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ABSTRACT Continued replacement of the dominant severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) lineages, and associated surges, highlights the importance of
genomic surveillance to identify the next possible threats. Despite concerted efforts
between clinical laboratories and public health to generate sequence data, the United
States has lagged in percentage of SARS-CoV-2 cases sequenced. A more simple and
cost-effective option is needed to allow front-line clinical laboratories to perform high-
throughput surveillance and refer important samples for slow and expensive next-gener-
ation sequencing (NGS). In this issue of the Journal of Clinical Microbiology, A. Babiker, K.
Immergluck, S. D. Stampfer, A. Rao, et al. (J Clin Microbiol 59:e01446-21, 2021, https://
doi.org/10.1128/JCM.01446-21) describe a rapid and flexible multiplex single-nucleotide
polymorphism (SNP) assay targeting mutations associated with Alpha, Beta/Gamma, and,
added later, Delta variants. They show 100% accuracy in characterized variant pools and
clinical samples confirmed by NGS. Such an approach could be a happy medium in the
role of front-line laboratories to assist with critically needed high-throughput genomic
surveillance.

More than 18 months into the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic, we are still struggling nationally and globally to control

continued spread of the virus despite U.S. Food and Drug Administration (FDA) emer-
gency use authorization (EUA) and, in one case approval, of effective vaccines. This is
in part due to the waves of SARS-CoV-2 variant viruses, some of which are more trans-
missible (1, 2) and at least partially evade immune responses, including those induced
by vaccines (3, 4). We have seen the replacement of the dominant lineage numerous
times in various geographic regions since the initial cases were sequenced (5), with the
United States and the world most recently dominated by the World Health Organization-la-
beled Delta variant (6). Concerns over reduced vaccine efficacy against the Delta variant, espe-
cially for those who received a single dose or in whom significant time has passed since the
second dose (7, 8), as well as evidence of potential transmission between vaccinated individu-
als (9), has appropriately renewed focus on infection control measures and vaccination pro-
grams, with booster doses currently under review with the FDA (https://www.fda.gov/news
-events/press-announcements/joint-statement-hhs-public-health-and-medical-experts-covid
-19-booster-shots). This pattern of repeated replacement of the dominant lineage raises the
questions of which variant will dominate next and when we might identify a dreaded vari-
ant of high consequence. No doubt the key to finding these emerging and potentially domi-
nating variants is routine surveillance, including wide-spread diagnostic testing and genome
sequencing.

Next-generation sequencing (NGS)-based virus genotyping directly from SARS-CoV-2 anti-
gen or molecular test-positive patient samples is currently the most comprehensive and in-
formative approach to genomic surveillance. This methodology is highly specialized and not
at all standardized across laboratories, despite efforts to share best practices and common pro-
tocols initiated by the CDC’s SARS-CoV-2 Sequencing for Public Health Emergency Response,
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Epidemiology and Surveillance (SPHERES) program. NGS for SARS-CoV-2 genome analysis is
slow, in that it typically requires batching, includes several wet-bench steps that can be auto-
mated or performed manually, and, for high-throughput systems, takes at least 24 h until data
are generated. Once sequence data are available, the analysis requires a sophisticated work-
force that includes bioinformatics expertise. Added to that is a significant cost, not only for the
equipment and consumables, but also for the expertise required.

U.S. genomic surveillance of this kind has been primarily a public health program
supported by federal and/or state money (10, 11). However, at least in the early days of
the pandemic, SARS-CoV-2 genome sequencing was largely supported by academic
and private institutions that took it upon themselves to perform SARS-CoV-2 NGS via
much of their own preexisting infrastructure, including analysis pipelines and funding
sources (12). Some states have organized consortia that include funding support of
health system-based or other laboratories outside public health (13), while select academic
and private laboratories have received federal funding via the SPHERES program (https://
www.cdc.gov/amd/whats-new/cdc-announces-awards-SARS-CoV-2-sequencing-SPHERES
-initiative.html). The U.S. Centers for Medicare and Medicaid services have even allowed
non-CLIA laboratories to perform SARS-CoV-2 patient sample sequencing only if such
results were reported to public health and not back to the patient or physician. Despite
these combined efforts, the United States has received criticism for lagging far behind
other developed countries in terms of the percentage of SARS-CoV-2 cases sequenced
(https://www.gisaid.org/submission-tracker-global/), and there is tremendous variability
between the percentages of positive cases sequenced at the state level (14).

As these genomic surveillance efforts are critical to controlling the current pandemic,
more emphasis needs to be placed on reasonable approaches to include front-line clinical
laboratories in this process, since they have immediate access to patient specimens. There
remains a gap between what is financially feasible for front-line clinical laboratories and
what, if any, direct impacts there might be on patient care. As mentioned, SARS-CoV-2 NGS
is expensive, slow, and requires expertise (15) that is not accessible for most clinical laborato-
ries, except those in which NGS is already employed for research and/or clinical purposes,
making it impractical for use in routine coronavirus disease 2019 (COVID-19) patient care. As
an alternative to SARS-CoV-2 NGS, several studies have investigated PCR-based detection of
relevant single-nucleotide polymorphisms (SNPs) that may correlate with specific variants or
lineages and virus phenotypes. These PCR-based SNP detection approaches employ either
melt analyses or probe dropout to determine base identity, similar to the spike gene drop-
out analysis approaches first used to identify the Alpha variant via commercial SARS-CoV-2
detection assays (16). SNP detection approaches are faster, less expensive, and require less
technical expertise than NGS-based genotyping approaches (17).

Babiker et al. describe their version of an SNP detection approach to SARS-CoV-2
genotype inference using an initial set of multiplexed locked nucleic acid (LNA) probes
targeting relevant SNPs after amplification of the spike gene (18). At the time of assay
design, targeted SNPs were most commonly associated with the Beta and Gamma variants
(484K); Alpha, Beta, and Gamma variants (501Y); and a smart partial positive control probe
targeting the K417 position that is deleted in Beta and Gamma variants but appears to be
present in all other lineages sequenced to date (https://www.gisaid.org/hcov19-variants/).
Thus, a Beta or Gamma variant would be expected to test positive for the 484K and 501Y
probes, but negative for the K417 probe. They applied this initial multiplex assay to dilution
pools of characterized and quantified variants, showing 100% SNP detection accuracy for
samples with at least 1,000 genome equivalents per milliliter, which was comparable to limit
of detection (LOD) analysis using Alpha and Iota variants that demonstrated an LOD of 1 or
2 genome equivalents per reaction. Thus, the sensitivity of this approach appears ever so
slightly less than those of many of the commercially available molecular detection assays
(19–21). They next applied their assay to clinical samples obtained between January and
March 2021, when the Alpha variant was not yet dominant in the United States. Perhaps
not surprisingly they found that the majority of samples for which they had a spike SNP
detection (n = 238, 91%), SNP profiles were consistent with prevariant lineages (91%). They
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did detect 9 samples (3.8%) with Alpha lineage-consistent SNP profiles and 12 samples (5%)
with Beta/Gamma-consistent SNP profiles at a time when Beta/Gamma variants were rarely
reported in the United States. (https://www.gisaid.org/hcov19-variants/). The authors con-
firmed a subset of their detections with NGS, including most of the Alpha and Beta/Gamma
detections, showing 100% accuracy. The assay did miss detections at high threshold cycle
(CT) values, consistent with their LOD analyses, but still showed superior sensitivity compared
to that of NGS-based approaches (22). To adapt to the ever-changing variant situation, to-
ward the end of the study the authors, added an unmodified (non-LNA) probe targeting the
452R mutation consistent with the Delta variant or lineage. While they did not extensively
test this addition to their multiplex assay, it appeared not to impact specificity in previously
tested variant pools and detected the SNP in appropriate variant pools and clinical samples,
though the latter data are not shown.

The approach of Babiker et al. is promising as a rapid, simple, and flexible alternative to
NGS-based genotyping. However, the authors point out several appropriate limitations to
SNP-based genotyping, including the shared SNPs between several emerging lineages. For
example, the 452R SNP is shared between Delta and Lambda, lineages while the 484K SNP
is now shared between Beta, Gamma, Mu, Eta, and Iota lineages. As expected, SNP detection
provides lower resolution than NGS-based genotyping; however, it does have advantages
beyond those already mentioned, in that it appears to be more analytically sensitive and, as
the authors point out, could be useful in settings where viral titers are lower.

Other studies have described similar approaches with equivalent success (23–26).
One other recent study targeted 3 of the same SNPs (484K, 501Y, and 452R) using
dually labeled probes while specifically amplifying the spike regions of interest, rather
than the one-amplicon approach of Babiker et al. In their study, Wang et al. found
100% agreement between SNP detection and NGS results, though they intentionally
excluded samples with low viral titers (23). Taken together, these studies support the
high sensitivity and specificity of SNP-based genotyping approaches.

What remains to be demonstrated is the impact of SARS-CoV-2 SNP detection on
public health surveillance and/or infection control programs. A recently published
study performed in Canada applying prospective detection of SNPs associated with
the Alpha and Beta/Gamma lineages rapidly detected the emergence of the Gamma
lineage (27). After observation of a set of atypical melt curves and sequence confirmation
via NGS, the authors were able to identify a discrete transmission cluster. This study high-
lights a potential role for the combined use of SNP detection as a screening assay followed
by NGS for select cases of interest. One could envision a coordinated network in which front
line clinical laboratories would refer samples of interest based on SNP findings to a central
hub, such as an academic medical center or state public health laboratory, for NGS interrog-
ation. The funding mechanisms of such a network would need to be carefully considered, as
clinical laboratory budgets revolve around testing that impacts patient care and is ideally re-
imbursable. Further consideration would need to be given to the rotation of relevant SNPs
included in multiplex assays. As variants become dominant, it may no longer be useful to
screen for them. For example, at the end of August 2021,.98% of all U.S. SARS-CoV-2 speci-
mens sequenced belonged to the Delta lineage harboring the 452R SNP (https://covid.cdc
.gov/covid-data-tracker/#variant-proportions). Thus, further screening for this SNP seems
unnecessary, and focus may need to shift to SNPs associated with emerging variants of in-
terest, such as 346K, which is associated with the Mu lineage.

The role of SNP detection or, for that matter, that of NGS-based genotyping in direct
patient care has yet to be established. Most studies cite the implications for monoclonal anti-
body susceptibility, yet no studies have applied a companion diagnostic approach in which
SNP detection or NGS genotyping has been used to guide administration of bamlanivimab
and etesevimab. Similarly, identification of 484K and 501Y comutations implies reduced sensi-
tivity of the virus to neutralizing antibodies (28), yet no studies have used detection of such
mutations to guide administration of convalescent plasma. Detection of reinfection could be
determined by SNP detection or by NGS-based genotyping, but there is currently no guidance
as to how identification of reinfection alters patient management, such as administration
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of additional vaccine doses or specific therapeutics. As previously mentioned, in order to
be realistically adopted, clinical laboratory testing is ideally reimbursed by insurance, and
in order to receive reimbursement, clinical utility must be demonstrated. Finally, while SNP
detection and NGS-based genotyping assays are not currently regulated by the FDA, there
may come a time at which emergency use authorization is required for reporting such
results in the patient’s medical record. This could limit the availability and feasibility of the
application of such assays.

In summary, SARS-CoV-2 SNP detection assays show promise as a “middle ground”
alternative to costly and time-consuming NGS-based genotyping assays. Their speed
and simplicity could allow widespread adoption and high-throughput surveillance for
SARS-CoV-2 variants in front-line clinical laboratories. Partnership with hub centers to
perform higher-resolution NGS analysis on select samples could speed coordinated
surveillance and infection control efforts. In order to achieve such a surveillance part-
nership effort, financial support would need to be established, since there is currently
no direct or reimbursable impact to patient care.
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