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Abstract: At the end of 2021, we observed an increase in N-gene target failures (NGTF) with the
TagPathTM COVID-19 CE-IVD RT-PCR Kit from Thermo Fisher Scientific (TaqPath). We subsequently
used whole-genome sequencing (Oxford Nanopore Technology) to identify potential issues with
N-gene PCR efficacy. Among 168,101 positive samples with a cycle threshold (CT) value <30 from
August 2021 to May 2022, 194 specimens without N-gene amplification by PCR were identified (0.12%).
Most NGTF samples originated from a wave of infection attributable to the Delta variant (B.1.617.2)
and its sublineages. Sequencing revealed the nucleotide substitution G28922T (A217S) in 151 samples
(88.8%). The substitution G215C, a hallmark mutation for Delta lineages, was concurrently present
in all of these samples. Ten samples (5.9%) carried the deletion 28,913-28,918 (del214/215), eight
samples (4.7%) the deletion 28,913-28,915 (del214) and one sample (0.6%) the deletion 28,892-28,930
(del207-219). Samples showing intact N-gene amplification by PCR lacked these specific mutations,
but delayed-type amplification (i.e., partial or pPNGTF) was attributable to the exclusive presence of
A217S. As the N gene is a common target in many RT-PCR methods for SARS-CoV-2, an in-depth
analysis of single-target failures using a combination with viral whole genome sequencing may allow
for the identification of diagnostic flaws and eventual new variants.

Keywords: SARS-CoV-2; target failure; polymerase chain reaction; whole-genome sequencing

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), first detected in
Wuhan, China, in winter 2019, is the causative agent of the COVID-19 pandemic and is re-
sponsible for more than 768 million confirmed infections and 6.9 million deaths worldwide
as of July 2023 [1]. The first isolation of the novel agent on 7 January 2020, and sharing of its
genetic sequence with the public by the Chinese authorities [2] led to rapid development of
numerous specific PCR-based diagnostic assays.

Phylogenetic estimates for the nucleotide evolutionary rate of SARS-CoV-2 range
from 7 x 10~* to 1.1 x 103 substitutions (subs) per site per year [3,4]. With current data,
the Nextstrain website estimates the annual nucleotide evolution rate at
1.07 x 1073 subs/site/year, which is an increase from the 8 x 10~* subs/site/year re-
ported in July 2021 [5]. A virus’s genome becomes increasingly mutated the more it spreads
over a population, increasing the possibility of new, highly contagious variants emerging
that might spread around the world. Such variants of concern (VoCs), as classified by the
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World Health Organization, have been causing multiple waves of COVID-19 worldwide.
To date, many mutations in the SARS-CoV-2 genome that have the potential to increase
viral transmission, increase the severity of disease, reduce the effectiveness of treatments or
vaccines and/or interfere with diagnostic detection have accumulated [4,5].

As PCR-based diagnostic assays have been at the forefront of identifying cases of
COVID-19, interference from genetic mutations might lead to diagnostic escape, empha-
sizing the need to test for multiple targets. As in the case of missing SARS-CoV-2 target
signals in PCR, diagnostic interference may indicate the presence of new variants, as has
been described for the Alpha variant (B.1.1.7) in 2020 [6]. In this case, the viral genome
harbors the amino acid deletion H69/V70, which leads to amplification failure of the
S-gene target with TagPath™ COVID-19 CE-IVD RT-PCR Kit (Thermo Fisher, Lucerne,
Switzerland). This S-gene target failure (SGTF), and its absence, was subsequently used as
a surrogate marker to estimate the frequency and transmissibility of dominant variants, as
it is a hallmark mutation of Alpha and Omicron BA.1, BA.3, BA.4 and BA.5 variants [7,8].

A variety of different mutations that cause target failure in different diagnostic assays
have been described [9] and are summarized in Table A1 (Appendix A). The G214 and
G215 deletions were first observed in a single sample from a hospitalized Italian man that
showed N-gene target failure with the Allplex™ SARS-CoV-2 Assay [10]. The C29200T nu-
cleotide substitution, which inhibits N-gene target detection in GeneXpert Xpress, was first
described in a sample from a female patient in Germany after her return from Romania [11].

Here, we report another novel mutation that interferes with the N-gene target in a
commonly used multiplex RT-PCR assay.

2. Materials and Methods
2.1. Patients and Samples

Dr. Risch Laboratories provides SARS-CoV-2 PCR testing for all 7 major regions of
Switzerland and the Principality of Liechtenstein. Testing was performed for symptomatic
individuals as well as asymptomatic carriers in the form of mass testing programs. The
majority of specimens consisted of nasopharyngeal swabs and saliva samples. Other
specimens, such as sputum and bronchial secretions, were rarely tested.

A multitude of different diagnostic PCR assays for SARS-CoV-2 were used in our labo-
ratory (e.g., Cepheid’s Xpert® Xpress SARS-CoV-2, VIASURE SARS-CoV-2 (N1 + N2) Real
Time PCR Detection Kit for BD MAX or TaqPath COVID-19 CE-IVD RT-PCR Kit by Thermo
Fisher, Lunau, Switzerland (TaqPath)); however, only samples tested with the TaqPath Kit
were included in this study and further investigated. Testing was performed according
to the manufacturer’s instructions using either the Quantstudio™ 5 or Quantstudio™ 7
qPCR System (Amplitude Solution). Complete N-gene target failure (NGTF) was defined as
successful detection of both ORFlab- and S-gene amplicons in the absence of amplification
of the N-gene target. Additionally, the N-gene shift, i.e., the cycle threshold (CT) value
difference between the N and ORFlab genes, was calculated for triple-positive samples.
Samples with an N-gene shift above 3 CT values were designated as partial N-gene target
failure (pNGTF), taking into consideration cycle threshold variability of different targets
within a single test performance [12].

S —gene shift = CT (N) — CT (ORF1lab) 1)

After initial observation of the NGTF phenomenon, samples were retrospectively
analyzed from August 2021 to May 2022. Only samples with CT values less than 30 in the
ORFlab gene assay were included. Primarily, this decision was made because samples
with lower viral load /higher CT values may show nonspecific target failure for any of
the three target genes (Figure A1, Appendix A) and because whole-genome sequencing
is rarely achievable with adequate coverage for samples with a CT value greater than 30.
Finally, whole-genome sequencing was performed for all eligible samples using next-
generation sequencing (NGS) by Oxford Nanopore Technology (ONT, Oxford, UK) using
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either the ARTIC Network V3 or ONT’s own Midnight protocol [13] according to the
manufacturer’s instructions.

2.2. Data Collection and Analysis

According to article 2 of the Swiss Federal Act on Research involving Human Beings,
an analysis on anonymized biological material and anonymized health data does not qualify
as research in a strict sense of the law and approval of a cantonal ethics commission as well
as informed consent can thus be waived. Only sampling date and time as well as sampling
place (canton) of the sampled materials without any personal information of patients was
used for this analysis, where descriptive statistics have been done with Microsoft Excel
(Microsoft, Seattle, WA, USA) and Medcalc (Mariakerke, Belgium) for computations.

Analysis using the Gridlon nanopore sequencer was performed with the wf-artic
Nextflow workflow provided by Oxford Nanopore Technologies. Lineage assignment was
based on the Phylogenetic Assignment of Named Global Outbreak Lineages (PANGOLIN)
algorithm (version 4.0.6, pangolin-data v1.8) [14]. PANGOLIN is a computational tool
to assign the most likely lineage to a given SARS-CoV-2 genome based on the PANGO
nomenclature [15]. The PANGO nomenclature is a fine-scaled nomenclature system for
SARS-CoV-2 that aims to identify epidemiologically relevant clusters at the leading edge of
pandemic transmission.

All sequencing data were shared via the Swiss Pathogen Surveillance Platform [16].
The genome sequences in this study can be accessed at GISAID, Global Initiative on Sharing
All Influenza Data [17], via gisaid.org/EPI_SET_230901zc (accessed on 1 September 2023).

2.3. GISAID

For mutational frequency calculations, the complete library of SARS-CoV-2 sequences
at GISAID was accessed on the 19th of May 2022 through the GISAID homepage. Filtering
was performed with the built-in filter functions for variants as well as amino acid (AA)
substitutions. Selected VOCs were Alpha, Beta, Gamma, Delta and Omicron, and the search
terms for AA substitutions were N_G215C and N_A217S, alone or in combination.

3. Results
3.1. Characteristics

From August 2021 to May 2022, a total of 1,334,687 specimens were tested for
SARS-CoV-2. With 218,815 positive specimens, a cumulative positivity rate of 16.4%
was calculated. A total of 168,101 samples were considered eligible
(CT < 30, TagPath), of which 0.12% (n = 194) showed complete absence of N-gene tar-
get amplification, i.e., NGTE. The frequency of NGTF varied between 0% and 1% per week
during the observation period.

Samples with NGTF were found in 17 of 26 cantons of Switzerland, with the highest
frequency in the cantons Aargau (n = 39), Schwyz (n = 30) and Zug (n = 26). Samples from
cantons where no NGTF was observed accounted for less than 5% of the samples tested in
our lab. The distribution of NGTF in Switzerland is shown in Figure 1.

The frequency of NGTF was found to coincide with the appearance of the Delta variant
(B.1.617.2. *), whereas emergence of the two Omicron variants BA.1 and BA.2 (B.1.529. *)
reduced its occurrence (Figure 2). The highest frequency of NGTF, at 1%, was observed in
November 2021. A clear decrease then occurred during the introduction of the Omicron
variant BA.1 in December 2021. Since then, NGTF has been observed only sporadically.
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N-gene target failure (NGTF) incidence per 100,000 inhabitants

Figure 1. Distribution of samples presenting with complete N-gene target failure (NGTF) in TaqPath
PCR across Switzerland expressed as incidence per 100.000 inhabitants. The highest numbers were
found in the cantons of Aargau (n = 39), Schwyz (n = 30) and Zug (n = 26).
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Figure 2. Comparison of the total number of positive samples and the number of positive samples
with N-gene target failure. Although the occurrence of samples with NGTF correlated with emer-
gence of the Delta variant, its frequency decreased with that of Omicron BA.1. Prevalence data for
Switzerland (dashed lines) were obtained from GISAID and span from 0 to 100%.

3.2. Genomic Analysis

The findings from whole-genome sequencing of samples with NGTF are summarized
in Table 1. The most frequent mutation associated with NGTF with the TaqPath Kit was the
amino acid substitution A2175 (G28922T), at 88.8% (n = 151/170); the most frequent lineage
was the Delta sub lineage AY.4 (B.1.617.2.4), at 68.5% (n = 102/149). Based on GISAID, the
frequency of the AY.4 sublineage among all Delta lineages in Switzerland was 10.7% as of
May 2022. A total of 97% of specimens presenting with NGTF and belonging to the AY.4
sublineage showed the A217S substitution. A PANGO lineage could be established for
149 sequences, but WGS was not performed sufficiently for 35 samples to be processed by
PANGOLIN. Mutations in the N-gene region were registered nonetheless if coverage was
adequate (n = 21). For 14 samples, no relevant genomic data from sequencing could be
obtained, which is in line with previously reported success rates for NGS of SARS-CoV-2
genomes [18,19]. Ten samples could not be retrieved from the archive.
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Table 1. Summary of findings from whole-genome sequencing combined with lineage-specific
population characteristics.

PANGO Lineage # Frequency (%) CT (median) G215C + A217S  G214- G214/215- Del207-219
AY.43 8 5.4 24.8 8
AY.33 2 1.3 21.8 2
AY4 102 68.5 25.7 99 3
B.1.617.2 3 2.0 26.0 2 1
AYA4.3 4 2.7 23.9 4
AY.46.6 1 0.7 21.8 1
AY.125 11 7.4 23.4 11
AY.98.1 5 34 25.4 5
AY.36 9 6.0 254 9
AY.122 1 0.7 25.6 1
AY.43.4 2 1.3 22,5 2
BA.2 1 0.7 21.8 1
na! 21 28.8 18 2 1
Total 170 100.0% 151 8 10 1

1 Abbreviations: na, not applicable.

The sample assigned to the Omicron lineage BA.2 did not show the A217S mutation
but rather a 13-fold deletion spanning N amino acids (AA) 207 to 219. This deletion was
not found in any of the sequences belonging to Delta lineages, and as of July 2023, there
were only 27 sequences at GISAID harboring all 13 deletions worldwide.

Frequency calculations for the A217S mutation appearance in different VOCs among
sequences at GISAID showed that it was 5-fold more frequently observed in the Delta variant
(0.08%) than in other variants (0.016%), as indicated in Table 2. Additionally, the combination
of G215C and A217S was almost exclusively limited to the Delta lineage (Table 3).

Table 2. Calculated frequency of N amino acid substitution A217S among different variants of
concern (VOCs) according to data from GISAID. Although the frequency among other variants was
stable at a low level, it was found to increase 5-fold within the Delta lineage.

GISAID VOC N_A217S Total Frequency
Alpha 193 1,188,205 0.016%
Beta 7 43,474 0.016%
Gamma 22 126,630 0.017%
Delta 3518 4,459,248 0.079%
Omicron 698 4,588,964 0.015%

Table 3. Total hits at GISAID per variant when filtered for N-gene mutations “A2175” or “G215C
and A2175”.

GISAID VOC N_A217S N_G215C and N_A217S
Alpha 214 0
Beta 7 0
Gamma 22 0
Delta 3651 3515
Omicron 1358 3
Total 6020 3518

3.3. Target Failure as a Result of Concurrent Mutation Presence

Our hypothesis was that the A217S mutation was responsible for complete NGTF
with the TaqPath Kit. However, one sample assigned to the Omicron BA.2 lineage that
was randomly sequenced for SARS-CoV-2 surveillance was found to have acquired the
A217S mutation but did not present the NGTF phenomenon by PCR analysis. No artifacts
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or noise amplification that could explain a false-positive signal for N-gene amplification
were observed in the qPCR plot. Sequencing of samples presenting with NGTF showed
that all contained G215C in addition to A217S.

G215C is a hallmark mutation for all Delta sublineages but is not commonly observed
within Omicron lineages. As in this case, the BA.2 sequence did not harbor this additional
mutation. Nevertheless, this sample did display an N-gene shift of 3.9 CT values. On
further investigation, sequences of six more samples were found in which A217S was
present without G215C in routinely sequenced samples. All of them belong to Omicron
variants BA.2 and BA.5. Their corresponding CT values revealed that all of them exhibited
pNGTE, with a mean N-gene shift of 4.16 [3.42 to 4.89]. None of these sequences showed
complete NGTFE.

4. Discussion

We report that the nucleotide substitution G28922T (A217S) and deletions in the
regions 28,913-28,918 (G214-, G215-) and 28,892-28,930 (del207-219) of SARS-CoV-2 are
associated with NGTF with TagPath Kit. Our findings suggest that the A217S substitution
leads to NGTF only in the presence of G215C, a hallmark mutation for Delta lineages.

Three different amino acids and a deletion (glycine, cysteine, serine, -) have become
established at position 215 of the nucleocapsid protein since the beginning of the pan-
demic [5]. The Delta lineage, however, is the only lineage incorporating cysteine at this
position. As shown in this study, the frequency of NGTF decreased after disappearance
of the Delta variant in Switzerland, and CT values of routinely sequenced samples with
A217S but without G215C all showed pNGTF. We therefore propose that the sole presence
of A217S leads to partial NGTF with delayed-type CT values and that only the combination
of G215C and A2176, as it is present in the Delta variant, is associated with complete target
failure of the N gene in the context of the TagPath Kit. This may also help to explain
the immediate reduction and continuous absence of NGTF among SARS-CoV-2-positive
samples after the disappearance of the Delta variant.

Although the G214 and G215 deletions have already been reported to cause NGTF
with the TaqPath Kit [20], our most frequent finding, the A217S mutation, has not been
described until now. There are 5194 sequences containing only the amino acid substitution
A217S and 3385 sequences containing both A217S and G215C that have been uploaded to
GISAID as of July 2022. Approximately 75% of these were from Europe or North America.
With a total of 11,264,134 sequences, the mutation occurs with a frequency of 0.045%.

S-gene target failure (SGTF), the first example of PCR target failure in the SARS-CoV-2
era, became prominent in the winter of 2020/2021 due to the dominance of the Alpha
variant at that time. However, the spike deletion H69-/V70- had already appeared in
several lineages, including the B.1.258 lineage [21,22]. Comparably, all GISAID sequences
assigned to lineage B.1.618 either display the A217S substitution or exhibit coverage issues
in this region, indicating that the substitution has already occurred in this lineage before.
B.1.618, B.1.617, B.1.617.1 (Kappa) and B.1.36.29 emerged in India in the late 2020s, similar
to the Delta variant (B.1.617.2), and were subsequently named the Delta variant family [23].
Based on this spatiotemporal information, it is possible to hypothesize that the A217S
mutation was introduced to the Delta lineage by an early recombination event with the
B.1.618 lineage.

The N gene is a common target in RT-PCR for SARS-CoV-2, and several mutations that
interfere with N-gene detection in these assays have been described. In-depth analysis of
single-target failures using a combination with viral whole-genome sequencing may allow
for the identification of diagnostic flaws and eventual new variants.

5. Conclusions

In conclusion, we report several mutations in the SARS-CoV-2 nucleocapsid protein
associated with N-gene target amplification failure with the TaqPath Kit. Although the
G214 and G215 deletions and concurrent presence of A2175 and G215C appear to be
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causative for complete NGTF, the exclusive presence of A217S appears to be associated
with delayed-type N-gene CT values (pNGTF).
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Appendix A

Ratio of samples exhibiting SGTF and NGTF to triple positives
according to cycle threshold values
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Figure A1. The ratio of samples presenting with S-gene target failure (SGTF) or N-gene target failure
(NGTF) in relation to triple-positive samples. An increasing number of samples exhibiting SGTF or
NGTF is observed when cycle threshold (CT) values for the ORFlab target gene are greater than 30,
as illustrated by the rising slope.
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Table Al. Summary of previously published mutations affecting the N-gene efficacy in frequently
employed SARS-CoV-2 PCR assays.

Mutation Amino Acid Effect on Assay Assay References

Cepheid Xpert
G29179T synonymous partial NGTF Xpress [24-27]
SARS-CoV-2

Cepheid Xpert
C29197T synonymous NGTF Xpress [28-31]
SARS-CoV-2

Cepheid Xpert
C29200T synonymous NGTF Xpress [11,28-30]
SARS-CoV-2

TagPath
28,913-28,915 G214del NGTF COVID-19 [20]
Combo Kit

TagPath
28,916-28,918 G215del NGTF COVID-19 [20]
Combo Kit

AllplexTM
28,913-28,918 G214-G215 NGTF SARS-CoV-2 [10]

deletion Assay, Seegene

SUPPLEMENTAL TABLE
Data Availability
GISAID Identifier: EPI_SET_230901zc
doi: 10.55876/9is8.230901zc

All genome sequences and associated metadata in this dataset are published in GISAID’s EpiCoV database. To
view the contributors of each individual sequence with details such as accession number, Virus name, Collection
date, Originating Lab and Submitting Lab and the list of Authors, visit 10.55876/9is8.230901z¢

Data Snapshot

EPI_SET_230901zc is composed of 149 individual genome sequences.

The collection dates range from 2021-08-10 to 2022-04-11;

Data were collected in 1 countries and territories;

All sequences in this dataset are compared relative to hCoV-19/Wuhan/WIV04/2019 (WIV04), the official
reference sequence employed by GISAID (EPI_ISL_402124). Learn more at https://gisaid.org/WIV04.

Figure A2. Data Availability Statement.

References

1.  WHO Coronavirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) Dashboard with Vaccination Data. Available online:
https://covid19.who.int/ (accessed on 25 July 2023).

2. ReliefWeb. Novel Coronavirus (2019-nCoV): Situation Report—1 (21 January 2020)—China. Available online: https://reliefweb.
int/report/china/novel-coronavirus-2019-ncov-situation-report-1-21-january-2020 (accessed on 5 October 2023).

3. Duchene, S.; Featherstone, L.; Haritopoulou-Sinanidou, M.; Rambaut, A.; Lemey, P.; Baele, G. Temporal signal and the phylody-
namic threshold of SARS-CoV-2. Virus Evol. 2020, 6, veaa061. [CrossRef]

4. Ghafari, M,; Du Plessis, L.; Raghwani, J.; Bhatt, S.; Xu, B.; Pybus, O.G.; Katzourakis, A. Purifying Selection Determines the
Short-Term Time Dependency of Evolutionary Rates in SARS-CoV-2 and pHIN1 Influenza. Mol. Biol. Evol. 2022, 39, msac009.
[CrossRef]

5. Hadfield, J.; Megill, C.; Bell, S.M.; Huddleston, J.; Potter, B.; Callender, C.; Sagulenko, P.; Bedford, T.; Neher, R.A. Nextstrain:
Real-time tracking of pathogen evolution. Bioinformatics 2018, 34, 4121-4123. [CrossRef]

6. Walker, A.S.; Vihta, K.-D.; Gethings, O.; Pritchard, E.; Jones, ].; House, T.; Bell, L; Bell, ].I.; Newton, J.N.; Farrar, J.; et al. Tracking
the Emergence of SARS-CoV-2 Alpha Variant in the United Kingdom. N. Engl. ]. Med. 2021, 385, 2582-2585. [CrossRef]

7. McMillen, T;; Jani, K.; Robilotti, E.V.; Kamboj, M.; Babady, N.E. The spike gene target failure (SGTF) genomic signature is highly
accurate for the identification of Alpha and Omicron SARS-CoV-2 variants. Sci. Rep. 2022, 12, 18968. [CrossRef]

8. Volz, E.; Mishra, S.; Chand, M.; Barrett, ].C.; Johnson, R.; Geidelberg, L.; Hinsley, WR,; Laydon, D.J.; Dabrera, G.; O"Toole, A etal
Assessing transmissibility of SARS-CoV-2 lineage B.1.1.7 in England. Nature 2021, 593, 266-269. [CrossRef]


https://covid19.who.int/
https://reliefweb.int/report/china/novel-coronavirus-2019-ncov-situation-report-1-21-january-2020
https://reliefweb.int/report/china/novel-coronavirus-2019-ncov-situation-report-1-21-january-2020
https://doi.org/10.1093/ve/veaa061
https://doi.org/10.1093/molbev/msac009
https://doi.org/10.1093/bioinformatics/bty407
https://doi.org/10.1056/NEJMc2103227
https://doi.org/10.1038/s41598-022-21564-y
https://doi.org/10.1038/s41586-021-03470-x

Pathogens 2023, 12, 1383 90of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

SARS-CoV-2 Viral Mutations: Impact on COVID-19 Tests. FDA [Online], Thu, 28 September 2023. Available online: https://www.
fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/sars-cov-2-viral-mutations-impact-covid-19-tests (ac-
cessed on 25 July 2023).

Alkhatib, M.; Bellocchi, M.C.; Marchegiani, G.; Grelli, S.; Micheli, V.; Stella, D.; Zerillo, B.; Carioti, L.; Svicher, V.; Rogliani, P.; et al.
First Case of a COVID-19 Patient Infected by Delta AY.4 with a Rare Deletion Leading to a N Gene Target Failure by a Specific
Real Time PCR Assay: Novel Omicron VOC Might Be Doing Similar Scenario? Microorganisms 2022, 10, 268. [CrossRef]

Ziegler, K,; Steininger, P,; Ziegler, R.; Steinmann, J.; Korn, K.; Ensser, A. SARS-CoV-2 samples may escape detection because of a
single point mutation in the N gene. Euro Surveill. 2020, 25, pii=2001650. [CrossRef]

Rhoads, D.; Peaper, D.R.; She, R.C.; Nolte, FE.S.; Wojewoda, C.M.; Anderson, N.W.; Pritt, B.S. College of American Pathologists
(CAP) Microbiology Committee Perspective: Caution Must Be Used in Interpreting the Cycle Threshold (Ct) Value. Clin. Infect.
Dis. 2021, 72, e685-e686. [CrossRef]

Freed, N.E.; Vlkova, M.; Faisal, M.B.; Silander, O.K. Rapid and inexpensive whole-genome sequencing of SARS-CoV-2 using 1200
bp tiled amplicons and Oxford Nanopore Rapid Barcoding. Biol. Methods Protoc. 2020, 5, bpaa014. [CrossRef]

O’Toole, A.; Scher, E.; Underwood, A.; Jackson, B.; Hill, V.; McCrone, J.T; Colquhoun, R.; Ruis, C.; Abu-Dahab, K,
Taylor, B.; et al. Assignment of epidemiological lineages in an emerging pandemic using the pangolin tool. Virus Evol. 2021, 7,
veab064. [CrossRef]

Rambaut, A.; Holmes, E.C.; O’Toole, A; Hill, V.; McCrone, J.T.; Ruis, C.; Du Plessis, L.; Pybus, O.G. A dynamic nomenclature
proposal for SARS-CoV-2 lineages to assist genomic epidemiology. Nat. Microbiol. 2020, 5, 1403-1407. [CrossRef]

Neves, A.; Walther, D.; Martin-Campos, T.; Barbie, V.; Bertelli, C.; Blanc, D.; Bouchet, G.; Erard, F.; Greub, G.; Hirsch, H.H.; et al.
The Swiss Pathogen Surveillance Platform—Towards a nation-wide One Health data exchange platform for bacterial, viral and
fungal genomics and associated metadata. Microb. Genom. 2023, 9, 001001. [CrossRef]

Khare, S.; Gurry, C.; Freitas, L.; Schultz, M.B.; Bach, G.; Diallo, A.; Akite, N.; Ho, J.; Lee, R.T.; Yeo, W.; et al. GISAID’s Role in
Pandemic Response. China CDC Wkly. 2021, 3, 1049-1051. [CrossRef]

Pillay, S.; Giandhari, J.; Tegally, H.; Wilkinson, E.; Chimukangara, B.; Lessells, R.; Moosa, Y.; Mattison, S.; Gazy, L; Fish, M.; et al.
Whole Genome Sequencing of SARS-CoV-2: Adapting Illumina Protocols for Quick and Accurate Out-Break Investigation during
a Pandemic. Genes 2020, 11, 949. [CrossRef]

Gudbjartsson, D.EF,; Helgason, A.; Jonsson, H.; Magnusson, O.T.; Melsted, P.; Norddahl, G.L.; Saemundsdottir, J.; Sigurdsson,
A.; Sulem, P.; Agustsdottir, A.B.; et al. Spread of SARS-CoV-2 in the Icelandic Population. N. Engl. ]. Med. 2020, 382, 2302-2315.
[CrossRef]

Holland, S.C.; Bains, A.; Holland, L.A.; Smith, M.F,; Sullins, R.A.; Mellor, N.J.; Thomas, A.W.; Johnson, N.; Murugan, V.; Lim,
E.S. SARS-CoV-2 Delta Variant N Gene Mutations Reduce Sensitivity to the TaqPath COVID-19 Multiplex Molecular Diagnostic
Assay. Viruses 2022, 14, 1316. [CrossRef]

Brejova, B.; Borsova, K.; Hodorova, V.; Cabanova, V; Reizigova, L.; Paul, E.D,; Cekan, P; Klempa, B.; Nosek, J.; Vina#, T. A
SARS-CoV-2 mutant from B.1.258 lineage with AH69/AV70 deletion in the Spike protein circulating in Central Europe in the fall
2020. Virus Genes 2021, 57, 556-560. [CrossRef]

Goncalves Cabecinhas, A.R.; Roloff, T.; Stange, M.; Bertelli, C.; Huber, M.; Ramette, A.; Chen, C.; Nadeau, S.; Gerth, Y,;
Yerly, S.; et al. SARS-CoV-2 N501Y Introductions and Transmissions in Switzerland from Beginning of October 2020 to February
2021—Implementation of Swiss-Wide Diagnostic Screening and Whole Genome Sequencing. Microorganisms 2021, 9, 677.
[CrossRef]

Tada, T.; Zhou, H.; Dcosta, B.M.; Samanovic, M.L; Mulligan, M.].; Landau, N.R. Partial resistance of SARS-CoV-2 Delta variants to
vaccine-elicited antibodies and convalescent sera. iScience 2021, 24, 103341. [CrossRef]

Yamashita, K.; Taniguchi, T.; Niizeki, N.; Nagao, Y.; Suzuki, A.; Toguchi, A.; Takebayashi, S.; Ishikawa, J.; Nagura, O,
Furuhashi, K.; et al. Cycle Threshold (Ct) Values of SARS-CoV-2 Detected with the GeneXpert® System and a Mutation
Associated with Different Target Gene Failure. Curr. Issues Mol. Biol. 2023, 45, 4124-4134. [CrossRef]

Kami, W.; Kinjo, T.; Hashioka, H.; Arakaki, W.; Uechi, K.; Takahashi, A.; Oki, H.; Tanaka, K.; Motooka, D.; Nakamura, S.; et al.
Impact of G29179T mutation on two commercial PCR assays for SARS-CoV-2 detection. J. Virol. Methods 2023, 314, 114692.
[CrossRef]

Hong, KH.; In, JW.; Lee, J.; Kim, S.Y.; Lee, K.A,; Kim, S.; An, Y,; Lee, D.; Sung, H.; Kim, J.-S.; et al. Prevalence of a Single-
Nucleotide Variant of SARS-CoV-2 in Korea and Its Impact on the Diagnostic Sensitivity of the Xpert Xpress SARS-CoV-2 Assay.
Ann. Lab. Med. 2022, 42,96-99. [CrossRef]

Foster, C.S.P; Madden, M.; Chan, R.; Agapiou, D.; Bull, R.A.; Rawlinson, W.D.; van Hal, S.J. SARS-CoV-2 N-gene mutation
leading to Xpert Xpress SARS-CoV-2 assay instability. Pathology 2022, 54, 499-501. [CrossRef] [PubMed]

Miller, S.; Lee, T.; Merritt, A.; Pryce, T.; Levy, A.; Speers, D. Single-Point Mutations in the N Gene of SARS-CoV-2 Adversely
Impact Detection by a Commercial Dual Target Diagnostic Assay. Microbiol. Spectr. 2021, 9, e0149421. [CrossRef] [PubMed]
Leelawong, M.; Mitchell, S.L.; Fowler, R.C.; Gonzalez, E.; Hughes, S.; Griffith, M.P.; Marsh, ].W.; Harrison, L.H.; Rakeman, J.L.
SARS-CoV-2 N gene mutations impact detection by clinical molecular diagnostics: Reports in two cities in the United States.
Diagn. Microbiol. Infect. Dis. 2021, 101, 115468. [CrossRef] [PubMed]


https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/sars-cov-2-viral-mutations-impact-covid-19-tests
https://www.fda.gov/medical-devices/coronavirus-covid-19-and-medical-devices/sars-cov-2-viral-mutations-impact-covid-19-tests
https://doi.org/10.3390/microorganisms10020268
https://doi.org/10.2807/1560-7917.ES.2020.25.39.2001650
https://doi.org/10.1093/cid/ciaa1199
https://doi.org/10.1093/biomethods/bpaa014
https://doi.org/10.1093/ve/veab064
https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.1099/mgen.0.001001
https://doi.org/10.46234/ccdcw2021.255
https://doi.org/10.3390/genes11080949
https://doi.org/10.1056/NEJMoa2006100
https://doi.org/10.3390/v14061316
https://doi.org/10.1007/s11262-021-01866-5
https://doi.org/10.3390/microorganisms9040677
https://doi.org/10.1016/j.isci.2021.103341
https://doi.org/10.3390/cimb45050262
https://doi.org/10.1016/j.jviromet.2023.114692
https://doi.org/10.3343/alm.2022.42.1.96
https://doi.org/10.1016/j.pathol.2022.02.001
https://www.ncbi.nlm.nih.gov/pubmed/35440368
https://doi.org/10.1128/Spectrum.01494-21
https://www.ncbi.nlm.nih.gov/pubmed/34787486
https://doi.org/10.1016/j.diagmicrobio.2021.115468
https://www.ncbi.nlm.nih.gov/pubmed/34425451

Pathogens 2023, 12, 1383 10 of 10

30. Rhoads, D.D.; Plunkett, D.; Nakitandwe, ].; Dempsey, A.; Tu, Z.].; Procop, G.W.; Bosler, D.; Rubin, B.P,; Loeffelholz, M.].; Brock,
J.E. Endemic SARS-CoV-2 Polymorphisms Can Cause a Higher Diagnostic Target Failure Rate than Estimated by Aggregate
Global Sequencing Data. J. Clin. Microbiol. 2021, 59, €0091321. [CrossRef]

31. de Mello Malta, E; Amgarten, D.; Marra, A.R.; Petroni, R.C.; da Silva Nali, L.H.; Siqueira, R.A.; Neto, M.C.; Oler, S.C.; Pinho,
J.R.R. Nucleocapsid single point-mutation associated with drop-out on RT-PCR assay for SARS-CoV-2 detection. BMC Infect. Dis.
2023, 23, 714. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/JCM.00913-21
https://doi.org/10.1186/s12879-023-08707-w

	Introduction 
	Materials and Methods 
	Patients and Samples 
	Data Collection and Analysis 
	GISAID 

	Results 
	Characteristics 
	Genomic Analysis 
	Target Failure as a Result of Concurrent Mutation Presence 

	Discussion 
	Conclusions 
	Appendix A
	References

