
Development of new RT-PCR assays for the specific detection of BA.2.86
SARS-CoV-2 and its descendent sublineages

Katja Spiess a,1, Mauro Petrillo b,1, Valentina Paracchini c, Gabriele Leoni d, Ria Lassaunière a,
Charlotta Polacek a, Ellinor Lindberg Marving a, Nicolai Balle Larsen a, Vithiagaran Gunalan a,
Aleksander Ring a, Maireid Bull a, Gerhard Buttinger c, Carolina Veneri e, Elisabetta Suffredini f,
Giuseppina La Rosa e, Philippe Corbisier c, Maddalena Querci d, Morten Rasmussen a,1,
Antonio Marchini c,*,1

a Virus Research & Development, Department of Virus & Microbiological Special Diagnostics, Statens Serum Institut (SSI), Denmark
b Seidor Italy srl, Milano, Italy
c European Commission, Joint Research Centre (JRC), Geel, Belgium
d European Commission, Joint Research Centre (JRC), Ispra, Italy
e National Center for Water Safety (CeNSiA), Istituto Superiore di Sanità, Rome, Italy
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• Two reverse transcription-PCR assays
for the specific detection of BA.2.86
sublineages with high-level sensitivity.

• Evaluation of wastewater samples using
digital RT-PCR demonstrated their
effectiveness in environmental
surveillance.

• In combination with OmMet and JRC-
CoV-UCE.2 enables detection and
quantification of BA.2.86 and other
SARS-CoV-2 variants.

• These assays offer a rapid, cost-effective
alternative to sequencing for SARS-CoV-
2 monitoring in wastewater
surveillance.
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A B S T R A C T

The SARS-CoV-2 BA.2.86 variant, also known as Pirola, has acquired over 30 amino acid changes in the Spike
protein, evolving into >150 sublineages within ten months of its emergence. Among these, the JN.1, has been
rapidly increasing globally becoming the most prevalent variant. To facilitate the identification of BA.2.86
sublineages, we designed the PiroMet-1 and PiroMet-2 assays in silico and validated them using BA.2.86 viral
RNA and clinical samples to ascertain analytical specificity and sensitivity. Both assays resulted very specific with
limit of detection of about 1–2 RNA copies/μL. The assays were then applied in a digital RT-PCR format to
wastewater samples, combined with the OmMet assay (which identifies Omicron sublineages except BA.2.86 and
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its descendants) and the JRC-UCE.2 assay (which can universally recognize all SARS-CoV-2 variants). When used
together with the OmMet and JRC-CoV-UCE.2 assays, the PiroMet assays accurately quantified BA.2.86 sub-
lineages in wastewater samples. Our findings support the integration of these assays into routine SARS-CoV-2
wastewater surveillance as a timely and cost-effective complement to sequencing for monitoring the preva-
lence and spread of BA.2.86 sublineages within communities.

1. Introduction

At the beginning of August 2023, multiple countries worldwide
simultaneously detected a new, highly mutated severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) lineage (Lasrado et al., 2023).
This lineage was designated as BA.2.86 (nicknamed “Pirola”). On August
17, 2023, the World Health Organisation (WHO) classified BA.2.86 as a
“variant under monitoring” (World Health Organization, 2023a).

All BA.2.86 sequences at the time were reconstituted from
sequencing data from clinical samples. However, immediately after its
discovery, subsequent analysis of sequencing data from wastewater
surveillance samples from Thailand (Wannigama et al., 2023) and
Germany (Bartel et al., 2024), uncovered BA.2.86 signatures. These
findings indicate that the variant was already circulating before
receiving official designation, underscoring the importance of compre-
hensive surveillance in promptly identifying emerging viral strains.

After August 2023, the proportion of SARS-CoV-2 BA.2.86 infections
slowly but constantly increased. BA.2.86 branched into different sub-
lineages including recombinant viruses (Centers for Disease Control and
Prevention, 2023), an additional indication of its constant circulation
and evolution.

On 21 November 2023, WHO classified BA.2.86 as a “Variant of
Interest” (VOI) (World Health Organization, 2023b). This classification
was attributed to (i) its unexpectedly high number of genomic mutations
with >30 coding mutations within the S region encoding for the Spike
protein, including at least 18 unique mutations and novel combinations
that were never observed before, and (ii) its “simultaneous appearance”
in multiple countries resembling the pattern seen with the emergence of
the Omicron variant at the end of 2021 (World Health Organization,
2023b).

In December 2023, the count of identified BA.2.86 sublineages
increased to over 20, for instance, BA.2.86.1 to BA.2.86.4, JQ.1, and
JN.1 to JN.10, collectively denoted as BA.2.86* (BA.2.86×) sublineage
hereafter. According to CoV-Spectrum (C. Chen et al., 2021), at the
beginning of December 2023, in Denmark and UK, >70 % and 50 % of
all SARS-CoV-2 deposited sequences were classified as BA.2.86×,
respectively. Among these sublineages, JN.1 (characterised by the
L455S additional mutation in the receptor binding domain of S protein
when compared to its predecessor BA.2.86) rapidly became predomi-
nant in countries like France and Denmark, surpassing both the ancestor
BA.2.86 and the other so-called FLip (L455F + F456L) variant (Yang
et al., 2023). JN.1 continued to be reported in multiple countries and
rapidly increased globally, and on 19 December 2023, WHO classified it
as a separate VOI from the parent lineage BA.2.86 (World Health Or-
ganization, 2023c).

Wastewater surveillance involves the systematic analysis of sewage
to detect and track the presence of various contaminants, pathogens, and
substances, providing valuable insights into community health and the
broader environmental landscape (Schmidt, 2020). This approach has
proven successful in monitoring the presence of SARS-CoV-2 (and other
pathogens), effectively detecting and tracking the virus within com-
munities in high correlation with clinical data (Kaya et al., 2022; Smith
et al., 2022; Lamba et al., 2023). Moreover, there is evidence indicating
that the detection of the virus in wastewater samples precedes its
detection at the clinical level (Espinosa-Gongora et al., 2023; Rajput
et al., 2023; Marchini et al., 2023). Therefore, in addition to offering
timely and reliable information on the circulation of the virus in a
specific community, it serves as a valuable sentinel tool for early

outbreak identification.
Nevertheless, the use of varied analytical methods, protocols, and

controls in WWS presents challenges in guaranteeing comparability
across results obtained from different laboratories (Ahmed et al., 2022).

Next-generation sequencing (NGS) has been a pivotal technology in
understanding and fighting SARS-CoV-2 by enabling rapid and detailed
analysis of the virus’s genome, including in wastewater surveillance.
Despite its significant contributions, several limitations affect its efficacy
in variant detection within wastewater samples. High costs, technical
complexity, specialised equipment and personnel can hinder widespread
implementation, particularly in resource-limited settings. The pooled
nature of wastewater samples introduces challenges such as mixed viral
populations with some variants being underrepresented compared to
others. Amplification and sequencing biases may lead to inaccurate
variant representation, while low sequencing depth can miss rare vari-
ants. Low viral loads and fragmented viral RNA in wastewater samples
can further compromise data quality and result in gaps in sequence
coverage. Standardizing procedures, improving bioinformatics work-
flows, and benchmarking are essential to mitigate these limitations and
enhance the reliability of NGS data in wastewater analysis.

Quantitative polymerase chain reaction PCR (qRT-PCR) is a com-
plementary technique respect to NGS and it is considered the gold
standard for detecting and quantifying viral RNA. While NGS provides
comprehensive insights into the entire viral genome, enabling the
identification of novel variants and detailed genetic analysis, qRT-PCR
can be used to validate NGS findings and quantify specific variants
with high sensitivity and specificity. Together, these techniques offer a
robust toolkit for comprehensive viral surveillance and research.

Digital PCR (dPCR) is characterised by its ability to accurately and
sensitively quantify nucleic acids, eliminating the need for a standard
curve through its innovative method of dividing samples into many in-
dividual reactions (Whale et al., 2022; Quan et al., 2018). This technique
offers several advantages, including single-molecule resolution,
robustness to PCR inhibitors, and improved accuracy and reproduc-
ibility (Quan et al., 2018; Pinheiro et al., 2012). In addition, its high
sensitivity allows the detection of rare targets, while its multiplexing
capabilities allow the simultaneous analysis of multiple targets, posi-
tioning digital PCR as an indispensable tool in various fields, including
molecular biology, diagnostics and clinical and environmental research
(Hou et al., 2023). dPCR has been widely used to quantify DNA and RNA
viruses, including SARS-CoV-2 (Whale et al., 2022; Kuypers and Jerome,
2017; Vasudevan et al., 2021; Heijnen et al., 2021).

Timely and accurate data on the virus’s transmission patterns are
crucial for formulating informed strategies and implementing targeted
interventions to safeguard public health. At the time of the advent of
Omicron, the European Commission’s Joint Research Centre (JRC)
quickly responded to the emergency with the development of a novel
RT-PCR method specific for the detection of Omicron, called OmMet
(Corbisier et al., 2022). A few months later we complemented OmMet,
with a novel duplex RT-PCR method called JRC-CoV-UCE (including
JRC-CoV-UCE.1 and JRC-CoV-UCE.2), which targets ultra-conserved
elements into the SARS-CoV-2 genome i.e., genomic regions not prone
to mutate. We demonstrated that JRC-CoV-2-UCE detected all SARS-
CoV-2 variants in clinical and wastewater samples (Marchini et al.,
2023). As this method relies on conserved elements, it is anticipated to
also detect future emerging variants, such as BA.2.86.

Given the continuous evolution of the virus, there is a potential risk
that acquired mutations may fall within regions recognized by the assay
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primers and probe, affecting assay performance. Therefore, regular
assessment is crucial to ensure the constant effectiveness of the SARS-
CoV-2 diagnostic assays. We have recently described an in silico
method that may alert a decay in assay performance (Marchini et al.,
2023). By using this tool, we predicted a failure of OmMet in the
detection of BA.2.86 sequences. After confirmation of OmMet’s inability
to detect BA.2.86, in the present study, we introduced PiroMet-1 and
PiroMet-2, two new RT-PCR-based detection assays designed to specif-
ically identify BA.2.86 sequences. We validated the specificity and ef-
ficacy of PiroMet-1 and PiroMet-2 in clinical samples. In addition, we
have verified that both PiroMet-1 and PiroMet-2 perform well on
wastewater samples.

Finally, in this study, we introduce a rapid and cost-effective strategy
to distinguish BA.2.86* from other variants in wastewater samples. This
involves combining JRC-CoV-UCE either with PiroMet-1 or PiroMet-2
and JRC-CoV-UCE with OmMet. We propose this RT-PCR strategy as
an alternative or complementary approach to sequencing for tracking
the spread of BA.2.86 sublineages in defined communities.

2. Materials and methods

2.1. In silico design of the RT-PCR assays

PiroMet-1 and PiroMet-2 were independently developed by the JRC
and the Statens Serum Institut (SSI), respectively. Both assays (Table 1)
were developed by applying allele-specific RT-qPCR strategy, a highly
sensitive and time-saving method for single nucleotide polymorphism
genotyping (Yan et al., 2021). This strategy relies on the use of allele-
specific oligonucleotides (primers or probes) capable of discriminating
single nucleotide variants, and recently it has been successfully adopted
for identification of SARS-CoV-2 mutations in a pooled sample such as
wastewater (Graber et al., 2021), and to differentiate viral subvariants in
clinical settings (Li et al., 2024). The details of the design of the two
methods are as follows.

2.1.1. PiroMet-1
As of January 30, 2024, 16,892 complete genomic sequences

labelled as BA.2.86 or BA.2.86.1 had been deposited in GISAID (Elbe and
Buckland-Merrett, 2017). These sequences were used as input data for
the generation of representative Pango lineages (Rambaut et al., 2020)
consensus sequences (Marchini et al., 2023) by running an in-house
developed script that parses data retrieved from the Broad Institute
COVID CG (A.T. Chen et al., 2021) application programming interface
(used consensus threshold of 0.8). Sequences corresponding to OmMet
target regions were extracted and aligned using the MAFFT online ser-
vice (Katoh et al., 2019), and manually inspected with the Integrative
Genomics Viewer (Robinson et al., 2011) to confirm variants using the
NCBI sequence NC_045512.2 as reference (Wu et al., 2020). Following
the anticipation of OmMet’s failure in identifying the BA.2.86 lineage
branches, due to mismatches in its forward primer (Fig. 1A), we
developed PiroMet-1. The forward primer and the probe were designed,
considering the BA.2.86 signatures identified by the aforementioned
analysis. The OmMet reverse primer was used, as previously described
(Corbisier et al., 2022). The sequences of the PiroMet-1 primers/probe,
together with the amplicon generated, and its position within the viral
genome are reported in Table 1 (Corbisier et al., 2022).

2.1.2. PiroMet-2
SARS-CoV-2 sequences were retrieved from positive patient samples

identified through the national surveillance program in Denmark. Se-
quences were aligned and BA.2.86 signature mutations in the spike
protein (Δ483/E484K) were identified for the PiroMet-2 PCR.

Complete, high quality SARS-CoV-2 genomes with ≥ 90 % ATCG-
count and ≤ 5 ambiguous sites were retrieved from positive patient
samples identified through the national surveillance program in
Denmark.Ta
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Genomes were aligned and mutations relative to the Wuhan-Hu-1
reference genome (Genbank Accn: NC_045512.2) were derived using
the Nextclade tool (Aksamentov et al., 2021) and a custom R script was
used to collate mutations over the study period. From here, the signature
mutations (Δ483/E484K) for the PiroMet-2 PCR were identified as po-
tential PCR targets.

The primers for the PiroMet-2 were modified for specific detection of
BA.2.86 by degeneration (Table 1), but are located as described previ-
ously (Spiess et al., 2023). To gain specificity for BA.2.86 the probe of
the PiroMet-2 PCR covered the Δ483 deletion in addition to the E484K

amino acid substitution.

2.2. In silico PCR simulation and sequence alignment

Consensus sequences were used to evaluate in silico the detectability
of the various assays, using the thermonucleotideBLAST software (Gans
and Wolinsky, 2008) with the following parameters: -e 20 -E 20 -l 200.
Sequence alignments were produced by using MAFFT online service
(Katoh et al., 2019) and alignments’ representations were obtained by
running the showseq tool of EMBOSS package (Rice et al., 2000). Among

Fig. 1. BA.2.86 sublineages divergence from other SARS-CoV-2 lineages may impact on the performance of SARS-CoV-2 diagnostic assays. A. Mutations in JN.1
targeted regions of primers/probe of WHO- recommended RT-PCR assays and methods developed by JRC OmMet and JRC-CoV-UCE.1 and JRC-CoV-UCE.2. JN.1
consensus sequence was obtained as previously described (Marchini et al., 2023). Alignment was carried out with 1116 JN.1 complete and high-quality sequences
deposited in GISAID. Bars represent the number of non-redundant mismatches/gaps present in the forward primer (blue), reverse primer (orange) and probe (gray) of
the various assays. B. The Venn diagrams show changes at the nucleic acid (left) or amino acid (middle) or Spike amino acid (right) sequence levels found in lineages
B.1.617.2, BA.1, and BA.2.86 that gave rise to the Delta, Omicron, and Pirola lineage branches, respectively. The diagrams indicate the number of distinct changes
that characterize each lineage in comparison with the Wuhan reference sequence and any changes shared among two lineages. Changes common to all three lineages
are highlighted in orange. Diagrams were obtained using covSPECTRUM (C. Chen et al., 2021), which was set to consider changes as belonging to a lineage if at least
90 % of the samples of the lineage had the change. Deletions are also included in the counts.
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the sequences deposited in GISAID and assigned to BA.2.86, we noted
that in 6.3 % of them the 3 base pair deletion corresponding to the amino
acid deletion of valine 483 residue on the spike protein (S:V483del), a
distinctive signature of Pirola, was inaccurately represented as NNN. For
those sequences with available raw datasets (as fastq files) in GISAID, we
verified manually that the three NNN erroneously replaced the base
deletion in the target region (Fig. S1). For sequences lacking raw data,
we postulated a similar scenario. Consequently, any predictions of PCR
efficiency decay attributed to the NNN in that region were deemed
invalid.

We also carried out in silico control analyses to exclude cross-
reactivity with other coronaviruses (including those causing common

cold, i.e. HCoV-OC43, HCoV-229E, HCoV-NL63). We used the sequence
of the oligonucleotides and amplicons reported in Table 1 as queries on
the online NCBI BLAST server (Altschul et al., 1990) to look for simi-
larities with publicly available sequences of Alphacoronavirus, Betacor-
onavirus, Gammacoronavirus and Deltacoronavirus. BLAST was run with
very relaxed parameters (i.e., blastn as algorithm, word size set to 7 and
no mask of regions of low compositional complexity). In silico PCR was
then performed to exclude that PiroMet-1 and PiroMet-2 assays would
unspecifically amplify some regions within the genome of these CoV.

Fig. 2. OmMet failed to detect the BA.2.86 lineage in contrast with JRC-CoV-UCE.2. A. Nucleic acid isolates from cells infected with different SARS-CoV-2 variants
tested by the OmMet PCR (Omicron variants specific). Late Ct detectable for high concentrated BA.2.86 cell culture isolate (>Ct 35), with >10 Ct difference to cells
infected with Omicron variants. B. Cell culture isolates from cells infected with different SARS-CoV-2 variants detected by the JRC-CoV-UCE.2 assay (general SARS-
CoV-2). Synthetic controls of the Wuhan-Hu-1 strain and the B.1.351 (Beta) variant were included as positive controls (1:1000 dilution of the original concentration),
and PCR grade water as negative control.
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Fig. 3. Development of PiroMet-1 and PiroMet-2 assays. A. Visual comparison of PiroMet-1 and PiroMet-2 together with the alignment of the corresponding target
regions in BA.2.86. The mutations of BA.2.86 incorporated in the primers/probe of the two assays are highlighted in red. For each method, the forward, probe and
reverse oligonucleotides are represented as green, blue, and red arrows, respectively. B and C. Method specificity. PiroMet-1 and PiroMet-2 PCRs were tested for
specificity using cell culture samples and synthetic RNA controls of SARS-CoV-2 variants. D and E. Limit of detection calculation. Limit of detection for the PiroMet-1-
and PiroMet-2 assays were determined by qPCR.
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2.3. Samples, sample processing, and RNA extraction procedures

2.3.1. Cell culture isolates and clinical samples
SARS-CoV-2 isolates were propagated in Vero E6 cells containing

Dulbecco’s Modified Eagle Medium with 5 % Fetal Calf Serum, 1 %
Penicillin/Streptomycin, and 10 mM HEPES buffer. The virus was har-
vested from the infected cell culture by a − 80 ◦C freeze/thaw cycle to
lyse infected cells and release any cell-associated virus. The passage 2
viral stocks used in this study had 50 % tissue culture infectious dose
titres per mL of 2.89 × 105–5.15 × 106. The accession numbers for the
individual strains are as follows: OY747656 for the BA.2 strain SARS-
CoV-2/Hu/DK/SSI-H68/2023; OY747657 for the XBB.1.4 strain SARS-
CoV-2/Hu/DK/SSI-H116/2023; OY747654 for the EG.5.1 strain SARS-
CoV-2/Hu/DK/SSI-H121/2023; and OY747653 for the BA.2.86 strain
SARS-CoV-2/Hu/DK/SSI-H135/2023. Clinical cases positive for human
coronavirus were sampled and diagnosed at Danish hospitals from 14 to
24 November 2023 subsequently confirmed by NGS at SSI (Rasmussen
et al., 2023). Total nucleic acid from SARS-CoV-2 patient- and cell cul-
ture isolates was extracted with the MagNA Pure96 extraction robot
using the MagNA Pure 96 DNA kit (Roche). Extraction was performed
according to the manufacturer’s protocol with 200 μL input and 100 μL

elution volumes.

2.3.2. Wastewater samples
A total of 18 wastewater samples (up to five per month; Supple-

mentary Table 1), collected from different locations in Italy between
September and December 2023 as a part of the monthly surveys for
variant identification (see https://www.iss.it/cov19-acque-reflue),
were tested. The selected samples included all those for which the
presence of either Omicron EG.5 (13 samples) or JN.1 (5 samples)
variants had already been proved by sequencing analysis. This panel was
therefore intended to provide a manageable and yet representative
sample set for the validation of our real-time RT-PCR assay on naturally
contaminated wastewater samples. The sampling methodology, viral
concentration, and nucleic acid isolation of these samples were con-
ducted following a standardised protocol (La Rosa et al., 2021) as
delineated in prior studies (La Rosa et al., 2022). In summary, samples
were heat-inactivated at 56 ◦C for 30 min, then concentrated using a
polyethylene glycol (PEG)-based technique. The RNA was isolated using
magnetic silica beads and further purified with the OneStep PCR In-
hibitor Removal Kit (Zymo Research) before preservation at − 80 ◦C for
molecular analysis. The protocol used for variant analysis was a long-
nested PCR assay of the spike protein (approximately 1,330 base
pairs), followed by Sanger sequencing.

2.4. RT-PCR testing

The digital RT-PCR conditions of the OmMet and JRC-CoV-UCE as-
says have been previously described (Marchini et al., 2023; Corbisier
et al., 2022). The PiroMet-1 and PiroMet-2 were tested on a Bio-Rad CFX
real-time PCR system. Master mixes contained: 12.5 μL of Luna universal
probe one-step RT-qPCR reaction buffer (New England BioLabs Inc.).
1.25 of Luna Warm Start RT-qPCRs enzyme mix, primer and probes at a
final concentration of 0.4 μM and 0.2 μM, respectively, DNase/RNase-
free water, and 5 μL of the template for a total volume of 25 μL.
Cycling conditions were as follows: reverse transcription at 55 ◦C for 10
min, followed by an initial denaturation step at 95 ◦C for 3 min, and 45
cycles of amplification consisting of 15 s at 95 ◦C and 30 s at 62 ◦C
(PiroMet-1) or 58 ◦C (PiroMet-2). For the wastewater analysis, the Pir-
oMet PCRs were multiplexed together with the OmMet or JRC-CoV-UCE
PCRs, here an annealing temperature of 60 ◦C was chosen.

PCR curves were evaluated using Bio-Rad CFx software and CT and
end relative fluorescent units (RFU) were exported as .CSV files. Files
were imported into a laboratory database for data analysis.

2.5. Annealing temperature optimization

Clinical samples and cell culture isolates positive for SARS-CoV-2,
including BA.2.86, were tested at different annealing temperatures to
determine the optimal temperature following the protocol described
under 2.4. Four different annealing temperatures ranging from 58.0 to
62.0 ◦C were tested.

2.6. Analytical sensitivity

To calculate the limit of detection for the PiroMet-1 and PiroMet-2
PCRs, cell culture propagated BA.2.86 was purified and quantified by
digital PCR on a naica system (Stilla Technologies) using E Sarbeco
primer-probe set (Corman et al., 2020). Each reaction consisted of 1×
qScript XLT 1-Step Toughmix (QuantaBio), 0.8 μM primers, 0.3 μM
probe and 100 nM disodium fluorescein (VWR). Three series of two-fold
dilutions and a no template control were analysed in duplicate on a Ruby
(Stilla) chip with the following cycling conditions: 50 ◦C for 10 min,
95 ◦C for 1 min, 45 cycles of 95 ◦C 10 s and 58 ◦C for 40 s. Images were
captured according to manufactures recommendations and quantified
with Crystal Miner v4 software (Stilla).

For determination of the limit of detection, the digital PCR quantified

Fig. 4. BA.2.86 sublineages are specifically detected by the PiroMet-1 and
PiroMet-2 assays in clinical samples. A. Detection of BA.2.86 (upper panel) and
JN.1 (lower panel) sublineages in positive clinical samples using the PiroMet-1
and PiroMet-2 assays. B. Assay specificity. Specificity of PiroMet-1 and PiroMet-
2 assays was tested with clinical samples known to be positive by whole genome
sequencing for the four different SARS-CoV-2 lineages.
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RNA was diluted in two-fold dilutions from 128 to 1 copy/5 μL reaction.
11 technical replicates of each concentration were analysed with both
PiroMet-1 and PiroMet-2 using conditions described above. The exper-
iments were repeated 3 times for each assay. The fractions of positive
samples for a total of 33 repeats was calculated for both PiroMet-1 and
PiroMet-2. The limit of detection (LoD) was calculated using non-linear
log vs. response least squares fit (Hill slope constrained to 1) in

GraphPad Prism version 10 (GraphPad).

2.7. Assay validation

Prior to validation with clinical samples, the following positive
detection criteria were defined, based on assay performance with
cultured virus. For the PiroMet-1 PCR, detection was based on CT values

Fig. 5. Specificity analysis of duplex PCRs using mixed SARS-CoV-2 RNA targets extracted from cell culture. A and B. RNAs from Omicron BA.2 and/or JN.1 (Pirola)
sublineages were mixed in different proportions and analysed for the OmMet, PiroMet-1 or PiroMet-2 assays, all in duplex with the JRC-CoV-UCE.2 assay. A.
Concentrations in genome copies/μL of SARS-CoV-2 targets in mixed RNA samples. B. Relative amount of SARS-CoV-2 specific targets over the total amount of SARS-
CoV-2. The total viral content is given by the JRC-CoV-UCE.2 universal assay (dark blue bar).
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(CT values cut-off between 12 and 36) and for the PiroMet-2 PCR a CT
value<38 and an End RFU of>30 % of the BA.2.86 positive run control.

The specificity of the PiroMet-1 and PiroMet-2 assays was confirmed
by re-analysing SARS-CoV-2 positive clinical samples for which sub-
lineage calls by whole genome sequencing were available. 40 BA.2.86.1,
40 JN.1, 8 EG.5 and 8 XBB.1.16 samples were selected and analysed as
described above.

2.8. Quantification of viral load by digital RT-PCR on wastewater
samples

Digital RT-PCR analysis was conducted using the QIAcuity Four 5-
plex digital PCR system (Qiagen), using the 4× One-Step Advanced
Probe Master Mix (Qiagen). Each reaction (40 μL per well) consisted of
1× QIAcuity One-Step Viral PCR Master Mix, 1× One-Step Advanced RT
Mix (Reverse Transcription), 0.4 μM of each forward and reverse

Fig. 6. Concentration of SARS-CoV-2 variants in wastewater samples from Italy. A. Box plot illustrating the amount of SARS-CoV-2 (genomes copies/μL) and its
variants in wastewater samples between October and December 2023. The lines of the box represent the 25th, 50th and 75th percentile (bottom, middle, and top
lines, respectively); whiskers show the range from minimum to maximum values. B. Line chart illustrating the relative percentage of variant RNA copies detected
with RT-PCR OmMet, PiroMet-1, PiroMet-2 assays over the total SARS-CoV-2 RNA copies detected with the JRC-CoV-UCE.2 universal assay.
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primers, 0.15 μM (PiroMet-1, PiroMet-2, OmMet) and 0.05 μM (JRC-
CoV-UCE.2) of probe, RNase-Free Water up to 36 μL and 4 μL of
extracted RNA. Three duplex assays were performed: JRC-CoV-UCE.2/
OmMet, JRC-CoV-UCE.2/PiroMet-1, and JRC-CoV-UCE.2/PiroMet-2.
For each sample, two technical replicates were performed. Cycling
conditions were as follows: reverse transcription for 40 min at 50 ◦C,
enzyme activation for 2 min at 95 ◦C, followed by 45 cycles of 5 s at
95 ◦C and 30 s at 60 ◦C. The measurements were performed using a 24-
well nanoplate with approximately 26,000 partitions.

Partitions were imaged with 500 ms exposure time, with gain set to 6
for both channels (green and yellow). The QIAcuity Software Suite
version 2.5.0.0 was used to determine sample thresholds using positive
and no-template control wells according to the manual global threshold
approach. Samples were considered positive if they exhibited at least
three positive partitions in one of the two replicates. Lastly, the results
were normalised to correct for the day-to-day and nanoplate-to-
nanoplate variability (the average of the positive control was used for
normalization).

3. Results

3.1. OmMet assay fails to detect BA.2.86 lineages in contrast to JRC-
CoV-UCE.2 assay

The BA.2.86 lineage and its sublineages, including the JN.1 lineage
prevalent as of March 2024, have undergone extensive genomic evolu-
tion characterised by numerous mutations, including point mutations,
deletions, and insertions, as illustrated in Fig. 1B (left panel). Specif-
ically, when compared with the original Wuhan-Hu-1 (Index) lineage
and the Omicron BA.1 lineage, a significant divergence is evident with
176 and 111 nucleotide mutations, respectively. At the amino acid level,
these mutations translate in 99 and 57 unique changes (Fig. 1B middle
panel), respectively. Among these unique changes, 59 and 37 occurred
in the amino acid sequence of the Spike protein in comparison to
Wuhan-Hu-1 and Omicron BA.1, respectively.

We generated seven consensus viral genomic sequences of the
BA.2.86 lineage and its main branches (BA.2.86.1, BA.2.86.2, BA.2.86.3,
JN.1, JN.2 and JN.3), from a total of 45,059 GISAID sequences assigned
to either BA.2.86* or JN* sublineages (75 % of the whole branch as of
January 30, 2024). To evaluate the sequence similarity with currently
used methods, we compared the consensus sequences with the primer
sets of the 14 WHO recommended RT-PCR assays, and with the two
assays previously developed by our team, namely the OmMet and JRC-
CoV-UCE duplex assay (JRC-CoV-UCE.1 and JRC-CoV-UCE.2). 100 %
nucleotide sequence identity between primers/probe and corresponding
viral sequences was found for the JRC-CoV-UCE.2 assay (Marchini et al.,
2023) and eight WHO recommended assays, namely the 2019-nCoV N2
and 2019-nCoV N3 (Centers for Disease Control and Prevention, 2020a,
2020b), the RdRP SARSr and N Sarbeco (Corman et al., 2020), the CDC
ORF1 ab (Chinese Center for Disease Control and Prevention, 2020),
RdRp gene/nCoV IP4 (Institut Pasteur, Paris, n.d.), NIID 2019 nCOV N
(Shirato et al., 2020) and HKU-N (HKU, HK) (Chu et al., 2020). A single
nucleotide mismatch was found in the reverse primers of the nCoV IP2
(Institut Pasteur, Paris, n.d.) and HKU-ORF1b-nsp14 assays (Chu et al.,
2020), two mismatches in the forward primer of E Sarbeco (Corman
et al., 2020), three mismatches in the internal probe of the 2019-nCoV
N1 (Centers for Disease Control and Prevention, 2020a, 2020b) and in
the forward primer of CDC-N assay (Chinese Center for Disease Control
and Prevention, 2020) which also included another mismatch in its
reverse primer. The WH-NICN assay (Department of Medical Sciences,
Ministry of Public Health, n.d.) developed in 2020, presented nine
mismatches all within its reverse primer, most likely precluding the
ability of this assay to recognize the BA.2.86 lineages and branches. We
also identified five mismatches within the forward primer and one
mismatch within the probe of the OmMet assay (Corbisier et al., 2022).
This assay was developed by the Joint Research Centre (JRC) at the time

of the appearance of Omicron and was proven to be able to detect all
Omicron variants before BA.2.86.

Based on the high number of mismatches found in the primers of the
OmMet assay, we first ran in silico PCR simulations using the consensus
sequences as a template which predicted the failure of OmMet assay to
detect BA.2.86 sequences (data not shown). These results prompted us to
verify the performance of OmMet assay. To this end, we used 10-fold
serially diluted RNA extracted from cell culture isolates of BA.2.86
and other Omicron variants, and synthetic viral RNA of the original
Wuhan-Hu-1 and Beta lineages. In agreement with the in silico PCR
simulations, the RT-PCR analysis confirmed inability of the OmMet
assay to efficiently detect BA.2.86, with a notable difference of >10 Ct
values compared to other Omicron sublineages when using the same
quantity of RNA input (Fig. 2A). Concurrently, the JRC-CoV-UCE.2
assay, was able to amplify BA.2.86, confirming its ability to amplify
all SARS-CoV-2 variants (Fig. 2B), as foreseen in (Yang et al., 2023) and
from our alignment.

3.2. Development of PiroMet-1 and PiroMet-2 assays

Building upon the identified primer/probe mismatches, we refined
the OmMet assay by introducing modifications to both the forward
primer and the probe, resulting in a lineage-specific set of primers
tailored to BA.2.86* (Table 1). We called the new RT-PCR assay,
PiroMet-1 (Pirola Method). In addition, we developed a second assay,
PiroMet-2, built upon the same BA.2.86 signatures as PiroMet-1. How-
ever, PiroMet-2 targets BA.2.86 sublineages through the probe rather
than the forward primer (Fig. 3A) and produces an amplicon slightly
larger (69 base pairs) than that generated by PiroMet-1 (Table 1).

After revealing the inability of the OmMet assay to recognize the
BA.2.86 lineage, we conducted an RT-PCR simulation to evaluate the
specificity of PiroMet-1 and PiroMet-2 in silico, using the same set of
consensus sequences previously employed in the OmMet analysis as
templates. In silico PCR simulation predicted excellent matching and a
high specificity and efficiency for both PiroMet-1 and PiroMet-2 assays,
with the theoretical detection of 100 % of BA.2.86 sublineages regis-
tered in GISAID at the time of writing.

Furthermore, BLAST alignment and in silico PCR analysis did not
identify any similarities between PiroMet-1 and PiroMet-2′ amplicons
and oligonucleotides with the genome of other coronaviruses belonging
to the genera Alphacoronavirus, Betacoronavirus (with the exception of
SARS-CoV-2), Gammacoronavirus and Deltacoronavirus including human
coronaviruses causing mild upper respiratory infectious in humans. We
thus concluded that, at least according to the current knowledge of
deposited and available sequences, no PCR amplification is possible on
nucleic acids from other than SARS-CoV-2 coronaviruses.

We first ran a temperature gradient optimisation to find the optimal
annealing temperature for the two assays using clinical samples and cell
culture isolates. A temperature of 58 ◦C or 62 ◦C was selected for
PiroMet-1 and PiroMet-2, respectively. We then evaluated the specificity
of the two assays using clinical samples tested positive for different
SARS-CoV-2 variants (Fig. 3B and C). Both PiroMet-1 and PiroMet-2
demonstrated high specificity for BA.2.86. While PiroMet-1 produced
a signal close to background levels for the higher concentrated sample of
the XBB1.4.1 sublineage (more than a 15 Ct difference compared to
BA.2.86), a low signal was observed with PiroMet-2 for the EG.5.1
sublineage, but below the detection criteria >30 % of the positive
control. Moreover, given that EG.5.1 has nearly disappeared, accounting
for <0.5 % of deposited sequences from April to July 2024 our in silico
analysis on GISAID deposed sequences, we concluded that both assays
are highly specific for BA.2.86 sublineages with PiroMet-1 being
exclusive for these sublineages.

We then calculated the analytical limit of detection for both assays
using serial dilutions of the BA.2.86 RNA. The PiroMet-1 and PiroMet-2
assays have detection limits of 9 copies per 5 μL reaction (95 % confi-
dence interval: 6 to 13 copies) and 10 copies per 5 μL reaction (95 %
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confidence interval: 6 to 15 copies), respectively. Therefore, the limit of
detection for both assays is close to the theoretical minimum of
approximately 3 copies per reaction, which corresponds to about 1.2–2
copies per μL. These results indicate that both PiroMet-1 and PiroMet-2
can detect BA.2.86 sublineages with high-level sensitivity. (Fig. 3D and
E). Additionally, we examined if PiroMet-1 would maintain its perfor-
mance using the OmMet probe, given that the two probes differ by only
the first nucleotide. The PiroMet-1 performs with similar efficiency with
the probe from the OmMet method, showing no discrepancies in per-
formance between the two probes (Fig. S2).

We further evaluated the capability and specificity of PiroMet-1 and
PiroMet-2 in identifying BA.2.86 sublineages within clinical specimens.
To this end, we analysed 40 clinical samples known to contain BA.2.86
and another 40 samples positive for the JN.1 variant, each with varying
viral concentrations (Fig. 4A). As negative controls, we included clinical
samples positive for EG.5.1 (n = 8) and XBB.1 (n = 8) Omicron sub-
lineages as determined by SARS-CoV-2 whole genome sequencing.
Consistent with prior findings, PiroMet-1 and PiroMet-2 confirmed their
high specificity on clinical samples, successfully detecting BA.2.86
sublineages in all examined samples. In contrast, both assays were un-
able to detect the EG.5.1 and XBB.1 variants (Fig. 4).

3.3. Development of a strategy for the monitoring of BA2.86* in
wastewater samples

Based on our results, we devised a targeted approach for wastewater
surveillance to determine the prevalence of BA.2.86 in a community
over a specific period. This strategy aimed to detect and quantify
BA.2.86* among various SARS-CoV-2 lineages in wastewater samples,
offering a quick and cost-effective alternative to sequencing. It consists
of two duplex digital RT-PCR assays in which we combine the JRC-CoV-
UCE.2 assay, capable of quantifying all SARS-CoV-2 (100 %) in a sample
with either OmMet or with one of the PiroMet assays. The duplex assay
including the OmMet aims to measure the relative fraction of Omicron
sublineages excluding BA.2.86*. In contrast, the duplex with PiroMet, is
designed to specifically quantify the fraction of BA.2.86 sublineages
relative to the total SARS-CoV-2 virus in the sample. Firstly, we per-
formed proof-of-concept digital RT-PCR experiments testing both duplex
assays using viral mRNAs of BA.2 and JN.1 sublineages, isolated from
cell cultures, individually or mixed in various ratios. These trials vali-
dated our hypothesis that the assays could function in a duplex format.
Notably, PiroMet assays in combination with JRC-CoV-UCE.2 success-
fully identified low levels of JN.1 against a predominant background of
BA.2. (Fig. 5).

Secondly, we applied our strategy to 18 RNAs extracted from
wastewater samples, collected in Italy in the period September–De-
cember 2023 (three samples in September, five samples for each month
in October, November and December), and preliminarily screened by
nested PCR and Sanger sequencing to identify the dominant SARS-CoV-2
sublineages (Supplementary Table 1). In these samples, BA.2.86 lineage
specific mutations were detected only in December 2023, whereas in the
previous months, only the XBB.1.5/XBB.1.9 associated mutations were
identified.

We analysed these wastewater samples with digital RT-PCR,
employing JRC-CoV-UCE.2/OmMet, JRC-CoV-UCE.2/PiroMet-1, and
JRC-CoV-UCE.2/PiroMet-2 duplex assays. The results showed a low
prevalence of total SARS-CoV-2 in September, which was supposedly
under the quantification limit (data not shown). The total viral con-
centration rose during October and November, with a marked increase
in December (Fig. 6). Notably, BA.2.86* was absent in the October
samples but began to emerge in November and increased in December,
alongside a decrease in other Omicron sublineages. Interestingly,
despite Sanger sequencing failed to detect BA.2.86* in November within
a background rich in EG.5, the duplex assays incorporating PiroMet
were able to detect the presence of BA.2.86* even when it was a minor
fraction of the Omicron sublineages. However, the expected positive

percentage agreement (PPA) and negative percentage agreement (NPA)
with the Sanger sequencing were both high. PiroMet 1 and PiroMet2
consistently detected the presence of BA.2.86, matching Sanger
sequencing results in five out of five December samples (PPA 100 %),
and did not produce false positive results in the eight BA.2.86 negative
samples collected in September and October, containing the Omicron
EG.5 sublineage. These results reflect the assays’ capability to specif-
ically and accurately identify BA.2.86 sublineages. This highlights the
benefits of the incorporation of this strategy in wastewater surveillance,
particularly when next-generation sequencing is often replaced with
Sanger sequencing due to budgetary constraints.

4. Discussion

Nearly ten months from its first detection in July/August 2023,
BA.2.86 lineage has diversified into >150 sublineages, with one in
particular, JN.1, becoming the dominant lineage worldwide (Kaku et al.,
2024a). When compared to previous primary lineages, like B.1.617.2
(Delta) and BA.1 (Omicron), BA.2.86 exhibits a significant array of
additional mutations. The high number of changes observed in
BA.2.86*, particularly in the Spike encoding region (as well as in other
parts of the genome), underscores the ability of the virus to evolve,
leading to the development of quite distinct lineages.

Overall, these mutations may affect the detection of the virus by
diagnostic assays, as previously reported by us and others for other
variants (Yang et al., 2023; Vasudevan et al., 2021; Heijnen et al., 2021;
Corbisier et al., 2022; Yan et al., 2021). It is therefore important to
validate sensitivity and specificity of the various SARS-CoV-2 diagnostic
assays, many of them developed during the first year of the pandemic for
variants no longer in circulation, against the emerging BA.2.86 sub-
lineage and future variants.

In this study, we present two novel independent RT-PCR-based
methods, PiroMet-1 and PiroMet-2, specifically designed to detect
BA.2.86*. To the best of our knowledge, these represent the first BA.2.86
specific RT-PCR assays described to date. Unlike existing RT-PCR stra-
tegies that may depend on the failure of amplifying a mutated S-gene
target, the two assays developed here enable direct specific identifica-
tion of BA.2.86* and its related sublineages without detecting prior
Omicron lineages. The assays display high sensitivity, even in samples in
which BA.2.86* is present in low abundance and in a background of
other environmental RNAs including RNAs from other SARS-CoV-2
variants. When combined with other assays such as JRC-CoV-UCEs,
each PiroMet assay can provide insights into the relative quantities of
BA.2.86* in samples containing different SARS-CoV-2 lineages, such as
wastewater samples.

The principal difference between the two assays lies in their response
to BA.2.86 negative samples, yet containing other SARS-CoV-2 sub-
lineages. PiroMet-1 does not generate any BA.2.86 amplicon due to the
annealing failure of the forward primer. In contrast, PiroMet-2 can
produce an amplicon, but will not produce any fluorescent signal due to
the inability of the BA.2.86-specific probe to bind. This distinction al-
lows laboratories to select the method that best suits their diagnostic
setup. For instance, they could use either PiroMet assay in combination
with the JRC-CoV-UCE.2 assay (Marchini et al., 2023), or an equivalent
assay to detect all SARS-CoV-2 variants. According to our in silico ana-
lyses, the methods presented here are also able to recognize the new
variants KP.*, including KP.2 (data not shown), which has been recently
estimated to potentially become the new predominant lineage world-
wide (Kaku et al., 2024b). Our in silico PCR analyses have predicted that
most of the WHO-recommended assays remain effective in identifying
BA.2.86* sequences.

In the process of designing our assays in silico, we observed that the
distinctive 3 bp deletion (corresponding to S:V483del), at the basis of the
development of PiroMet-1 and PiroMet-2, is not always consistently
reported in the final assembled sequences, and became evident only
after manual inspection of the raw data. The “misdetection” of the

K. Spiess et al. Science of the Total Environment 954 (2024) 176365 

11 



nucleic acid deletion (and consequently of the deleted amino acid) could
be attributed to alignment errors between target and reference genomes
with a high degree of similarity in adjacent codons. We have encoun-
tered difficulties in retrieving raw datasets belonging to the BA.2.86
lineage, as many laboratories do not deposit raw sequence data, but only
final assembled genomic sequences. This can limit the confidence in the
characterisation of a novel emerging lineage such as BA.2.86 with its
related variants, which is crucial for surveillance purposes. Hence, we
recall and strongly recommend the use of standardised, harmonised
FAIR bioinformatics workflows to enhance reliability and reproduc-
ibility in variant detection (Goble et al., 2023; de Visser et al., 2023).
This, along with the FAIR+E principles for data sharing (Neves et al.,
2023), is critical for the effective execution of genomic surveillance and
alignment with WHO guidelines (World Health Organization, 2022).

An alternative/complementary approach to PCR-based methods,
applied in wastewater surveillance is the use of next-generation
sequencing (NGS) followed by complex bioinformatics analysis. While
NGS excels in detecting rare variants and providing extensive genomic
insights (Yousif et al., 2023; Lipponen et al., 2024), it demands signifi-
cant resources, expertise and infrastructure, rendering it less accessible
for continuous surveillance (Akande et al., 2023). Furthermore, with an
eye towards cost-effectiveness, there has been a tendency to use the
more economical Sanger sequencing (Veneri et al., 2024; Frydman et al.,
2024). While Sanger sequencing offers certain advantages, it notably
falls short in accurately detecting minority variants within samples that
contain a mix of different variants (Iaconelli et al., 2017; Suffredini
et al., 2018).

Our strategy with mutation-specific digital RT-PCR assays, particu-
larly for analysing SARS-CoV-2 RNA in wastewater, enables an efficient,
rapid, and reliable monitoring of variants circulating within a commu-
nity. It consists of two duplex digital RT-PCR assays in which we
combine the JRC-CoV-UCE.2 assay, capable of quantifying all SARS-
CoV-2 present in a sample, with lineage-specific detection methods
such as OmMet or with PiroMet-1. This strategy can be adopted when it
is not feasible to perform NGS. Furthermore, the strategy can be easily
adapted by considering new lineage-specific assays to evaluate the
spread of new emerging lineages. For example, in a BA.2.86* dominant
background, a method able to specifically detect a new variant different
from any BA.2.86* can be designed, in silico tested, validated on real
samples, and coupled in a duplex with PiroMet-1 or JRC-CoV-UCE.2
methods. A decline in performance or failure of detection with
PiroMet-1 but not with JRC-CoV-UCE.2 is indicative of the emergence of
a new potential variant, as it may indicate that the virus is acquiring new
mutations in the primer/probe regions of PiroMet-1. This decay in
performance may suggest the emergence of a potentially new variant,
thereby enhancing our ability to detect and respond to viral evolution.
Conversely, if mutations occur outside the regions recognized by the
primers/probes, PiroMet-1 will continue to recognize the new sub-
variants but will not distinguish them from previous ones. This is
exemplified by the recent JN.1 subvariants KP.2 and KP.3 which are
becoming dominant in US and rising in other part of the world, including
Europe. These subvariants feature an additional deletion (S:S31del)
outside the primers/probe regions of PiroMet-1 and PiroMet-2 and are
therefore predicted by in silico PCR to be still detected by the two assays.
This underscores the need for ongoing surveillance and sequencing to
monitor and understand SARS-CoV-2 genomic changes.

The target region of OmMet, PiroMet-1 and PiroMet-2 is particularly
suitable for designing lineage-specific methods, as it corresponds to the
receptor-binding motif present in the S1 domain of the spike protein
(Omotoso et al., 2021; Ashwaq et al., 2021). This motif is a known
hotspot of mutations featuring the turnaround of dominant variants, as
already observed in the Delta-Omicron replacement and more recently
in the Omicron evolution to BA.2.86*. As the virus continues to evolve,
these assays could be instrumental in detecting the emergence of new
variants, particularly if BA.2.86* levels decline while the overall SARS-
CoV-2 concentration remains stable. This capability can alert the

scientific community and public health officials, potentially enhancing
surveillance efforts and informing science-based decision-making
processes.

5. Conclusions

We have developed and validated PiroMet-1 and PiroMet-2 (d)RT-
PCR based assays for the rapid identification and monitoring of the
SARS-CoV-2 BA.2.86 variant and its sublineages. These assays have
demonstrated high specificity and sensitivity, effectively detecting as
low as 1–2 copies per microliter. By integrating these assays with the
OmMet and JRC-CoV-UCE.2 assays, we were able to accurately quantify
the presence of BA.2.86 alongside other variants in wastewater samples.
The adoption of these digital RT-PCR assays offers a rapid, cost-effective
alternative to sequencing, enhancing our ability to monitor the spread of
SARS-CoV-2 variants through routine wastewater surveillance. Hence,
the two assays extend our surveillance capabilities to monitor currently
circulating SARS-CoV-2 variants, as well as alert for their further
evolution.
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