS-CoV-2 genomes. There are slight overlaps 
between the CS regions identified here and the targets identi-
fied by Yip et al. (data not shown). Although this approach 
might be able to maximize the specificities of the primers, 
they used only 200 genomes to identify four regions totaling 
1188 bp; this region might be shortened if more genomes 
were used as inputs.

One shortcoming of the tool used here for MSA 
(ViralMSA) is its inability to handle insertions with respect 
to the reference genome sequence. The author that developed 
ViralMSA claimed that insertions usually lack phylogenetic 
or transmission clustering information among closely related 
viral isolates, and demonstrated that removal of insertions 
results in little impact on downstream analyses compared 
to other MSA software. Mercatelli and Giorgi (Mercatelli 
and Giorgi 2020) analyzed 48,635 complete SARS-CoV-2 
genomes from across the world and found that single nucleo-
tide transitions were the major mutational type. This finding 
suggests that ViralMSA can be used with minimum loss of 
accuracy for rapid MSA of SARS-CoV-2 genomes.

We did not incorporate Omicron in RT-qPCR experi-
mental validation because it was only one of the variants of 

interest when experimental conditions were being optimized. 
Furthermore, Omicron RNA samples became very recently 
available domestically from the NCCP since late-December 
2021. As soon as World Health Organization (WHO) des-
ignated Omicron variant (Pango lineage B.1.1.529) a vari-
ant of concern on November 26 2021,2 it rapidly displaced 
Delta within several months, becoming the predominating 
one over major countries. Thus, the performance of primer 
sets designed from this study could be estimated from in 
silico PCR (Table 2) only. Although some other primer sets 
appear to outperform ours, we believe that > 99.5% coverage 
with 5% mismatches is sufficient to detect Omicron variants.

Considering the increasing availability of SARS-CoV-2 
sequences in public databases, it will likely become more 
difficult to identify ‘true’ CSs using conventional sequence 
alignment methods. Regular sequence updates will find new 
polymorphic sites in pre-defined CS regions, resulting in 
fewer candidate regions. Our current study used a contem-
porary sequence alignment-based approach; however, derep-
lication was used to facilitate the analysis process, which 
would not otherwise have been feasible with the original 
dataset. Removal of singleton sequences that are identifiable 

Table 2  The in silico amplification coverage of various primer sets against SARS-CoV-2 genome datasets. The percentages in the column head-
ers represent the percent mismatches allowed between the primer and template sequences (‘primersearch –mismatchpercent’)

Name Sequences (5'→3') Size  
(bp) 

All dataset  
(N=230163) 

Dereplicated dataset  
(N=32483) 

Delta variant only  
(N=6621) 

Omicron variant only  
(N=6803) Ref 

0% 5% 10% 0% 5% 10% 0% 5% 10% 0% 5% 10% 

NH-CS_1a 
F: AGTGAAGCTGTTGAAGCTCCAT 

R: GTTACCATCATATTAGGTGCAAG 
116 96.77% 99.96% 99.96% 97.71% 99.90% 99.90% 99.79% 100.00% 100.00% 99.15% 99.56% 99.60% 

This work 
NH-CS_14b 

F: GCAACTTGCTGTTGTTGTTTGTAA 

R: GTTTATACTCTGCAAGAAGTAGAC 
116 98.79% 99.96% 99.96% 98.96% 99.99% 99.99% 99.47% 100.00% 100.00% 98.85% 99.96% 99.96% 

CDC_N1 
F: GACCCCAAAATCAGCGAAAT 

R: TCTGGTTACTGCCAGTTGAATCTG 
72 98.20% 100.00% 100.00% 98.44% 100.00% 100.00% 99.18% 100.00% 100.00% 98.99% 100.00% 100.00% 

CDC, USAf CDC_N2 
F: TTACAAACATTGGCCGCAAA 

R: GCGCGACATTCCGAAGAA 
67 97.51% 99.23% 99.99% 93.29% 99.17% 99.99% 97.84% 98.55% 99.97% 89.28% 90.09% 99.99% 

CDC_N3 
F: GGGAGCCTTGAATACACCAAAA 

R: TGTAGCACGATTGCAGCATTG 
72 98.39% 99.99% 100.00% 98.51% 99.99% 100.00% 98.81% 100.00% 100.00% 99.12% 100.00% 100.00% 

NIID_2019-nCoV_Nc 
F: AAATTTTGGGGACCAGGAAC 

R: TGGCAGCTGTGTAGGTCAAC 
158 0.00% 97.87% 99.98% 0.00% 98.35% 99.99% 0.00% 99.89% 100.00% 0.00% 99.32% 99.99% NIID, JAPANg 

SARS-CoV-2_IBS_RdRP1 
F: CATGTGTGGCGGTTCACTAT 

R: TGCATTAACATTGGCCGTGA 
118 97.22% 99.99% 100.00% 86.28% 99.99% 100.00% 25.93% 99.94% 100.00% 99.29% 99.99% 99.99% 

(Won et al. 2020) 

SARS-CoV-2_IBS-S1 
F: CTACATGCACCAGCAACTGT 

R: CACCTGTGCCTGTTAAACCA 
100 98.94% 99.80% 99.81% 98.73% 99.47% 99.50% 97.12% 97.39% 97.52% 99.12% 99.81% 99.81% 

SARS-CoV-2_IBS_E1d 
F: TTCGGAAGAGACAGGTACGTT 

R: CACACAATCGATGCGCAGTA 
107 0.00% 99.97% 100.00% 0.00% 99.97% 99.99% 0.00% 99.95% 99.97% 0.00% 99.99% 100.00% 

SARS-CoV-2_IBS_N1 
F: CAATGCTGCAATCGTGCTAC 

R: GTTGCGACTACGTGATGAGG 
118 98.53% 99.99% 99.99% 98.86% 99.99% 100.00% 99.58% 100.00% 100.00% 98.44% 100.00% 100.00% 

SARS-CoV-2_IBS_RdRP2 
F: AGAATAGAGCTCGCACCGTA 

R: CTCCTCTAGTGGCGGCTATT 
102 93.90% 99.99% 99.99% 94.52% 100.00% 100.00% 99.79% 100.00% 100.00% 99.94% 100.00% 100.00% 

SARS-CoV-2_IBS_RdRP3 
F: TCTGTGATGCCATGCGAAAT 

R: ACTACCTGGCGTGGTTTGTA 
113 82.48% 99.94% 100.00% 85.64% 99.96% 100.00% 99.68% 100.00% 100.00% 99.50% 100.00% 100.00% 

SARS-CoV-2_IBS-S2 
F: GCTGGTGCTGCAGCTTATTA 

R: AGGGTCAAGTGCACAGTCTA 
108 97.01% 98.06% 98.14% 98.89% 99.75% 99.78% 99.34% 99.53% 99.59% 96.38% 97.18% 97.28% 

SARS-CoV-2_IBS_E2 
F: TTCGGAAGAGACAGGTACGTTA 

R: AGCAGTACGCACACAATCG 
116 99.62% 99.93% 100.00% 99.71% 99.94% 99.99% 99.82% 99.91% 99.98% 99.79% 99.97% 100.00% 

SARS-CoV-2_IBS-N2 
F: GCTGCAATCGTGCTACAACT 

R: TGAACTGTTGCGACTACGTG 
120 96.83% 99.96% 99.99% 97.73% 99.98% 100.00% 99.62% 100.00% 100.00% 98.40% 100.00% 100.00% 

RdRP_SARSre 
F: GTGARATGGTCATGTGTGGCGG 

R: CARATGTTAAASACACTATTAGCATA 
100 0.00% 99.95% 100.00% 0.00% 99.93% 100.00% 0.00% 99.64% 100.00% 0.00% 99.99% 99.99% 

(Corman et al. 2020) E_Sarbeco 
F: ACAGGTACGTTAATAGTTAATAGCGT 

R: ATATTGCAGCAGTACGCACACA 
113 99.70% 99.99% 99.99% 99.78% 99.99% 99.99% 99.85% 99.98% 99.98% 99.75% 100.00% 100.00% 

N_Sarbeco 
F: CACATTGGCACCCGCAATC 

R: GAGGAACGAGAAGAGGCTTG 
128 98.56% 99.27% 99.99% 98.76% 99.37% 100.00% 99.44% 99.56% 100.00% 99.53% 99.66% 100.00% 

a Detection probe sequence: 5′-JOE-CGG GCT TAT GTT GCT CGA AAT CAA -BHQ1-3′
b Detection probe sequence: 5′-Texas Red-TGC TCG TTG CTG CTG GCC TTG AAG -BHQ2-3′
c,d,e Primers with a 1 bp mismatch to the reference sequence (NC_045512.2)
f Available from https:// www. who. int/ docs/ defau lt- source/ coron aviru se/ uscdc rt- pcr- panel- primer- probes. pdf? sfvrsn= fa29c b4b_2
g Available from https:// www. niid. go. jp/ niid/ en/ 2013- 03- 15- 04- 39455- 59/ 2483- disea se- based/ ka/ corona- virus/ 2019- ncov/ 9334- ncov- vir3-2. html

2 World Health Organization. Classification of Omicron (B.1.1.529): 
SARS-CoV-2 Variant of Concern. https:// www. who. int/ news/ item/ 
26- 11- 2021- class ifica tion- of- omicr on- (b.1. 1. 529)- sars- cov-2- varia nt- 
of- conce rn.

https://www.who.int/docs/default-source/coronaviruse/uscdcrt-pcr-panel-primer-probes.pdf?sfvrsn=fa29cb4b_2
https://www.niid.go.jp/niid/en/2013-03-15-04-39455-59/2483-disease-based/ka/corona-virus/2019-ncov/9334-ncov-vir3-2.html
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
https://www.who.int/news/item/26-11-2021-classification-of-omicron-(b.1.1.529)-sars-cov-2-variant-of-concern
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only after dereplication also contributed to the reduction of 
dataset size. The candidate CSs identified here, though not 
entirely composed of conserved sites, were still sufficient 

to design PCR primers covering most known SARS-CoV-2 
sequences.

We expect that comprehensive primer databases that take 
target viruses, hosts, and non-target organisms into account 

Fig. 3  Specific detection of nine SARS-CoV-2 variants (Alpha, Beta, 
Gamma, Delta, Epsilon, Zeta, Eta, Iota, and Kappa) using primer sets 
NH-CS_1 (blue) and NH-CS_14 (red). Multiplex RT-PCR was per-

formed by serially diluted SARS-CoV-2 RNA templates  (102 to  104 
copies) using primers targeting ORF3a (red) and nsp2 (blue) genes
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will be available soon; these databases will require regular 
updates with large-scale collaborative efforts. Our current 
work demonstrates a fast and flexible approach to the devel-
opment and evaluation of PCR primers for the detection of 
SARS-CoV-2. When new pandemics occur, machine learn-
ing-based methods (Lopez-Rincon et al. 2021; Randhawa 
et al. 2020) requiring neither biological knowledge nor mas-
sive amounts of sequence data can be the preferred choice.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13258- 022- 01264-7.
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