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[Abstract] Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2; initially named 2019-nCoV) 

is responsible for the recent coronavirus disease (COVID-19) pandemic, and polymerase chain reaction 

(PCR) is the current standard method for diagnosis from patient samples. As PCR assays are prone to 

sequence mismatches due to mutations in the viral genome, it is important to verify the genomic 

variability at primer/probe binding regions periodically. This step-by-step protocol describes a 

bioinformatics approach for an extensive evaluation of the sequence variability within the primer/probe 

target regions of the SARS-CoV-2 genome. The protocol can be applied to any molecular diagnostic 

assay of choice using freely available software programs and the ready-to-use multiple sequence 

alignment (MSA) file provided. 
 
Graphic abstract: 
 

 
Overview of the sequence tracing protocol. The figure was created using the Library of Science and 

Medical Illustrations from somersault18:24 licensed under a CC BY-NC-SA 4.0 license 

(https://creativecommons.org/licenses/by-nc-sa/4.0/). 

Video abstract: https://youtu.be/M1lV1liWE9k  
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[Background] Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2; initially named as 

2019-nCoV) is the cause of novel coronavirus disease termed COVID-19. The virus originated from 

Wuhan, China and rapidly spreaded around the world causing a global pandemic (Worldometers.info, 

2020). Sequencing of the virus showed that its single-stranded RNA genome is ~30 kb in size (Chan et 

al., 2020; Lu et al., 2020; Wu et al., 2020; Zhou et al., 2020). Availability of the viral sequence early in 

the outbreak helped the development of several polymerase chain reaction (PCR) detection protocols 

that have been instrumental in the diagnosis of the disease from patients samples (WHO, 2020). 

However, genetic variability in the viral genome during natural evolution poses a potential risk of 

mismatches between the diagnostic assays and the template that can result in false-negative results 

(Whiley and Sloots, 2005; Chow et al., 2011). Sequences of SARS-CoV-2 viruses isolated from around 

the world are being deposited in the sequence databases and mutations have been identified in the 

genomes of the circulating viruses (Ugurel et al., 2020). 

  We performed an extensive evaluation of published diagnostic PCR assays, including those 

recommended by the World Health Organization (WHO), based on evaluation of sequence variation in 

the primer/probe binding regions using more than 17,000 publicly available viral sequences (Khan and 

Cheung, 2020). Another concurrent publication reported mutations in primer/probe binding regions using 

1825 sequences but a detailed sequence tracing protocol was not provided (Osorio and Correia-Neves, 

2020). This step-by-step protocol outlines a bioinformatics pipeline that uses freely available open-

source software programs. The pipeline can be performed on a regular desktop computer without any 

need for special hardware and does not require extensive computational skills. The provision of a ready-

to-use Multiple Sequence Alignment (MSA) file through Open Science Framework (OSF) makes it an 

even more intuitive task. Inclusivity analysis through verification of in silico nucleotide identity match is 

one of the regulatory requirements for approval of COVID-19 diagnostic assays (Commission-Services, 

2020; FDA, 2020; Health-Canada, 2020). The protocol can also be applied to other molecular diagnostic 

assays of SARS-CoV-2 including point-of-care CRISPR-based diagnostic assays under development 

(Tsang and LaManna, 2020). 

 

Equipment 
 

1. A regular Windows or Mac OS X laptop or desktop. 

Note: There is no specific processor or RAM requirement, but memory issues can be avoided by 

opening a limited number of files at the same time. The outlined protocol was performed on a 

laptop installed with Windows 10, an Intel Core i5-8265U processor, CPU @1.60GHz and an 8 

GB RAM. 

 
Software 
 

1. MAFFT version 7 online service (Katoh et al., 2002 and 2019) (available from 

https://mafft.cbrc.jp/alignment/software/closelyrelatedviralgenomes.html) 
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2. AliView version 1.26 (Larsson, 2014) (available from https://ormbunkar.se/aliview/) 

3. Sequence Manipulation Suite version 2 (Stothard, 2000) (available from 

https://www.bioinformatics.org/sms2/rev_comp.html) 

4. SequenceTracer (Nagy et al., 2019) (available from 

http://www1.szu.cz:8080/EntropyCalcWeb/sequences). 

5. ElimDupes (https://www.hiv.lanl.gov/content/sequence/elimdupesv2/elimdupes.html) 

6. PNNS calculator (available from http://entropy.szu.cz:8080/EntropyCalcWeb/pnns) 

7. A web browser (for example Google Chrome or Mozilla Firefox) 

8. A text editor (for example Microsoft Notepad). 

 
Procedure 
 
You can jump to Procedure D to download the latest version of a ready-to-use SARS-CoV-2 Multiple 

Sequence Alignment (MSA) file from our project page on OSF. 

 

A. Viral sequence dataset 

1. Download the viral sequences from the repository of your choice. 

Note: Check the terms and conditions of each repository with attention to the data sharing policy. 

Registration may be required. 

a. GISAID's EpiCoV database (https://www.gisaid.org/) (Shu and McCauley, 2017). 

b. NCBI virus (https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/) (Hatcher et al., 2017). 

c. The Chinese National Genomics Data Center (NGDC) database (https://bigd.big.ac.cn/ncov) 

(NGDC, 2020). 

d. EMBL-EBI's COVID-19 Data Portal (https://www.covid19dataportal.org/). 

e. COVID-19 Genomics UK (COG-UK) Consortium (https://www.cogconsortium.uk/data/). 

2. Download the complete genome of Wuhan-Hu-1 (NCBI Reference Sequence: NC_045512.2; 

https://www.ncbi.nlm.nih.gov/nucleotide/). 

 

B. Multiple Sequence Alignment (MSA) using MAFFT online service dedicated to MSA of closely-

related viral genomes (https://mafft.cbrc.jp/alignment/software/closelyrelatedviralgenomes.html). 

1. Input (Figure 1A): 

a. The complete genome of Wuhan-Hu-1 (NC_045512.2) to the “Existing alignment” box.  

b. Input the other sequences to the “Fragmentary sequence(s)" box. 

Note: MAFFT online service supports up to 20,000 sequences of ~30 kb in length. The task 

should be performed in batches if more sequences are being aligned and results should be 

combined after sequence stratification. 

2. Parameters (Figure 1B):  

a. UPPERCASE/lowercase, select "same as input'. 

b. Direction of nucleotide sequences, select “Adjust direction according to the first sequence”. 
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c. Output order, select "aligned". 

3. Advanced Settings (Figure 1C): 

a. Keep alignment length, select "Yes". 

b. Strategy, select "auto". 

4. Download the aligned sequence in FASTA format, once available. 

 

 
Figure 1. Multiple Sequence Alignment (MSA) using MAFFT online service 

 

Video for Procedure A-B: https://youtu.be/hbnsXnikRak 

 

C. Alternatively, download a ready-to-use MSA file from our OSF page 

(https://doi.org/10.17605/OSF.IO/NPCS6). 

Note: Data in our original publication (Khan and Cheung, 2020) was downloaded from GISAID that 

does not permit the release of MSA files publicly. The MSA file provided on our OSF page was 

generated using sequences downloaded from the NCBI virus. The file would be updated periodically 

during the pandemic (file 1 aligning 19863 SARS-CoV-2 sequences). 

 

D. Save Region of Interest (ROI) for each primer/probe as a separate FASTA file 

1. Open the MSA file from Procedure B or Procedure C in the AliView program. 

Note: Aliview program (available from https://ormbunkar.se/aliview/) needs to be downloaded 

on the computer in advance. 

2. Find the primer binding site using the “find” function (Figure 2A) or using “add and align 

sequences from clipboard” function (Figure 2B). 

3. Reverse-complement the primer/probe sequence as necessary using Sequence Manipulation 

Suite (https://www.bioinformatics.org/sms2/rev_comp.html). 

>CN-CDC-N_F 
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GGGGAACTTCTCCTGCTAGAAT 

 

 
Figure 2. Finding the Region of Interest (ROI) in MSA 
 

4. Select the ROI and copy selection as FASTA format (Figure 3A). 

5. Open a new file, "Paste (fasta-sequences)" and "Save" (Figure 3B). The sequence can be 

pasted in a text editor and saved as a FASTA file. 

 

 
Figure 3. Saving Region of Interest (ROI) for each primer/probe as a separate FASTA file 

 

Video for Procedure D: https://youtu.be/H9UxkgAsMdE  

 

E. Sequence stratification: Option 1 – SequenceTracer 

1. Upload the individual FASTA file to SequenceTracer and hit "Submit" (Figure 4A) 

(http://www1.szu.cz:8080/EntropyCalcWeb/sequences). The SequenceTracer segregates data 

into discrete groups of identical sequence variants and presents a detailed view of the nucleotide 

variation in each ROI along with the frequency of each variant. Moreover, the sequences 

showing ambiguous sequences are grouped as “outgroup1”, short sequences are grouped as 

“outgroup2” and missing sequences are grouped as “excluded”. 

2. Download the stratified data showing a list of sequence variants and/or a chart (Figure 4B). 
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Figure 4. Sequence stratification using SequenceTracer 

 

Video for Steps E1-E2: https://youtu.be/ysT_KBXkpvw  

 

3. The "stratify" file can be opened using Microsoft Excel while the "compressed" file can be 

opened using the AliView program or a text editor (Figure 5). 

4. The data of any sequence variant group can be downloaded (Figure 6). 

a. First, select the group. 

b. Then, “Add all to Notes”.  

c. Finally, "export". 

 

 
Figure 5. Expected results from SequenceTracer 
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Figure 6. Downloading data of a specific variant group 

 

Video for Steps E3-E4: https://www.youtube.com/watch?v=4S0T9TW5ax4 

 

F. Sequence stratification: Option 2 – ElimDupes 

1. Upload the individual FASTA file to ElimDupes 

(https://www.hiv.lanl.gov/content/sequence/elimdupesv2/elimdupes.html). 

2. Select parameters as shown and hit "Submit" (Figure 7A). 

3. View or Download "Unique sequences with rank and count appended (_count)" (Figure 8B). 

4. The file would show sequence variants, along with rank and count added to the sequence name. 

The file can be opened using the AliView program or a text editor (Figure 7C). 

Note: As opposed to SequenceTracer, variants with ambiguous sequences, and with missing 

sequences would be ranked in the results and need to be separated manually. 

 

 
Figure 7. Sequence stratification using ElimDupes 
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G. Position Nucleotide Numerical Summary (PNNS) 

1. As the sequence variation was moderate, the base composition of each nucleotide position was 

not analyzed in the original publication. This can be performed for highly variable regions using 

the Position Nucleotide Numerical Summary (PNNS) calculator 

(http://entropy.szu.cz:8080/EntropyCalcWeb/pnns).  

 
Data analysis 
 

First, the sequences with ambiguous nucleotides (outgroup 1), short sequences (outgroup 2) and 

missing sequences (excluded) are removed and the number of “informative” sequences is 

calculated by subtracting these three groups from the total number of sequences. SequenceTracer 

performs this calculation automatically whereas the calculation needs to be performed manually if 

using ElimDupes. The informative group is then divided into hits with a perfect match and hits with 

mismatches for each primer and probe. To minimize the effect of low prevalent variants and 

sequencing errors in the data on the analysis, we defined a threshold of 0.5% in our original 

publication (Khan and Cheung, 2020) where only the sequence variants with ≥ 0.5% incidence were 

further considered. As more high quality viral sequences become available a more stringent 

threshold (for instance 0.1%) may be defined. Another way of defining a threshold is to include all 

the mutations in the analysis that occur more than once in different sequencing experiments (Osorio 

and Correia-Neves, 2020). The number and frequency of the sequences with the perfect match and 

with mismatches are then calculated from sequences above the defined threshold for each primer 

and probe. As an example, the analysis of CN-CDC-N forward primer 5′-

GGGGAACTTCTCCTGCTAGAAT-3′ (WHO, 2020) is shown in Table 1. The summary of the analysis 

for 27 previously published PCR assays is presented in Table 2 of our previous publication (Khan 

and Cheung, 2020). 

Mismatches can also be divided into mismatches in the 3′ end (last 5 nucleotides) and the 5′ end. 

It is known that PCR amplification is more prone to mismatches at the 3′ end of the primer (Whiley 

and Sloots, 2005; Stadhouders et al., 2010; Lefever et al., 2013). Moreover, mismatches in the 

probe can have a deleterious effect on PCR amplification. Even a single mismatch may reduce the 

sensitivity of the assay and lead to false-negative results due to the prevention of probe binding and 

subsequence fluorescence (Chow et al., 2011; Brault et al., 2012). 
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Table 1. Analysis of CN-CDC-N forward primer 
 Number of sequences (frequency) 

Total number of sequences 17027 

Removed sequences (outgroup1 + outgroup2 + excluded) 170 

Informative sequences 16857 

Sequences with the perfect match 13533 

Sequences with mismatches 3324 

Sequences above threshold (0.5%) Total 16662 

Perfect match 13533 (81.22%) 

With mismatches 3129 (18.78%) 

Sequences above threshold (0.1%) Total 16817 

Perfect match 13533 (80.47%) 

With mismatches 3284 (19.53%) 

Sequences with an occurrence of 

more than 1 

Total 16852 

Perfect match 13533 (80.31%) 

With mismatches 3319 (19.69%) 
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