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A B S T R A C T   

As mutations in SARS-CoV-2 virus accumulate rapidly, novel primers that amplify this virus sensitively and 
specifically are in demand. We have developed a webserver named CoVrimer by which users can search for and 
align existing or newly designed conserved/degenerate primer pair sequences against the viral genome and 
assess the mutation load of both primers and amplicons. CoVrimer uses mutation data obtained from an online 
platform established by NGDC-CNCB (12 May 2021) to identify genomic regions, either conserved or with low 
levels of mutations, from which potential primer pairs are designed and provided to the user for filtering based 
on generalized and SARS-CoV-2 specific parameters. Alignments of primers and probes can be visualized with 
respect to the reference genome, indicating variant details and the level of conservation. Consequently, CoVrimer 
is likely to help researchers with the challenges posed by viral evolution and is freely available at http://ko 
nulabapps.bilkent.edu.tr:3838/CoVrimer/.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
emerged in Wuhan, China, in late 2019 and gave rise to a global health 
challenge by becoming the causative agent of the novel coronavirus 
disease 2019 (COVID-19) [1]. Following the emergence of this outbreak, 
many diagnostic and treatment methods for COVID-19 have been made 
available by governments and/or companies and organizations. Most of 
these use quantitative real-time reverse transcription polymerase chain 
reaction (qRT-PCR) as the standard methodology, employing specific 
primers designed to amplify parts of SARS-CoV-2 viral genome [2]. 
Although a few web-based tools have recently become available to 
identify these primers [3–6], an online tool that provides means to select 
novel conserved or degenerate primers derived from the alignment of 
available SARS-CoV-2 sequences is yet to be developed. 

One commonly used approach for specific and sensitive detection of 
SARS-CoV-2 by qRT-PCR is through TaqMan-based assays [7]. Rela-
tively less costly detection methods are also available, including SYBR 
Green and conventional RT-PCR [8]. Other detection strategies include 
reverse transcription loop-mediated isothermal amplification (RT- 

LAMP) [9–11], reverse transcription recombinase-aided amplification 
(RT-RAA) [12,13], and recombinase polymerase amplification-lateral 
flow reading (RPA-LF) [14] assays as well as those based on 
sequencing [15], droplet digital PCR (ddPCR) [16], and RT-LAMP- 
CRISPR platform [17]. Despite the abundance of diagnostic methods, 
the quantitative nature of qRT-PCR may be necessary when especially 
the information on viral load is required [11]. Accordingly, the avail-
ability of conserved and/or degenerate qRT-PCR primers specific to the 
rapidly evolving SARS-CoV-2 has become a necessity. 

The single-stranded RNA genome of SARS-CoV-2 contains 14 open- 
reading frames (ORFs) encoding 27 proteins [18,19]. With respect to 
RT-PCR diagnostic assays, the most commonly targeted genes of the 
virus include ORF 1a or 1b, RNA-dependent RNA polymerase (RdRp)/ 
helicase (Hel), spike (S), envelope (E), and nucleocapsid (N) [20]. The 
key step in the development of functional RT-PCR assays is the design of 
specific and efficient primer pairs [21]. Important aspects for increasing 
primer efficiency include the availability of a full-length reference 
sequence to choose targets from, avoiding regions subject to positive 
selection or variation, integration of degenerate nucleotides into the 
primers to include possible variants of the viral genome, and keeping the 
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primer length between 16 and 28 nucleotides and the melting temper-
ature between 50 and 62 ◦C [22]. In addition, forward and reverse 
primers should have similar physiochemical properties; GC content of 
the 3′ end should be optimal; and primer dimers should be avoided by 
limiting complementarity between primers [21]. To ensure accurate 
diagnosis of COVID-19, selected primers should ideally be specific only 
to SARS-CoV-2 and not cross-react with other coronaviruses [23]. In this 
context, a study using Convolution Neural Network (CNN) based deep 
learning has obtained 1221 SARS-CoV-2 specific sequences from 533 
samples belonging to different strains of the coronavirus family to select 
a primer set for efficient amplification of viral RNA only from SARS- 
CoV-2 positive patients [24]. Furthermore, the Centers for Disease 
Control and Prevention (CDC) has developed the now most widely used 
amplification test targeting three independent regions of the nucleo-
capsid, named N1, N2 and N3, and the human ribonuclease P (RNase P) 
genes for the internal control. After multiple validations, N3 has been 
excluded due to its potential cross-reactivity with other betacor-
onaviruses [25]. The importance of a proper assay design strategy and 
primer specificity is further highlighted in the studies related to assaying 
COVID-19-RdRp/Hel and COVID-19-nsp2 genes, the primers employed 
in which are highly specific for SARS-CoV-2 and result in high specificity 
of the assays [20,26]. 

One of the challenges faced in COVID-19 research has been the 
proportion of false-negative test results from RT-PCR assays which may 
occur in up to 54% of COVID-19 patient samples [27] and may partly 
result from the presence of mutations in primer/probe binding regions. 
There are primarily two sources for the rapid emergence of genetic 
variations in SARS-CoV-2 genome: First, the mutation rate in corona-
viruses is higher compared to other RNA-viruses [20], hence SARS CoV- 
2 can mutate relatively fast (1.12 × 10–3 mutations per site-year) [28] 
and lead to surfacing of different strains. Secondly, recombination takes 
place among coronaviruses, promoting the rate of evolution [20]. 

As a matter of fact, the characteristically fast evolution rate of SARS- 
CoV-2 viral genome has already resulted in appearance of a vast number 
of lineages (i.e., B.1.17, B.1.351 etc.). At the time of this study, com-
bined efforts in epidemiology and phylogenetics have enabled re-
searchers to discover variants of the virus with distinguishing features 
such as enhanced transmissibility or increased disease severity [29,30]. 
With regard to these features, B.1.1.7, P.1, B.1.351, and B.1.427/ 
B.1.429 have been classified as variants of concern (VOC) by CDC [31]. 
It is then critical to consider the rapid emergence of SARS-CoV-2 genetic 
variants in primer design as VOCs that go undetected, due to shortfalls in 
diagnostic assays, are highly likely to pose threats on controlling the 
spread and mortality of the disease. Correspondingly, a few variants in 
the viral genome have been found to reach 99% frequency in all pop-
ulations [32–34]. Taking into account that a few mismatches between 
oligonucleotides and their templates or a single mismatch in the last 5 
nucleotides of 3’ends of primers can result in decreased efficiency of 
qRT-PCR diagnostic tests [35,36], it is crucial to design variant specific/ 
inclusive primers. Inclusion of primer degeneracy in frequently mutated 
sites also will help track SARS-CoV-2 variations and prevent false 
negative qRT-PCR results. 

On the other hand most viral genomes carry rare mutations, for 
example, Farkas et al. have reported that more than half of SARS-CoV-2 
sequences (N = 50) in their study exhibited single founder mutations of 
which 63% or more were missense [37]. Although rare, when these 
mutations appear in regions where primers bind, sensitivity of the assay 
is likely to decrease due to mis-priming. GISAID (Global Initiative on 
Sharing All Influenza Data) [38] has stated that, in an evaluation of more 
than 660,000 SARS-CoV-2 genomes, binding regions of eight commonly 
used RT-PCR assays turned out to coincide with at least one mutation in 
approximately less than 5% of the genomes [39]. Similarly, an in silico 
analysis of 27 qRT-PCR primer/probe sets, based on an alignment of 
more than 17,000 full-length SARS-CoV-2 genomes to the full-length 
genome of Wuhan-Hu-1 strain (NC_045512.2), has found occurrences 
of mispriming in seven assays [40]. Although majority of these 

mismatches may not be in critical positions, this study shows that it is of 
necessity to set the strategy right in the process of primer/probe design. 
Moreover, in a bioinformatics pipeline, which was published in October 
2020, 15 sets of primer/probe oligonucleotides collected from published 
studies were analyzed against 15,001 SARS-CoV-2 genome sequences to 
find that more than 98% of the SARS-CoV-2 genomes had no mismatches 
for 12 out of 15 primer/probe pairs and only three sets contained mis-
matches in the binding regions of at least 99% of genomes [41]. 

It is thus important to regularly evaluate existing assays in the 
context of updated data that may disclose new mutations in binding 
regions. For instance, most mutations are found in N gene primers and 
probes [42], therefore assays targeting this region should be subject to 
frequent reassessment so that they can be adjusted with consideration to 
new mutation knowledge. It should be also noted that primer target 
regions located in the middle or at the 3` ends of the viral genome have 
been shown to accumulate mutations and recombination events at the 
highest rate, hence it can be essential to consider the most suitable sites 
for primer design as has been done in a study including the nsp1 gene 
found at the 5′ end [20]. 

Another challenge comes from using unoptimized protocols and/or 
primers leading to false-negative outcomes. When different primers are 
used in the same protocol, since each primer pair works efficiently at 
different annealing temperatures and amplification parameters, the 
optimization workflow is critical [43]. For example, a two-step PCR 
protocol recommended by WHO has been found to lead to formation of 
primer dimers and unspecific binding of primers and probes, causing 
unspecific signals for the target gene [44]. One solution to achieve 
optimal sets of primers is to filter out unfeasible primer pairs among a 
large collection of choices obtained by primer generation programs 
while at the same time considering multiple parameters specific to 
SARS-CoV-2 and other coronaviruses. 

Studies that design primers use data collected from clinical research 
accessible in nucleotide and protein databases and generate primers 
using consensus sequences [20,45,46]. The pipeline involves aligning 
selected sequences to find conserved consensus regions [26]. A recent 
study [5] provides an online platform to search for existing primers 
across available viral genomes in NCBI and displays mutation counts. 
Similarly, another database (CoV2ID) [3] provides details including a 
reference sequence, a table of oligonucleotides used in several diag-
nostic protocols and results of three different alignments with tunable 
parameters also available. Furthermore, Naeem et al. have developed a 
web application facilitating inquiry and visualization of mutations 
(number of mutated strains from around the world or a particular 
country) in established or user provided primer sequences [6]. Finally, a 
webtool called CoronaVR which is an integrative resource has been 
developed mainly for epitope analysis but also reports primers newly 
designed and from literature [4]. Yet there is no online tool that facili-
tates generation and selection of novel conserved or degenerate primers 
based on the given primer selection parameters as well as mutation 
counts obtained from multiple alignment of available SARS-CoV-2 
genomes. 

In the present study, we have identified conserved genomic regions 
by defining a threshold of 0.1% [40,47] on the data downloaded on May 
12, 2021 from the 2019 Novel Coronavirus Resource (2019nCoVR), an 
online analysis platform providing open-access information on SARS- 
CoV-2 from National Genomics Data Center (NGDC) of the China Na-
tional Center for Bioinformation (CNCB) [32,48,49]. The defining and 
commonly found mutations in new variants of the virus have been used 
to generate degenerate primers which can then be utilized in diagnosis 
of various strains of the virus carrying mutations at corresponding po-
sitions. Using the Shiny [50] and openPrimeR [51] packages of R pro-
gramming language, we have made it possible for the user to search and 
filter existing and novel primers and visualize the alignment to the 
reference genome (NC_045512.2 [52]) while being presented with the 
information on mutation load of primers. In CoVrimer, all primers can 
be filtered based on common primer design parameters such as 
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minimum Tm value and GC content as well as the degree of homology 
with other bat coronaviruses. CoVrimer can help COVID-19 researchers 
to test their own primers as well as select new primers considerate of 
viral evolution. 

2. Materials and methods 

CoVrimer is a web-based software application which has been 
created using the open-source programming language R [53] and its 
Shiny [50] package. The interface layout has been designed using the 
shinydashboard package [54]. CoVrimer contains two main modules, 
namely, Align Published Primer Sets and Select New Primer Pair, with two 
submodules. 

2.1. Mutation analysis and filtering 

On the day data were downloaded, the number of sequences used in 
mutation analysis was reported to be 954,725, which we have based our 
mutation frequency calculations on. In the downloaded data, 28,499 
nucleotide positions of the whole genome sequence were shown to 
contain at least one mutation. However, to exclude those with low 
prevalence and potential sequencing errors in primer generation, we 
have defined a stringent threshold of 0.1% where positions with <0.1% 
alteration incidence were considered as conserved [40,47]. 

2.2. Identification of conserved primer pairs 

Conserved primers have been designed within the conserved regions 

Fig. 1. Pipeline of conserved and degenerate primer design.  
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which we have defined by the selected threshold of 0.1%. Our algorithm 
involves first the calculation of lengths of all conserved regions and then 
selection of segments longer than 17 and less than 181 because of 
thresholds set for minimum primer and maximum amplicon length as 
18 bp and 180 bp, respectively. 

For each region, all possible primer pairs that could bind to those 
regions have been generated using get_initial_primers function of 
openPrimeR package [51]. We have created six additional functions: 
forw_degenerate, reverse_degenerate, calculate_Tm, calculate_GC, 
find_Tm and find_Gc. find_Tm and find_Gc have been used to identify the 
minimum and maximum possible Tm and GC values for degenerate 
primers. After obtaining all conserved primer pairs, filters based on Tm 
and GC values have been applied in order to reduce number of primer 
pairs. Additional filtering has been done based on the SARS-CoV-2 
specificity values. In the final stage of filtering, primer pairs having 
SARS-CoV-2 specificity values greater than 0 were selected. To remove 
repetitive pairs that cover same nucleotide positions with only a few 
base pair differences, the unique forward primers based on their se-
quences and start/end positions have been grouped before retaining the 
reverse primers having maximum SARS-Specificity from each group. 
This algorithm has also been applied for grouping of the reverse primers 
and retaining the forward primers with the maximum SARS-Specificity. 
The workflow of designing primers and the filtering parameters are 
shown in Fig. 1 and Table 1, respectively. 

2.3. Identification of degenerate primer pairs 

10 of the current SARS-CoV-2 lineages have been selected as subjects 
for getting degenerate primer pairs. The mutations in these variants 
have been identified and used to create degenerate primers inclusive of 
the mutated positions. For example, among the selected variants in 
CoVrimer, D614G and P314L variations found in all lineages and T265I, 
which is found in 5 of 10 lineages, have mutation frequencies %98.25, % 
98.19 and %14.85, respectively. 

Initially, we first identified all possible primer pairs that cover the 
coding regions of the viral genome based on the reference sequence 
(NC_045512.2). Next, the pairs that include the mutated positions of 
different lineages in either the forward or the reverse primer have been 
selected. The same filtering procedure as that used for conserved 
primers has been applied to these degenerate primer pairs (Table 1); and 
those pairs showing conservation in the last 5 nucleotides at 3’end have 
further been chosen. In the primer pair pool, some degenerate primers 
were paired with conserved primers sharing the same primer start or end 
positions resulting in overlapping primer selection regions in the viral 
genome. Accordingly, the forward primers with identical sequences but 
pairing with different conserved reverse primers were grouped together, 
and then primer pairs from each group whose reverse primer with the 
maximum SARS specificity have been kept. The same procedure has also 
been applied for the identical reverse primers that have conserved for-
ward primer pairs. A degenerate primer with no conserved pair was 
matched with the primer having maximum SARS specificity. The 
mutated positions were converted to degenerate nucleotides to be used 
in virus detection from samples of different lineages. All obtained primer 
sets have been integrated into CoVrimer upon removal of duplicated 

pairs. 

2.4. Graphics for alignments 

In CoVrimer, the amplicon targeted by the selected primer pair can 
be visualized with respect to nucleotide positions and percentages of 
possible mutations. In the first graph, the reference nucleotides are 
placed at the bottom (on x-axis) and frequency of variation is shown on 
the y-axis. Primer binding sites are displayed in blue and the region in 
between in green. Dots representing mutations below and above the 
threshold are orange and red, respectively. This visualization has been 
made possible using tidyverse [55] and ggplot [56] packages where 
nucleotides from the reference sequence are positioned below those of 
the primer sequence query. The user can zoom in on a region of selection 
to better visualize the nucleotides’ identities. Above this graph, the 
detailed information about each mutated position within the amplicon is 
provided in table format. All variation details regarding SNP, indel, 
insertion and deletion counts, and alterations can be obtained from this 
table. Another panel generated via use of msaR package [57] displays 
the alignment of the selected primer pair to the reference genome. 

2.5. Visualization of conservation of primers among 44 bat viruses 

UCSC SARS-CoV-2 Genome Browser provides 50 tracks with 
different molecular details about the virus [58]. PhyloP data, which are 
derived from 44 bat viruses, and in which positive scores indicate that a 
given site is predicted to be conserved while negative scores are assigned 
to the sites predicted to be fast evolving, have been obtained from UCSC 
genome browser (http://genome.ucsc.edu/). In CoVrimer, PhyloP score 
of each nucleotide of the selected primer pair is displayed on the graphs 
which also show the positions of the amplicon exhibiting mutations, if 
present. 

We have also aligned sequences of all 44 bat viruses used in PhyloP 
data present on UCSC SARS-CoV-2 Genome Browser and generated a 
variation scoring table indicating the frequency of observed variation at 
each position (v_score). Based on this table, we calculated the SARS-CoV- 
2 specificity of each primer using the following formula where L is the 
length of the primer in bp: 

sum(v_scores of nucleotides in L-5) / (L-5) + sum(v_ scores of last 5 
nucleotides * (1+ v_scores of last 5 nucleotides)) / 5 

We increased the weights of the last 5 nucleotides at the 3’end where 
mismatches exert an enhanced negative effect on priming by disrupting 
the nearby polymerase active site [59]. The importance of the last 5 
nucleotides at 3’end had been highlighted in a study which ranked ol-
igonucleotides by taking mean value of three different measures: per-
centage of identical sites in the last 5 nucleotides at the 3′ end, 
percentage of identical sites in the primer and percentage of pairwise 
identity [3,60]. In our analysis, we have used the frequency of sub-
stitutions on each position and reached the final score by increasing the 
contribution of last 5 nucleotides to the score. The proposed scoring 
scheme hence assigns higher scores to primers with greater v_scores to-
wards the 3’end of the sequence. 

2.6. Table of published primer sets 

The database for published primer sets can be found under the 
module Align Published Primer Sets. We have manually curated a data-
base from literature containing published RT-PCR primer sets for which 
sequence information is available and crosschecked with the recently 
published list in COV2ID website [3]. In one column of our primer table, 
the degenerate versions of primers representing possible mutations in 
their target regions are displayed. In other columns we report the 
number of possible mutations and the mutation frequencies in the target 
regions of primers. When a row is selected upon clicking, alignment 
graphs are displayed at the bottom of the table. 

Table 1 
Parameters used in filtering the primers.  

Length 18–25 nucleotides 
GC Content 40–60% 
Tm 55–65 ◦C 
Runs no more than 4 bp 
GC Clamp no more than 3 in last 5 bases at 3′end 
End no T residue at the 3′end 
Tm differences < 5 
Amplicon length 60–180 bp 
SARS-Specificity no 0 values in both primers  
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2.7. Conserved and degenerate primer selection 

The second main module of CoVrimer, named Select New Primer 
Pairs, has been designed to allow the user to select conserved as well as 
degenerate primers. Gene regions suitable for designing conserved 
primers could be identified are reported along with an option to visu-
alize “All”. Additionally, in the second tab of this section, degenerate 
primers exhibiting mutations found in different virus lineages are pre-
sented along with the name of the lineages having the mutations in 
primers. Moreover, CoVrimer allows the user to select the desired fea-
tures and limits by using sliders in the primer table such that a reduced 
number of primer sets can then be displayed. 

With the help of the Get Degenerate Primer Pairs module, the user can 
provide the nucleotide sequence of a primer pair of choice in the 
respective search boxes and inquire available features on that primer 
pair. Each forward and reverse primer are analyzed separately to visu-
alize their alignment with the reference genome. Degenerate IUPAC 
codes are placed in the primer/primer pair if the primers’ target regions 
contain mutations above the previously determined frequency 
threshold; and a table presenting information on the position and length 
of primer binding regions, position specific number and frequency of 
observed mutations in these regions, Tm and GC content values, and 
amplicon length is displayed. In all modules, alignments of primers and 
probes, if present, to the reference genome and the sequence of amplicon 
can be visualized. 

3. Results 

3.1. Visualization of alignments can be used to identify mismatches on 
published primer sets 

Primer sets designed in numerous studies (the first-time appearance) 
have been included in CoVrimer with Pubmed IDs and links to the ar-
ticles (Fig. 2). In total, 90 pairs/sets of published primer sequences are 
currently housed in CoVrimer (literature search: 18/04/2021). Degen-
erate versions of published primers have been generated on positions 
where mutation frequencies are greater than 0.1%, whereas the muta-
tion frequency is considered 0 when below 0.1%. CoVrimer makes 
possible the visualization of mutation load in the primers, probes and 
amplicons by presenting a table including all variation counts and al-
terations, and showing the alignment of each set to the reference 
sequence when the user highlights a row on the primer table (Fig. 3, top 
table and first plot). The reference nucleotides are displayed on the x- 
axis while the y-axis shows the percentage of mutations along with the 
altered version of the nucleotide at each position. The second plot of 

Fig. 3 shows PhyloP (44 bat viruses) value of each nucleotide in the 
primer pair and the amplicon followed by visualization of the alignment 
of primer pair and probes to the reference genome (Fig. 3, third plot). 

3.2. Select New Primers Pairs module can provide SARS-CoV-2 specific 
optimized conserved and degenerate primers 

All observed mutations having frequency greater than 0.1% have 
been saved into a table and used within the CoVrimer pipeline leading to 
generation of 551 primer pairs corresponding to the segments that are 
conserved. These primers are housed in the Select New Primers module, 
allowing the user further filtering through general primer optimization 
parameters, such as the length of amplicon and primer, Tm and GC 
content as well as SARS-CoV-2 specific parameters (Fig. 4). Conserved 
primers identified for all viral genes except nsp7, 2’-O-ribose methyl-
transferase, Envelope, ORF7, ORF7b, ORF8 and ORF10 are displayed. 

Before filtering, we have had more than 100,000 primer pairs having 
lengths in between 60 and 180 bp. After the first filtration process, re-
strictions of which are described in Table 1, this number has been 
reduced to 13,000 primer pairs. Later, removal of pairs with duplicate 
sequences and start/end sites and selection of the primers bearing 
maximum SARS-Specificity on their pairs have resulted in only 551 
pairs, which are placed under Select Conserved/Degenerate Primers tab. 
We have provided all possible pairs of forward and reverse primers that 
meet all criteria in the table under this tab. In CoVrimer, additional 
columns showing positions and frequencies of mutations make annota-
tion of primers possible. In the Degenerate primer pairs sub-tab, we have 
provided information about 610 degenerate filtered primer pairs 
designed based on common virus strains, such as position of mutations, 
degenerate version of primers, mutation frequencies, and lineage names 
annotated with mutation names (Fig. 5). SARS-CoV-2 Specificity, 
calculated as mentioned in methods, increases confidence in primer 
specificity and resulting binding efficiency to SARS-CoV-2 genome. All 
four plots described in Fig. 3 can be generated for the conserved primer 
and degenerate primer table entries when a row in the table corre-
sponding to a primer set is selected. 

We have also analyzed the correlation between SARS-CoV-2 speci-
ficity indices and mean of PhyloP scores of each primer in the conserved, 
degenerated and published primer datasets (Supplementary Fig. 1). 
Results indicate that all primers we have generated share similar profiles 
with the published primers. However, the degenerate primers exhibit 
higher SARS-Specificity indices in general. The mean values (+/− Std) 
for conserved, degenerate as well as published primers in terms of Tm, 
GC and SARS-CoV-2 specificity indices (Supplementary Table 1) indi-
cate that published primers have lower specificity indices in comparison 

Fig. 2. Table of published primer sets. The table shows each primer set that has appeared for the first time in its respective study, country of origin and the panel 
name if given, the target region of the primers, and the sequences of primer sets. CoVrimer provides degenerated versions of the published primers, where mutations 
have frequencies above 0.1%, as well as the amplicon length between forward and reverse primers. Other listed details include computer programs used for the 
designing of primers, the assays for which the primers have been designed and further relevant information. 
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to both the degenerate and conserved primers contained in CoVrimer. 

3.3. Users can identify degenerate primers using Get Degenerate Primer 
Pairs module 

Users can search their own primer pairs at hand in this module that 
displays available information in CoVrimer related to the primer pair 
being analyzed. If the binding regions of primers have mutation fre-
quencies above our threshold at any position, CoVrimer constructs 
degenerated version(s) of the primer(s) and shows the presence of 

mutations at each position in a numbered format. For example, in 
“000100020100”, each number indicates the number of nucleotides that 
can replace the original nucleotide found in the reference genome on 
that particular position-in other words, in how many different ways the 
position can be altered (Fig. 6). “1” indicates that only one of the 
possible nucleotide substitutions has been reported for the reference 
nucleotide while 2 indicates changes have been reported with two 
different nucleotides. CoVrimer also shows the mutation frequency 
observed at each position. In the last part of this module, the alignment 
of a searched primer set to the reference genome and the corresponding 

Fig. 3. Mutation details, percentage, PhyloP scores and pairwise alignment of a selected primer pair. “Detailed Variation Information” section displays the mutation 
details such as variation types and counts within amplicon. The first plot after the table shows the mutation percentages along with the selected primer binding 
regions and the amplicon where mutations have occurred based on multiple sequence alignment of viral genomes. Next plot shows the PhyloP value of each 
nucleotide within the window visualized. The bottom plot presents the msaR alignment showing the pairwise alignment of the selected primer pair to the reference 
sequence (NC_045512.2). 
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amplicon region with detailed information on mutated nucleotides can 
be visualized by clicking on the Align button. 

4. Discussion 

Numerous information portals and dashboards for COVID-19 have 
been launched by healthcare professionals, researchers, and organiza-
tions. Some of them provide general information on the epidemiology of 
the disease, signs, diagnosis, preventive steps, treatment and the ratios 

of morbidity and mortality [3,4,31,61,62]. Others provide information 
about the genome of the virus with respect to sequence variations, 
alignments with other viruses and geographical mapping [49,58,63]. 
Along with these portals, there has been a tremendous need for online 
primer design/screening tools for helping researchers develop efficient 
diagnostic assays and therapeutic drugs. With the intention to aid in 
responding to this need, we have developed an application named 
CoVrimer, which contains multiple modules for selection of novel 
conserved primer pairs as well as modification of existing primers 

Fig. 4. Tab showing the table of conserved primer pairs. All possible conserved primer pairs indicating the number of mutations in the amplicon region are presented 
along with SARS-CoV-2 specificity indices calculated (see Methods). 

Fig. 5. Tab showing primer pairs with degeneracy. Last columns of the table contain degenerated versions of primers, exact positions of mutations, lineages which 
mutations belong to, number of mutations in each primer and mutation frequencies. 

M. Vural-Ozdeniz et al.                                                                                                                                                                                                                        



Genomics 113 (2021) 3174–3184

3181

through insertion of degenerate nucleotides to accommodate the evo-
lution and sequence heterogeneity of SARS-CoV-2 observed across the 
world. 

In a recent study, Jain et al. have obtained complete SARS-CoV-2 
genome sequences from GISAID, filtered them by certain criteria and 
aligned the remaining 45,830 sequences to the Wuhan-Hu-1 reference 
genome [64]. 132 primer/probe sequences were mapped onto the 
reference genome and overlapped with the variant positions. They have 
identified 5862 unique variants present on primer/probe binding sites, 
and a total of 27 primers showing a cumulative variant frequency of 
more than 1%, including those targeting S, M, ORF1ab, and ORF3a. 
Strikingly, the 2019-nCoV-NFP binding site was found to have a cu-
mulative variant frequency of 93.5%. Moreover, they have identified 
268 regions of at least 20 bp that were conserved. In CoVrimer, we have 
identified 553 conserved regions (having less than 0.1% variation fre-
quency) with lengths varying between 18 bp and 140 bp based on 
downloaded mutation data. However, the availability of conserved re-
gions is likely to decrease as the virus genome continue to mutate and 
when new mutation data are incorporated in the future updates of 
CoVrimer, the selected threshold value may need to be changed. 

We also have performed a statistical analysis of the mutation data on 
published primers and found that the highest number of mutations on a 
primer binding site is observed for N. The median mutation occurrence 
for N-targeting primers was 5, the highest number among the primers 
targeting other genes (2.19, 3.1 and 2 for E, Orf1ab, S and M, respec-
tively). Proportions of primers that have at least 5 potential mismatches 
in their binding sites were 60.86%, 23.80% and 11.11% for N, S and 
Orf1ab targeting primers, respectively. Therefore, we have concluded 
that N primer target sites present in literature are more frequently 

mutated in comparison to target sites present on other genes, which may 
pose a risk on the efficiency of N targeting primers. 

Our analysis has shown that majority of the published primer pairs 
might exhibit up to two or more possible mutations with frequencies 
greater than 0.1% (Supplementary Fig. 2). Similar results have been 
found in a study performing mutation analysis of 41 primers/probes 
across more than 7000 complete genomes collected between Jan 5 and 
May 1, 2020 [38]. In all primers they analyzed, we have found smaller 
number of mutations, most likely due to our use of a conservation level 
threshold in CoVrimer pipeline. Since we have defined this threshold as 
0.1%, it is inevitable that some mutations do not appear in the se-
quences. Otherwise, we would have expected to observe mutations at 
almost every position since 28,499 positions of the virus genome exhibit 
at least one mutation. 

Our findings confirm that as mutations in SARS-CoV-2 genome 
accumulate, the previously established primer pairs may need to be 
modified. CoVrimer can help with this task by providing degenerate 
versions of existing primers with specific lineage information. In addi-
tion, we demonstrate that designing conserved primers may be feasible 
when the regions where variation frequencies are below a certain 
threshold are targeted. 

There are other SARS-CoV-2 oriented primer and mutation databases 
[3,5,6] reporting on a smaller number of primers while another study 
displays limited number of newly designed potential primers [4]. In this 
respect, CoVrimer is a conserved and degenerate primer prioritization 
tool across lineages and specific for SARS-CoV-2, hence is extensive, 
modular and updateable in structure and in essence. In addition, it has 
the capability to perform alignments of these novel and published 
primers online while at the same time displaying mutation frequencies, 

Fig. 6. Get Degenerate Primer Pairs tab allows users to search their primer pairs by pasting the sequence from 5′ end to 3′ end into the boxes. The table shows 
degenerated versions if the binding region has mutations present. The binding locations and positions of mutations are presented in the table along with the in-
formation on predicted Tm and GC values. 
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alterations in nucleotides and PhyloP values. Genomic mutations that 
survive the natural selection are constantly acquired by all replicating 
viruses, including coronaviruses. CoVrimer has the unique feature of 
allowing for selection of conserved primers that are more specific for 
SARS-CoV-2 in comparison to other similar coronaviruses. Currently, 
CoVrimer incorporates conservation data across 44 bat viruses from 
UCSC Genome browser in PhyloP format; this can be observed for the 
alignment of primers and amplicons, thereby helping users select the 
regions most conserved within SARS-CoV-2 and the least among other 
related viruses. Future studies are planned to add tracks for human 
coronaviruses and to incorporate additional alignments against viral 
genome (e.g., blast) for increasing stringency in filtering primers. 

In conclusion, CoVrimer is the first conserved and/or degenerate 
primer selection and alignment webserver for SARS-CoV-2 based on 
genomic information from close to a million isolates and considers viral 
evolution and incorporates methods to overcome associated challenges. 
Frequent updates are planned to follow the viral evolution closely so 
that the accuracy and functionality of primer analysis and design pro-
cesses can be maintained. As revealed by large scale genome database 
content, 28,499 positions of SARS-CoV-2 genome are found to contain at 
least one variation and 1788 positions have mutation frequency above 
the threshold (0.1%), confirming the need for new approaches to primer 
design and optimization of SARS-CoV-2 diagnostics. CoVrimer houses 
existing primer sequences and makes it possible for the user to analyze 
primer pairs, probes, and the amplicon in the context of number of 
mutations present as well as other SARS-CoV-2 specific parameters. 
Incorporation of variation information on the amplicons is important for 
accurate estimation and reduction of multiple amplicon peaks while 
facilitating visualization of the alignment of primers/amplicons against 
the reference genome. Thus, it may be possible to use CoVrimer to 
identify amplicons that contain the most variable regions to amplify 
since there can be more than one variant present in an amplicon. The 
current version of CoVrimer allows for static viewing of the mutation 
positions, frequencies, and the IUPAC codes on plots while detailed in-
formation on mutations are given in a table. The future updates on plots 
will include the incorporation of an interactive visualization option 
where mutation types/frequencies are accessible on the plot itself. 
Moreover, we plan to add more flexibility by allowing user-input for 
determining a threshold value in the selection of mutation frequency 
above which a position in the primer will be degenerated. Our results 
suggest that degeneracy of nucleotides which are mutated in different 
virus lineages within a primer is needed for reliable detection as the 
virus evolves. Currently, CoVrimer houses degenerate primers that can 
detect the presence of virus regardless of the selected variants. However, 
CoVrimer can also be used to detect different SARS-CoV-2 lineages based 
the “Detailed Variation Information” table showing each genomic 
alteration regardless of a threshold. As new primer pairs emerge in the 
literature, they will be housed in the existing primer data table and an 
updated version of CoVrimer will be available to trace the changes in 
primer/probe/amplicon sequences as the virus evolves incorporating 
the viral heterogeneity. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ygeno.2021.07.020. 
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