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ARTICLE INFO ABSTRACT

Keywords: Nucleic acid amplification test (NAAT) is the gold standard for severe acute respiratory syndrome coronavirus 2
SARS-CoV-2 (SARS-CoV-2) detection. However, genetic mutations in the virus can affect the result. Cycle threshold (Ct)
G29179T

values of N genes and their association with mutations using SARS-CoV-2 positive specimens diagnosed by the
Xpert Xpress SARS-CoV-2 were examined in this study. In total, 196 nasopharyngeal swab specimens were tested
for SARS-CoV-2 infection using the Xpert Xpress SARS-CoV-2, and 34 were positive. WGS was performed for four
outlier samples with increased ACt identified by Scatterplot analysis as well as seven control samples without
increased ACt in the Xpert Xpress SARS-CoV-2. The presence of the G29179T mutation was identified as a cause
of increased ACt. PCR using the Allplex™ SARS-CoV-2 Assay did not show a similar increase in ACt. Previous
reports focusing on N-gene mutations and their effects on SARS-CoV-2 testing including the Xpert Xpress SARS-
CoV-2 were also summarized. While a single mutation that impacts one target of a multiplex NAAT is not a true
detection failure, mutation compromising NAAT target region can cause confusion of the results and render the
assay susceptible to diagnostic failure.

Single nucleotide polymorphism
Cycle threshold
Whole genome sequencing

1. Introduction mutations in SARS-CoV-2 are less frequent compared with other RNA

viruses. Although the mutation rate in SARS-CoV-2 is different by var-

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
spreading and re-emerging worldwide with multiple genetic mutations.
It is an approximately 30 kb RNA virus comprising genes of open reading
frame (ORF) 1a, ORF-1b, surface glycoprotein (S), envelope protein (E),
matrix protein (M), other proteins such as nucleocapsid protein (N), and
some nonstructural proteins (NSP) (Lu et al., 2020). ORF1b encodes 16
NSPs among which NSP12 and NSP15 encode RNA-dependent RNA
polymerase (RdRp) and RNA helicase, respectively (Alanagreh et al.,
2020). Because ORF1b contains genes to repair transcriptional errors,

iants (Alpha; 28.3/year, Delta; 25.8/year, Omicron; 30.5/year), muta-
tions in 29.5 base pairs have been estimated to occur annually overall
(Nextstrain; Wolf et al., 2023). Mutation has gained attention in terms of
infectivity, pathogenicity, and vaccine effectiveness, but its impact on
diagnostic tests is also important (Drain, 2022).

Nucleic acid amplification tests (NAATS), such as polymerase chain
reaction (PCR), are gold standard methods for the diagnosis of corona-
virus disease 2019 (COVID-19) (Hansen et al., 2021). Recently, many
reagents and systems for SARS-CoV-2 detection have been developed,

Abbreviations: Ct, cycle threshold; E, envelope protein; M, matrix protein; N, nucleocapsid protein; NAAT, nucleic acid amplification test; NSP, nonstructural
proteins; ORF, open reading frame; RdRp, RNA-dependent RNA polymerase; S, surface protein; SNP, single nucleotide polymorphism; WGS, whole genome

sequencing.
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and several regions of its genome have been targeted. The number and
region of target genes varied according to each protocol. Among several
target regions, the sequence of the N gene is highly conserved among
coronaviruses, with a low probability of point mutation and it is
generally considered to be the most suitable target for in vitro diagnostic
detection (Alvarez-Diaz et al., 2020; Dutta et al., 2020; Z6ka and Bekd,
2020; Oliveira et al., 2020; Rahman et al., 2021; Wang et al., 2022).
However, mutations in the N gene can reportedly affect NAAT results,
such as give false negatives and delay cycle threshold (Ct) values. Ziegler
et al. reported a C29200T single nucleotide polymorphism (SNP)
compromising the N gene target of the Xpert Xpress (Cepheid, Sunny-
vale, United States) (Ziegler et al., 2020). In this study, Ct values of N
genes and their association with mutations using SARS-CoV-2 positive
specimens diagnosed by the Xpert Xpress SARS-CoV-2 were
investigated.

2. Materials and methods
2.1. Clinical specimens and ethics

Nasopharyngeal swabs collected from patients tested with the Xpert
Xpress SARS-CoV-2 from August 7, 2020, to June 2, 2021, at the Uni-
versity of the Ryukyus Hospital, were used in this study. For the Xpert
Xpress SARS-CoV-2 positive samples, the Ct values of the E gene (Ctg)
and N2 gene (Ctyy) of each positive sample were checked and the nu-
merical difference between these two Ct values, ACt (Ctyo — Ctg), was
calculated. The need for informed consent from each patient for inclu-
sion in this study was waived because this study was retrospective in
approach, which caused no additional adverse events in any subject.
Patients were given the opportunity for opt-out via website of the Di-
vision of Infectious, Respiratory, and Digestive Medicine, University of
the Ryukyus Graduate School of Medicine. This study was approved by
the Institutional Review Board of the University of Ryukyus (approval
number: 1862).

2.2. PCR

Viral RNA was extracted from the nasal swabs stored in a deep
freezer using magLEAD 12gC (Precision System Science, Chiba, Japan).
To ensure N gene detection in another PCR assay, additionally extracted
RNA was subjected to real-time PCR with primer sets developed by the
Allplex™ SARS-CoV-2 Assay (Seegene, Seoul, South Korea) which tar-
gets the E, N, and RdRp/S genes, according to the manufacturer’s in-
structions using the CFX96 Touch Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA). The results of the Xpert Xpress SARS-CoV-2
and the Allplex™ SARS-CoV-2 Assay for these samples were
compared. Additionally, Novaplex™ SARS-CoV-2 Variants I Assay
(Seegene), which can test N501Y, E484K mutation and H69/V70 dele-
tion, was used for identification of SARS-CoV-2 variants.

2.3. Whole genome sequences (WGS)

To determine the genome sequences of SARS-CoV-2, next-generation
sequencing libraries of the collected samples were prepared using the
hybridization capture-based target enrichment method. Extracted RNA
was transformed into double-stranded ¢cDNA using SuperScript IV
Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA)
and NEBNext Ultra II Non-Directional RNA Second Strand Synthesis
Module (New England Biolabs, Ipswich, MA, USA) according to the
manufacturer’s protocols. Sequencing libraries were generated using the
SureSelectXT Low Input (Agilent Technologies, Santa Clara, CA, USA)
with a custom panel targeting SARS-CoV-2 sequences. Paired-end
sequencing with a read length of 2 x 151 bp was performed on a
MiSeq platform (Illumina, San Diego, CA, USA). After trimming the
adapter sequences using Cutadapt version 3.2, sequence reads were
aligned to the reference genome of SARS-CoV-2 (GenBank accession
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number: NC_045512.2) using BWA version 0.7.17. After marking
duplicate reads in BAM files using Samtools version 1.11 and Picard in
GATK 4.2.0.0, variant calling was executed using Mutect2 in GATK
4.2.0.0. Consensus sequences were obtained using bcftools version 1.9.

2.4. Statistical analysis

Continuous variables were compared using Wilcoxon/Krus-
kal-Wallis test. Statistical significance was set at p < 0.05. Statistical
analysis was performed using JMP Pro 15 (SAS Institute Inc., Cary, NC,
USA).

3. Results

During the study period, 196 nasopharyngeal swab specimens were
tested for SARS-CoV-2 using the Xpert Xpress SARS-CoV-2 and 34 were
positive. Supplementary Table 1 shows the details of the positive sam-
ples with Ct values. Ctg values were not available in 4 samples (Sample
No. 11, 12, 22, 28) due to the low viral loads below the detection limit.
For the remaining 30 samples where both E and N2 genes were detect-
able, the average of Ctg, Ctyg, and ACt (Ctyg — Ctg) were 26.2, 29.4, and
3.2, respectively. Scatter plots of the 30 samples generated by Ctg and
Cty2 identified 4 outlier samples (Sample No. 30, 32, 33, 34) with an
increase in ACt plotted around the dashed line indicating + 2-standard
deviation (SD) (Fig. 1). These 4 samples with increased ACt values were
all collected between May and June 2021.

To genetically investigate the cause of the increased ACt, WGS was
performed in these 4 samples, as well as 7 control samples (Sample No.
20, 23, 24, 25, 27, 29, 31) with low Ct values available for WGS collected
near the above 4 samples. Among the N-gene region SNPs, G29179T
alone was identified as a cause of increased ACt (Supplementary
Table 2).

To investigate whether G29179T mutation affected another PCR Kkit,
Allplex™ SARS-CoV-2 Assay was performed on the above 11 samples
and found no significant increase in ACt (Cty — Ctg) values (Table 1).
Comparing the ACt results of the Xpert Xpress and the Allplex™ SARS-
CoV-2 Assay in these 11 samples, the group with the G29179T mutation
showed a significant increase in ACt in the Xpert Xpress SARS-CoV-2,
but no similar finding in the Allplex™ SARS-CoV-2 Assay (Fig. 2).
SARS-CoV-2 variant typing was further performed using the Novaplex™
Variants I Assay and all specimens with the G29179T mutation were
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Fig. 1. Scatterplot of Ct values for N2 gene and E gene in the Xpert Xpress
positive samples. Regression line was drawn as solid line, and confidence in-
tervals for individual values [a = 0.05, & 2 SD] were drawn as dashed lines.
Four samples were located near the dashed line on the + 2 SD side, indicating
an increase in ACt.
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Table 1

Impact of G29179T mutation on ACt in two PCR assays.
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Mutation Sample No. Xpert Xpress SARS-CoV-2 Allplex™ SARS-CoV-2 Assay” Novaplex™ SARS-CoV-2 Variant I Assay
E (Ct) N2 (Ct) ACt E (Ct) N (Ct) ACt

G29179T (-) 20 28.2 31.3 3.1 29.6 28.0 -1.7 [®R.1)
23 12.8 14.9 2.1 9.7 9.6 -0.1 ®R.1)
24 30.3 32.6 2.3 31.3 28.9 -2.3 R.1)
25 25.3 27.3 2.0 26.8 23.9 -29 alpha variant (B.1.1.7)
27 23.9 25.3 1.4 25.0 23.7 1.2 alpha variant (B.1.1.7)
29 17.1 18.2 1.1 18.1 16.3 1.8 alpha variant (B.1.1.7)
31 31.9 33.0 1.1 30.7 28.3 2.4 alpha variant (B.1.1.7)

G29179T (+) 30 24.6 35.0 10.4 25.9 23.8 2.1 alpha variant (B.1.1.7)
32 31.9 44.2 12.3 33.0 30.9 2.1 alpha variant (B.1.1.7)
33 22.4 34.1 11.7 22.9 21.1 1.8 alpha variant (B.1.1.7)
34 15.1 25.5 10.4 15.2 12.8 2.4 alpha variant (B.1.1.7)

2 Allplex™ SARS-CoV-2 Assay detects the E, N, and RdRp/S genes, but the results for the RARp/S gene were omitted (the Ct values were similar to those for the E and

N genes).
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Fig. 2. Comparison of ACt values between samples with and without G29179T in the two assays. * p-value < 0.01. NS, not significant.

alpha variants (PANGO lineage B.1.1.7).
4. Discussion

In this study, the Xpert Xpress SARS-CoV-2 was performed on 196
clinical specimens during the study period and detected SARS-CoV-2 in
34 specimens. Among these, 4 samples with increased ACt (Ctyz — Ctg)
values were identified by scatterplot analysis. WGS identified G29179T
mutation as a cause of increased ACt. Vanaerschot et al. have described
the influence of G29140U mutation, although it is not the target for
Xpert Xpress SARS-CoV-2, in the N gene on PCR testing for SARS-CoV-2
using scatterplot analysis of ACt and WGS (Vanaerschot et al., 2020), as
performed in this study. The primers and probes used in the Xpert Xpress
SARS-CoV-2 are proprietary and this cannot be confirmed. However, the
G29179T mutation falls within a genomic region consistent with the
forward primer of the CDC protocol N gene target (Miller et al., 2021;
Foster et al., 2022). As a result, Ctyz was increased compared to Ctg,
leading to an increase in ACt. The Allplex™ SARS-CoV-2 Assay did not
show the same difference in ACt values as the Xpert Xpress SARS-CoV-2.

Hong et al. investigated the ACt (Ctyp — Ctg) in the Xpert Xpress
SARS-CoV-2 positive specimens collected in Korea in September 2020
and reported that three samples showed delayed Ctys (ACt: 11.8, 10.8,
12.1), whereas two samples were negative for the N2 gene (Hong et al.,
2022). Sanger sequencing was performed on these five samples and the
G29179T mutation was identified. In addition, the authors searched the
GISAID database for Korean samples and found that most of the

G29179T mutations belonged to PANGO lineage B.1.497, which has
been prevalent in Korea since May 2020. The G29179T mutation has
been reported in several countries, including Peru, Congo, and the
United States, but the detection rate was much lower than that in Korea.
Subsequently, Foster et al. investigated samples with altered profile
defined as > 3 Ct value difference between the E and N gene (Foster
et al., 2022). As a result, the median ACt was 10 and G29179T mutation
was identified as a cause of increased ACt. In addition to the G29179T
mutation, several reports have shown that mutations in the N gene re-
gion adversely affect SARS-CoV-2 testing targeting this region. Previous
reports focusing on N gene mutations and their effects on SARS-CoV-2
tests have been summarized in Supplementary Table 3 (Ziegler et al.,
2020; Vanaerschot et al., 2020; Miller et al., 2021; Foster et al., 2022;
Hong et al., 2022; Jian et al., 2022; Bourassa et al., 2021; Sanchez-Calvo
et al., 2021; Hasan et al., 2021a; Amato et al., 2021; Leelawong et al.,
2021; Fox-Lewis et al., 2021; Hasan et al., 2021b). In all reports, the
mutations caused false-negative N gene detection or delayed Ct.

NAAT is the gold standard for the detection of SARS-CoV-2 and
diagnosis of COVID-19. However, the constantly mutating nature of this
virus can affect test results. Therefore, multiplex NAAT, which targets
multiple gene regions, is more reliable than monoplex NAAT, which
targets a single gene region (Petrillo et al., 2020; Penarrubia et al., 2020;
LeBlanc et al., 2020). In general, retesting is recommended when the test
result is negative in patients suspected of COVID-19 to reduce the inci-
dence of false negatives (Wikramaratna et al., 2020). In a multiplex
NAAT, negativity of one target gene is not necessarily interpreted as a



W. Kami et al.

negative test result. In the case of Xpert Xpress SARS-CoV-2 for example,
if the E gene is positive and the N2 gene is negative, the result is inter-
preted as a presumptive positive and requires retesting. However,
repeating the same test does not address the problem of presumptive
positives or false negatives due to mutations in the target gene; hence, it
is preferable to use a different test targeting other genes or gene se-
quences, if available. Although the multi-target approach is of value, it
should be understood that mutation can affect the result even in a
multiplex NAAT.

The present study has several limitations. First, it was a retrospective
study conducted in a single institution, and the sample size was small.
Second, a review of the patient information to determine the clinical
impact of delayed N gene expression caused by the G29179T mutation
was not performed. Third, viral nucleic acids extracted from nasopha-
ryngeal samples were analyzed directly by viral WGS, resulting in some
sequences derived from primary specimens being of poor quality,
thereby limiting genomic analyses. Although there are previous studies
focusing on this topic, this study adds to the literature by characterizing
the G29179T in Japan.

NAAT-based detection of SARS-CoV-2 is being performed world-
wide. However, the target regions are different for each assay; thus, the
mutations occurring during the evolution of SARS-CoV-2 may affect
various assays. This study demonstrates that a mutation affecting NAAT
target region can render the assay susceptible to diagnostic failure,
therefore ongoing surveillance for such mutations is important.
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