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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2;
initially named as 2019-nCoV) is responsible for the recent
COVID-19 pandemic and polymerase chain reaction (PCR) is
the current standard method for its diagnosis from patient
samples. This study conducted a reassessment of published
diagnostic PCR assays, including those recommended by the
World Health Organization (WHO), through the evaluation
of mismatches with publicly available viral sequences. An
exhaustive evaluation of the sequence variability within the
primer/ probe target regions of the viral genome was performed
using more than 17 000 viral sequences from around the world.
The analysis showed the presence of mutations/mismatches in
primer/probe binding regions of 7 assays out of 27 assays
studied. A comprehensive bioinformatics approach for in silico
inclusivity evaluation of PCR diagnostic assays of SARS-CoV-2
was validated using freely available software programs that can
be applied to any diagnostic assay of choice. These findings
provide potentially important information for clinicians,
laboratory professionals and policy-makers.

1. Introduction

On 31 December 2019, a cluster of 41 pneumonia cases of unknown
aetiology in Wuhan, China, were reported to the World Health
Organization (WHO). Subsequently, a novel coronavirus of
zoonotic origin, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2; initially named as 2019-nCoV), was isolated from
the patients [1-3]. The virus has spread to more than 200
countries and territories resulting in global coronavirus disease
2019 (COVID-19) pandemic [4]. The rapid spread of the virus is
partially attributed to the transmission by asymptomatic carriers
or mildly symptomatic cases [5,6]. Early diagnostic testing is an
important tool for policy-makers to make public health decisions
to contain the outbreak.
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The virus from the patients was identified and sequenced early in the outbreak [1,7] and resulted in [ 2 |
the development of several polymerase chain reaction (PCR) detection protocols by multiple national
organizations that were published by the WHO [8]. In addition, several other methods have been
developed and published in the literature recently [5,7,9-15]. However, the molecular diagnosis of
SARS-CoV-2 may be jeopardized by potential preanalytical and analytical vulnerabilities including
lack of harmonization of primers and probes [16]. Given the potential for the viruses to mutate,
genetic variations in the viral genome at primer/probe binding regions can result in potential
mismatches and false-negative results [17]. For example, primer and template mismatches have been
reported to impede proper diagnosis of several viruses including influenza virus [18-21], respiratory
syncytial virus [22], dengue virus [23], rabies virus [24], human immunodeficiency virus-1 [25,26] and
hepatitis B virus [27,28].

SARS-CoV-2 is an enveloped positive-strand RNA virus classified as a member of family
Coronaviridae in the genus Betacoronavirus along with SARS-CoV and Middle East respiratory
syndrome (MERS)-CoV [29]. The sequence analysis of SARS-CoV-2 isolates has shown that its single-
stranded RNA genome is approximately 30 kb in size [1,7,30]. Based on similarity with SARS-CoV,
SARS-CoV-2 genome has been predicted to encode at least 10 open reading frames (ORFs) for
structural and accessory proteins. As per current annotation (NC_045512.2), these viral ORFs encode
replicase ORFlab, spike (S), envelope (E), membrane (M) and nucleocapsid (N), and at least six
accessory proteins (3a, 6, 7a, 7b, 8 and 10) [31].

Human coronaviruses encode a proofreading exoribonuclease, nspl4-ExoN, for maintaining
replication fidelity and thus have a relatively slower mutation rate than other RNA viruses [32,33].
SARS-CoV-2 encodes nspl4-ExoN as well [1], but mutations have been described in the genome for
circulating SARS-CoV-2 [34-38]. Some laboratories have performed the alignment of diagnostic
primers/probes with a limited number of viral sequences and have reported some mismatches [39,40]
which may lead to false-negative results [41]. The use of several commercially developed diagnostic
assays has also been permitted around the world with limited regulatory approval due to the
pandemic emergency [42]. However, the limit of detection of these assays differs considerably and can
also lead to false-negative results [43]. As there are already reports of false-negative diagnosis of
COVID-19 [44-48], there is a need for verification of potential primer/probe mismatch with the
sequences of viral isolates being isolated from around the world. The American Society for
Microbiology COVID-19 International Summit held on 23 March 2020 recommended routine
verification of sequence mutations in primer and probe binding regions of the viral genome for
optimal virus detection [49].

The objective of this study is the in silico reassessment of previously published PCR primers/probes
for COVID-19 diagnosis. This was performed through the evaluation of the sequence variability within
the primer/ probe target regions of SARS-CoV-2 viral isolates from around the world. The absence of any
mutations and mismatches in target regions of the assay used would provide a higher degree of
confidence in the test results obtained while the presence of mutations could help guide the strategies
for the reassessment of diagnostic assays. We believe that these findings provide potentially important
information for clinicians, laboratory professionals and policy-makers.
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2. Methods

This study was pre-registered on the Open Science Framework (OSF); the accepted Stage 1 registration
can be viewed at (https://osf.io/ym8gc). Minor deviations from protocol are identified in footnotes.
The study design planner is included in table 1. The summary of the sequence tracing pipeline is
shown in figure 1.

2.1. Selection of primers and probes

A total of 27 PCR primer-probe sets were selected based on literature review [9,10,12-15,50-52] and on
the assays posted on WHO website [8] originally developed by seven different national institutions
including Chinese Center for Disease Control and Prevention (China CDC), China; Institut Pasteur,
Paris, France; US Centers for Disease Control and Prevention (CDC), USA; National Institute of
Infectious Diseases, Japan; Charité — Universititsmedizin Berlin Institute of Virology, Germany;
The University of Hong Kong, Hong Kong; and National Institute of Health, Thailand.
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Sequences download

+Viral sequence data download from EpiCoV database (https://www.gisaid.org/)

*Download the complete genome of Wuhan-Hu-1, NCBI Reference Sequence: NC_045512.2
(https://iwww.ncbi.nim.nih.gov/nucleotide/)

Multiple Sequence Alignment (MSA) using MAFFT program dedicated to viral genomes
(https://mafft.cbrc.jp/alignment/server/)

+the complete genome of Wuhan-Hu-1 (NC_045512.2) added in the “Existing alignment” box and other sequences in the
“Fragmentary sequence(s)" box.

«Parameters: UPPERCASE / lowercase, same as input; Direction of nucleotide sequences, same as input*; Output order,
Aligned; and “Keep alignment length” Yest. The aligned sequences downloaded in PIR format.

Primer Alignment with MSA file
Primer/probes written in FASTA format
«Adjustment of the direction as necessary using online Sequence Manipulation Suite
Pmpnraee  (https://www.bioinformatics.org/sms2/rev_comp.html)
LR - The primers/probes alignment with the MSA using ‘add and align sequences from Clipboard’ option of AliView program
(https://formbunkar.se/aliview/)

Alignment inspection and Sequence trimming using AliView program (https://ormbunkar.se/aliview/)
+Inspection of the primer/probes binding regions referred here as region of interest (ROI).
+ROI for each primer/probe saved as a separate file in FASTA format

Alignment
Processing

Sequence stratification using SequenceTracer (http://entropy.szu.cz:8080/EntropyCalcWeb/sequences)

«Exclusion of the sequences with stretches of NNNs, ambiguous sequences, and missing sequence in ROI+

fyeell - Download the list of sequence variants along with percentage frequencies

\EUELILT - The data of the sequence variant groups with high frequency (if any) copied to the “Notes” and exported as a FASTA file

Position Nucleotide Numerical Summary (PNNS)

Nucleotide composition of each position of highly variable regions (if any) using PNNS calculator

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

Figure 1. Sequence tracing pipeline used in the study. *The direction can be adjusted by selecting the option ‘Adjust direction
according to the first sequence’, if needed. "The change was made with editorial approval after Stage 1.

2.2. Sequencing data

The complete genome sequences of the virus were downloaded from the Global Initiative on Sharing All
Influenza Data (GISAID) EpiCoV database [53]. As of 7 May 2020, it hosted a total of 17 175 SARS-CoV-2
sequences isolated from humans. By applying the complete genome (greater than 29 000 bp) filter, a total
of 17026 sequences were included in the study that are available upon free registration (https://www.
gisaid.org/). SARS-CoV-2 is an RNA virus, but the data are shown in DNA format as per scientific
convention. The sequences are shared by the laboratories around the world and a list of accession
numbers is included in electronic supplementary material, file S1. It is recognized that this study is
not immune to the geographical bias present in academic and scientific research. As the data were
sampled from a global sequence database, it is possible that data may originate from high-income
countries like the literature in other disciplines [54,55]. In addition, it is possible that data from certain
countries or regions are excluded based on the exclusion criteria of low-quality data that may skew
the data geographically. Another reason for possible data skew may be the origin of the current
pandemic being China. Indeed, a recent study analysed the publications in COVID-19 literature hub
LitCovid [56] and observed that more than 30% of articles were related to China [57]. These aspects of
possible bias and data skew are addressed in the Discussion to make sure that the valid conclusions
are drawn from the data in terms of geographical correlation.

2.3. Multiple sequence alignment and alignment processing

Multiple sequence alignment (MSA) was performed using MAFFT (Multiple Alignment with Fast
Fourier Transform) program v. 7 dedicated to closely related viral genomes [58,59] available online
(https://mafft.cbre.jp/alignment/server/). The complete genome of Wuhan-Hu-1 downloaded from
NCBI on 7 May 2020 was included as a reference, which is 29 903 bp long (NCBI Reference Sequence:
NC_045512.2). The aligned sequences were downloaded in PIR format. Each primer/probe was
aligned with the MSA and the binding region referred to here as region of interest (ROI) was
inspected using the AliView program 1.26 [60]. To evaluate the sequence variability in target regions
of previously published primers/probes, the ROI for each primer/probe set was saved as a separate
file in FASTA format.

9€9007 12 DS todg 205 'y sosy/jeumol/bioBusygndisaposiefor [


https://www.gisaid.org/
https://www.gisaid.org/
https://www.gisaid.org/
https://mafft.cbrc.jp/alignment/server/
https://mafft.cbrc.jp/alignment/server/

2.4. Sequence variation in primer/probe binding regions in SARS-CoV-2 genome

The MSA sequence for forward primer, probe and reverse primer were stratified using the
SequenceTracer module (http://entropy.szu.cz:8080/EntropyCalcWeb/sequences) of the Alignment
Explorer [61]. This tool segregated sequences into discrete groups of identical sequence variants along
with their frequency for each primer/probe. The sequences with stretches of NNNs, ambiguous
sequences in ROI and missing sequences1 were excluded from the study. Subsequently, a threshold?
(0.5% of all sequences included) was defined to remove extremely low prevalent variants and
sequencing errors in the data as described previously [61]. Thus, only the sequence variants with at
least 0.5% incidence were further considered. The viral isolates were reported as the frequency of hits
with perfect primer match and hits with mismatches along with a summary of mutated nucleotides
for each primer/probe. The distribution of the sequence variants in three primers/probes with the
highest frequency of mismatches were analysed geographically. As the sequence variation was
moderate, the base composition of each nucleotide position was not analysed. As noted in the
registered Stage 1 protocol (https://osf.io/ym8gc), this analysis can be performed using the positional
nucleotide numerical summary (PNNS) calculator (http://entropy.szu.cz:8080/EntropyCalcWeb/
pnns) of the Alignment Explorer [61].

3. Results

The sequence tracing pipeline (figure 1) was applied to the comprehensive sequence dataset of 17 027
SARS-CoV-2 sequences for each PCR primer/probe. To determine the sequence variability in the
primer/probe binding regions, all the sequences in the dataset were aligned using MAFFT. Next, for
each PCR assay, the MSA file was trimmed to include only the primer or probe binding regions
referred to here as ROI. The sequence file for each primer/probe was submitted to SequenceTracer to
segregate into discrete groups of identical sequence variants and presented a detailed view of the
nucleotide variation in each ROI along with the frequency of each variant (figures 2 and 3; electronic
supplementary material, file S2). All the sequences showing ambiguous sequences were grouped as
‘outgroupl’, short sequences were grouped as ‘outgroup2’ and missing sequences were grouped as
‘excluded’. These three groups were not included in the analysis (collectively referred here as
‘removed’), and the number of ‘informative’ sequences was calculated by subtracting these three
groups from the total number of sequences. The informative group was then divided into hits with a
perfect match and hits with mismatches for each primer and probe (table 2). It is not surprising that
most primer/probe binding regions show mutations/mismatches with at least a couple of sequences
but some of those may be extremely low prevalent variants and sequencing errors in the data. To
minimize the effect of such sequences on the analysis, a threshold of 0.5% was then defined where
only the sequence variants with at least 0.5% incidence were further considered as described
previously [61]. The frequency of the sequences with the perfect match and with mismatches was then
calculated from sequences above the threshold for each primer and probe. The summary of the
analysis for 27 assays is presented in table 2.

It was observed that the primers/probe of 20 assays out of 27 assays tested showed a perfect match
with the template at the defined threshold (table 2). It was further observed that the forward primer of
CN-CDC-N showed three nucleotide mismatches with 18.8% of viral sequences (table 3 and figure 24). In
addition, the US-CDC-N-1 probe and the US-CDC-N-3 forward primer showed one mismatch with 1.6%
and 1.2% viral sequences, respectively (table 3 and figure 3). The reverse primer of NIID-JP-N also
showed one mismatch with all the sequences (table 3; electronic supplementary material, file S2). The
probe of Chan-ORFlab showed one mismatch with 0.9% of sequences while one mismatch in the
reverse primer for all the sequences (table 3; electronic supplementary material, file S2). One mismatch
was also observed with all the sequences for the probe of Young-N (table 3; electronic supplementary
material, file S2). Most of the mismatches observed were not near the 3’ end of primers but some
were in the probe binding regions. Many diagnostic assays have included degenerate nucleotides to
increase the inclusivity of the assay for SARS-CoV and bat-SARS-related CoVs, but in certain cases,
this is even detrimental for inclusive detection of SARS-CoV-2. For example, the Charité-ORF1b

!SequenceTracer removes the missing sequences in ROI The exclusion criterion of missing sequences was clarified with editorial
approval after Stage 1 acceptance and prior to observation of the data.

?The threshold was decided before Stage 1 acceptance. However, it was not clearly mentioned in the Stage 1 protocol and a previous
study was referenced only.

969007 12 DS tadg 205 'y sosy/jeunol/bioBusygndisaposiefor [


http://entropy.szu.cz:8080/EntropyCalcWeb/sequences
http://entropy.szu.cz:8080/EntropyCalcWeb/sequences
https://osf.io/ym8gc
https://osf.io/ym8gc
http://entropy.szu.cz:8080/EntropyCalcWeb/pnns
http://entropy.szu.cz:8080/EntropyCalcWeb/pnns
http://entropy.szu.cz:8080/EntropyCalcWeb/pnns

(a) cN-CDC-N
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GGGGAACTTCTCCTGCTAGRAT TTGCTGCTGCTTGACAGATT CAGCTTGAGAGCARRATGTCTG
1 13533 79480 ..........ioiiiiio.... 1 16939 99483 ...........i..i...... 1 16905 99283 .....ii.i..iiiiiiiii...
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= 8 4 0.023 8 1 0.006
E 9 4 0.023 9 1 0.006
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£ 1 3 o018 1 1 0.006
12 3 0018 12 1 0.006
13 3 0.018 13 1 0,006
1 2 0012 outgroupl 91 0,534
15 1 0.006 outgroup2 1 0.006
16 1 0.006
17 1 0.006
= 18 1 0.006
2 19 1 0.006
© | outgroupr 167 0.981
€ | outgroupz 3 0.018
7}
o (b) Charité-ORF1b
Group  Variant Frequency Forward Group  Variant Frequency Probe Group Variant Frequency Reverse
Number Count % 10 20 Number Count % 10 20 Number Count % 10 20
PR T P [RP I N PR EEET s P | ceeelecaalenealeaailanadl.
GTGARATGGTCATGTGTGGCGG CAGGTGGAACCTCATCAGGAGATGC TATGCTAATAGTGTSTTTAACATYTG
R=A/G 1 16976 99.700 .. ......i..iiiiii.iia.i.. 8=G/C ¥=c/T
1 16908 99.301 2 s [ 1 17002 99853 .............. [P t..
2 30 o176 ... 3 2 0012 2 1 0.006 At
3 s 0029 ... a 1 0,006 3 1 0.006 btk
4 a 0.023 . tgroupl a3 0.253 outgroupl 23 0.135
5 2 0.012 PN
6 2 001z ...
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8 1 0.006
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10 1 0006 ...
1 1 0.006 PR

outgroupl 71 0.417

Figure 2. Sequence variants in primers and probe binding regions for C(N-CDC-N (a) and Charité-ORF1b (b): sequence variants in 17
026 viral genome sequences aligned to the primer/probe binding regions (5 — 3') along with the number of sequence variants
and the frequency of each variant in descending order. The dots indicate an identical nucleotide. The horizontal double bar indicates
the threshold (greater than or equal to 0.5%). The binding region of reverse primer is reverse complemented. As an example, the
removed and informative sequences are indicated with vertical bars. outgroup1, ambiguous sequences; outgroup2, short sequences.

reverse primer contains an S (G or C) but all the viral sequences (in total 17 002) contain a T at this
position (table 3 and figure 2b). Some of the other mutations observed in the primer/probe binding
regions that did not pass the defined threshold include T13402G, C15540T, A28338G, C28846T,
C28887T, C28896G, C29144T, T29148C and A29188T. Some of these are near the 3’ end of primers
(figures 2 and 3; electronic supplementary material, file 52).

The majority of the sequences included in this study originated from Europe (9410) and North
America (4759), while there were only 136 sequences from Africa, 7 from Central America and 142
from South America. The UK and the USA were among the countries with the highest number of
sequences included (figure 4g4; electronic supplementary material, file S3). The geographical
distribution of the CN-CDC-N forward primer, US-CDC-N-1 probe and US-CDC-N-3 forward primer
mismatches showed that it is distributed globally. However, mismatches with the CN-CDC-N forward
primer were mostly found in Europe, while mismatches with the US-CDC-N-1 probe and the US-
CDC-N-3 forward primer were found mostly in Australia and Asia (figure 4; electronic
supplementary material, file S3).

4. Discussion

This study exhaustively evaluated the genetic diversity in the primer/probe binding regions of 27
previously published SARS-CoV-2 diagnostic assays including those recommended by WHO. The
data presented in this study show mismatches in seven assays, highlighting the need for keeping the
assay current through regular verification of sequence variation in PCR primer/probe binding regions.
The other 20 assays show a perfect match with 100% of sequences at the defined threshold of 0.5%.
This observation is in line with the estimates of the moderate mutation rate in the SARS-CoV-2
genome similar to the SARS-CoV genome [63,64]. It has been estimated that the mutation rate in the
genome of coronaviruses is less than other RNA viruses while much higher than DNA viruses and
the host [65,66]. Although all the sequences with mismatches were grouped in comparison to
sequences with a perfect match, not all mismatches necessarily result in false-negative results. The
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(a) us-cDC-N-1

Group Varlant Frequency Forward Group Varlant Frequency probe Group Variant Frequency reverse

Number Count % 10 20 Number Count % 10 20 Number Count % 10 20
B PR P P | PR PR P PR PR PR P P PR
GACCCCAAAATCAGCGAAAT ACCCCGCATTACGTTTGGTGGACC CAGATTCAACTGGCAGTAACCAGA
1 16970 BB iviicama b R R 1 16647 T s RN PR R 1 16876 A e o RN AR AR
2 6 0.035 2 273 1.603 2 58 0341
3 3 0.018 3 7 0.041 3 25 0.147
4 2 0.012 4 6 0.035 4 13 0.035
- 1 0.006 5 4 0.023 5 4 0.023
13 1 0.006 6 3 0.018 6 2 0.012
7 1 0.006 7 3 0.018 7 1 0.006
B 1 0.006 8 2 0.012 8 1 0.006
9 1 0.006 9 2 0.012 9 1 0.006
10 1 0.006 R NN AR ™ 10 2 0.012 10 1 0.006
outgroupl 40 0.235 11 2 0.012 1 1 0.006
12 1 0.006 12 1 0.006
13 1 0.006 13 1 0.006
14 1 0.006 14 1 0.006
15 1 0.006 outgroupl 48 0.282
outgroupl 71 0.417
outgroup2 1 0.006
(b) US-CDC-N-3
Group  Variant Frequency Forward Group Variant Frequency probe Group Varlant Frequency reverse
Number Count % 10 20 Number Count % 10 20 Number Count % 10 20
seleacalavacloaalen e A TR T T P g e A |
GGGAGCCTTGAATACACCAAAR AYCACATTGGCACCCGCAATCCTG CAATGCTGCAATCGTGCTACA
1 16747 IS ...iccanvssisssensasn (¥=C/T) 1 16952 99.560
2 196 1.151 1 16922 99.383 2 27 0.159
3 13 ﬂ,ﬁ 2 20 0.117 3 13 0.035
4 3 0.018 3 16 0.094 4 3 0.018
5 2 0.012 4 9 0.053 5 1 0.006
6 1 0.006 5 7 0.041 6 1 0.006
7 1 0.006 6 3 0,018 7 1 0.006
B8 1 0.006 7 2 0.012 B8 1 0.006
outgroupl 62 0.364 8 2 0.012 9 1 0.006
outgroup2 1 0.006 9 2 0.012 outgroupl 34 0.200
10 1 0.006
1 1 0.006
12 1 0.006
outgroupl 41 0.241

Figure 3. Sequence variants in primers and probe binding regions for US-CDC-N-1 (a) and US-CDC-N-3 (b): sequence variants in 17
026 viral genome sequences aligned to the primer/probe binding regions (5 — 3') along with the number of sequence variants and
the frequency of each variant in descending order. The dots indicate an identical nucleotide. The horizontal double bar indicates the
threshold (greater than or equal to 0.5%). The binding region of reverse primer is reverse complemented. outgroup1, ambiguous
sequences; outgroup2, short sequences; excluded.

effects of mismatch between primers/probes and template depend upon position and number of
mismatches. Most of the mismatches observed in primers of SARS-CoV-2 diagnostic assays were not
near the 3’ end and may be tolerated. Mismatches at the 3’ end are known for their deleterious effect
on PCR amplification [17,67,68], but single mismatches, especially more than 5 bp far from the 3’ end,
have a moderate effect on PCR amplification and are unlikely to significantly affect the assay
performance [67]. Three assays showed a single nucleotide mismatch in the probe binding region.
PCR amplification is more prone to mismatches in the probe region and 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 [22,28,69-71]. In the scenarios where mismatches were
tolerated, one additional mutation resulted in reduced RT-qPCR sensitivity for the detection of
influenza A virus [18].

Despite the ability of single mismatches to be tolerated, it is important to consider that mismatches
need to be corrected if found in most of the viral sequences available. For example, the reverse primer
of Charité-ORF1b shows a mismatch with all the viral sequences (a total of 17 002). This mismatch has
also been observed in 990 viral sequences along with the lower sensitivity of this assay in a recent
preprint [72]. Similarly, the NIID-JP-N reverse primer also shows a mismatch with all the sequences.
This assay released by WHO was subsequently corrected by the authors in a separate study [51].
Although they show no difference in the performance of both assays, there is no apparent reason for
not correcting the mismatch in the primer. The WHO recommended assays of SARS-CoV-2 were
developed by multiple national organizations early in the outbreak with limited genomic sequence
data available and have been instrumental for the diagnosis of COVID-19. However, some of the
assays have not been reassessed in the light of the risk of mutations during viral evolution. Based on
the analysis of 17 027 viral sequences, this study demonstrates the presence of mutations/mismatches
in the primer/probe binding regions of some published assays (table 3). Sequences adjustments to
these primers/probes need to be assessed experimentally using viral strains or nucleic acid coupled
with subsequent experimental performance using clinical samples. With increasing concern of false-
negative COVID-19 diagnosis and poor sensitivity of diagnostic PCR in certain cases [73,74],
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(a) viral sequence included in dataset (n = 17 026) (b) CN-CDC-N F primer mismatches (n = 3129)
0.83% 0.80%
795% " T16% o4, 0.03%
55.27% \ 84.12%

B Africa W Asia i Central America Europe W Africa W Asia i Central America Europe
B North America M Oceania B South America M North America M Oceania B South America

(c) US-CDC-N-1 probe mismatches (n = 273) (d) US-CDC-N-3 F primer mismatches (n = 196)

037% ___ 013%
7 10.20%
5.13% 1.47% 12.76%

B Africa B Asia ® Central America Europe B Africa B Asia W Central America ™ Europe
B North America ™ Oceania  South America B North America ™ Oceania ™ South America

Figure 4. Geographical distribution of included sequences dataset (a) and mismatches for CN-CDC-N forward primer (b), US-CDC-N-1
probe (c) and US-CDC-N-3 forward primer (d). The total number of sequences in each dataset is given in parentheses. Data used to
draw graphs are included in electronic supplementary material, file S3.

correcting the mismatches between primers/probes and template may help to improve the sensitivity of
certain diagnostic assays.

There have been recent efforts along the same line where a limited number of viral sequences were
aligned with primers/probes to search for mismatches. One of the recent preprints used 992 sequences
to report some variants in the primer/probe binding regions [72]. However, many of the mismatches
could be rare variants or sequencing errors, and variability in the assay binding regions should be
assessed across a larger number of viral sequences. In addition, the diagnostic assay should not be
revised based on the presence of rare variants in the population and thus a threshold of 0.5% was
defined to eliminate such variants from the analysis. Some of the mismatches observed by this preprint
were confirmed in the larger dataset of the current study. Other variants were not observed or did not
reach the threshold and thus were not reported in the final analysis. It cannot be excluded that
empirical threshold adjustment of this study might have missed some significant variants. For instance,
choosing a threshold of 0.2% would have resulted in a mismatch with five additional assays that were
reported to match with 100% of sequences in the current analysis. Another recent preprint reported a
bioinformatics system named ‘BioLaboro’ to assess the efficacy of the existing PCR assays to detect
pathogens as they evolve [75]. However, this system requires specialized software and large RAM
hardware which is not generally available in regular diagnostic or research laboratories. By contrast, the
current study validates a pipeline for in silico re-evaluation of PCR diagnostic assays of SARS-CoV-2.
This approach has successfully been applied previously for influenza A virus [61]. Using freely available
open-source software, the analysis was performed on a regular desktop computer without any need for
special hardware. The pipeline does not require extensive computational skills except for some sequence
alignment skills. The pipeline can be applied to a SARS-CoV-2 diagnostic assay of choice.

Verification of in silico nucleotide identity match, termed as inclusivity analysis, is also a component
of the performance criteria of COVID-19 diagnostic assays by the U.S. Food and Drug Administration
(FDA) as well as the European Commission [76,77]. Several commercially developed COVID-19
diagnostic assays have received limited regulatory approval due to the emergency situation. As of 12
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May 2020, a total of 54 commercial diagnostic test kits including the one developed by the US-CDC have [ 14 |
received emergency use authorization (EUA) from the FDA [78]. The CDC has also reported one
nucleotide mismatch in the N1 forward primer in their inclusivity assay using sequences available as
of 1 February 2020 [62]. Some commercial kits like BD BioGX use CDC primers and thus do not
conduct independent inclusivity analysis [79]. Many other kits have reported the alignment of their
assay primers/probes with a couple of hundred sequences [80-85]. As primer/probe identity for most
commercial kits is not revealed, manufacturer-independent data are scarce. Recent comparisons of
SARS-CoV-2 diagnostic assays have shown some discordance which may partially be due to sequence
differences [86,87]. Therefore, there is a need for comprehensive inclusivity assessment of commercial
diagnostic assays. Although not addressed in this article, other factors for reassessment include
in silico cross-reactivity with human genes, genes of other members of family Coronaviridae and other
respiratory viruses/bacteria.

The methodology outlined here uses MSA of publicly available viral sequences and is prone to certain
biases despite its general utility in diagnostic PCR assay design. One of the biases is the compositional
bias, which may arise as a result of sampling from certain geographical locations due to access to better
facilities for viral genome sequencing or location of the outbreak. Based on a relatively moderate
mutation rate in the genome, the results obtained can be applied globally, but caution should be
exercised when drawing conclusions from the results for a specific region, especially with a smaller
number of sequences included. Another possible geographical bias can arise due to the removal of
data collected from certain countries or regions. However, the fact that less than 2.1% of sequences
were removed for 73 out of 76 primers/probes studied mitigates this concern in the current study.
The geographical analysis of the removed data (approx. 6%) of the remaining three primers/probes
showed that most of the removed viral sequences were from Europe as expected (electronic
supplementary material, file S4). Although the risk of data skew geographically cannot be ruled out
completely, this much data exclusion is in line with previous reports [61]. Another source of
compositional bias may be the redundancy where the same viral strain is re-sequenced and
re-submitted to the sequence database.

Another source of bias may arise from the submission of isolates after passaging in the cell culture as
well as sequencing artefacts including ambiguous data, short artificial insertions or deletions, incorrect
sequence directions, incorrect nucleotide insertions, short sequence stretches and sequence longer than
standard length [88]. Most data in the EpiCov database include the full-length data, and thus short
sequences were not included in the study. To remove artificially inserted sequences and sequences at
the ends, if any, MSA was performed with the option to keep the alignment length according to the
reference sequence. In this methodology, no gaps are inserted in the reference sequence and
corresponding sites in the other sequences are deleted. Therefore, this methodology can potentially
remove any real insertions as well. However, only seven insertions affecting 31 sequences are
catalogued in CoV-GLUE database (http://cov-glue.cvr.gla.ac.uk/#/insertion) as of 22 May 2020 [89].
The use of SequenceTracer in the tracing pipeline successfully filters out ambiguous data and
deletions [61]. As SequenceTracer removes all the sequences with short and missing sequences, a real
deletion of a stretch of sequence would also be filtered out. However, only a few sequences were
removed in the ‘outgroup2’ or in ‘excluded’ group (figures 2 and 3; electronic supplementary
material, file S2). In line, none of the deletions affecting more than two sequences listed in CoV-GLUE
database (http://cov-glue.cvr.gla.ac.uk/#/deletion) as of 22 May 2020 were found in the ROI under
study.
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5. Conclusion

This work outlines a comprehensive approach for the bioinformatics reassessment of PCR diagnostic
assays for SARS-CoV-2. The application of this strategy on 27 previously developed assays using
17 027 viral sequences showed mutations/mismatches in primer/probe binding regions of seven
assays. This information will act as a reference and may help re-evaluate COVID-19 diagnostic
strategies. In silico analysis of primers/probes should be coupled with empirical testing on clinical
samples and the primers/probes that work well in silico as well as empirically should be used in a
diagnostic assay for SARS-CoV-2.

Data accessibility. A list of accession numbers of sequences is included in electronic supplementary material, file S1.
Sequence tracing figures of all the assays not shown in the main article are included in electronic supplementary
material, file S2. Geographical data used to draw graphs in figure 4 are included in electronic supplementary


http://cov-glue.cvr.gla.ac.uk/%23/insertion
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material, file S3. The geographical analysis of removed data for three primers/probe with the highest frequency is m

included in electronic supplementary material, file S4.
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