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Less than a year following the Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) outbreak, variants
of concern have emerged in the form of variant Alpha (B.1.1.7, the British variant) and Beta (B.1.351, the South
Africa variant). Due to their high infectivity and morbidity, it has become clear that it is crucial to quickly and
effectively detect these and other variants. Here, we report improved primers-probe sets for reverse transcriptase
quantitative polymerase chain reaction (RT-qPCR) for SARS-CoV-2 detection including a rapid, cost-effective,
and direct RT-qPCR method for detection of the two variants of concern (Alpha, B.1.1.7 and Beta, B.1.351).
All the developed primers-probe sets were fully characterized, demonstrating sensitive and specific detection.
These primer-probe sets were also successfully employed on wastewater samples aimed at detecting and even
quantifying new variants in a geographical area, even prior to the reports by the medical testing. The novel
primers-probe sets presented here will enable proper responses for pandemic containment, particularly consid-

ering the emergence of variants of concern.

1. Introduction

The SARS-CoV-2 world pandemic erupted in early 2020 with rising
numbers in morbidity and mortality. SARS-CoV-2 was recognized as an
RNA virus, therefore detection methods emerging for immediate
response were mainly based on of reverse transcriptase quantitative
polymerase chain reaction (RT-qPCR) (Lu et al., 2020). In RT-qPCR,
RNA is extracted, undergoes reverse transcription for DNA strand gen-
eration, followed by PCR amplification and TagMan probes fluorescence
detection. To date, RT-qPCR is the most common methodology for
SARS-CoV-2 diagnostics (Vogels et al., 2020).

Starting in September 2020, new variants of concern of SARS-CoV-2
virus began to be detected in patients (Mercatelli and Giorgi, 2020).
Amongst them, the variants termed the Alpha Variant (British, B.1.1.7)
and the Beta variant (South Africa, B.1.351) became dominant
compared to the original SARS-CoV-2 virus (Wang et al., 2021). Due to
their higher infection rate and high morbidity, identification of these
variants in the population became essential. This led for a search for a

diagnostic tool that could quickly and efficiently distinguish between
the variants to help evaluate their distribution. Such “variant mapping”
provides much needed information to enforce appropriate policy for
pandemic containment.

Currently, three methodologies have been developed for SARS-CoV-
2 variant diagnostics. The first methodology, that is still the one being
mainly employed, is the next generation sequencing (NGS) approach
(Andrés et al., 2020; Khan et al., 2020). In NGS the entire variant’s
genome is sequenced. Despite the importance of this technique for
identification of new variants, it is time-consuming (three to five days
minimum) and requires significant financial means and data analysis
(Korber et al., 2020) (https://www.protocols.io/about).

Additional detection methods are based on RT-qPCR and include a
“drop-out” signal, available in commercial kits (such as TagPath COVID-
19 diagnostic tests, Thermo Scientific, Helix® COVID-19 Test) or uti-
lizing a method published in a recent study (Vogels et al., 2021). These
methodologies use RT-qPCR with two different markers, a double signal
manifest for the original SARS-CoV-2 virus, while only a single signal
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manifest for the targeted variant. Another detection methodology uses
the characterization of ACt between one detection signal and another,
amongst the different variants (Kovacova et al., 2021). These current
RT-qPCR approaches for variant detection, though significantly faster
and more cost-effective than the NGS methodology, focus on indirect
detection and may result in false/inconclusive identification. Therefore,
there is still a great need for detection methods with improved speci-
ficity, sensitivity and speed of detection of SARS-CoV-2 variants. Such
advanced methodologies will be amenable for clinical diagnostics as
well as for environmental-derived quantification, greatly improving
wastewater and population level epidemiological investigation. Recent
commercial developments such as PerkinElmer® or GT molecular™
offers detection kits for Alpha and Beta variants of concern, however the
design specifics are not available and therefore cannot be reviewed.

Urban sewage treatment is carried out through wastewater treatment
plants that are usually separated from industrial sewage. Therefore,
wastewater sampling is often used as an epidemiological tool, as it can
provide a snapshot of the microbial lineages and their diversity in the
population (Martin et al., 2020). Although wastewater samples are not
unbiased and present some challenges when monitored, many studies
and countries have adopted this methodology as it provides a more
reliable representation of population morbidity status compared to
volunteered clinical tests (reviewed in Ahmed et al., 2020b; Hart and
Halden, 2020; Hill et al., 2020; Polo et al., 2020).

In the present study, we developed primer-probe sets for an
improved and sensitive detection of SARS-CoV-2. Moreover, we devel-
oped a RT-qPCR assay for the direct detection of the SARS-CoV-2 Alpha
variant, B.1.1.7 and Beta variant, B.1.351. Our design was tested on S
gene deletion and non-deletion DNA templates and on RNA originating
from wastewater samples in order to assess the sensitivity and specificity
of the described primer sets.

2. Methods
2.1. Primers and probes design

The original sequence of SARS-CoV-2 (NC_045512.2) was taken from
NCBI database. Alpha, B.1.1.7 variant (EPI_ISL_742238) and Beta,
B.1.351 variant (EPI_ISL_736935) sequences were taken from GISAID
database (Shu and McCauley, 2017). The probe design focused on the S
gene 21724-21828 bp location that includes the Alpha variant deletion
69-70 or S gene 22243-22331 bp location that includes the Beta variant
deletion 241-243. All primers and probes were purchased through In-
tegrated DNA Technologies (IDT). ZEN Quencher was added to the
probes as a second, internal quencher in qPCR 5'-nuclease assay. To
allow a possibility for duplex assay, S1 probe was assigned a 6-carboxy--
fluorescein (FAM) fluorophore and SA69 probe was assigned to Yakima
Yellow (YakYel) fluorophore. SA241 probe was assigned with FAM as
well.

2.2. RT-gPCR

RT-qPCR was executed using One Step PrimeScript III RT-qPCR mix
using standard manufacture protocol (RR600 TAKARA, Japan). Each
reaction mixture contains primers (0.5 pM each), probe (0.2 pM each),
ROX reference dye and 5 pL of DNA or RNA (dH30 was added to a final
volume of 20 pL reaction volume). RT-qPCR amplification was executed
using Step One Plus real-time PCR system (Applied Biosystems, Thermo
Scientific). In addition to what is described above, in each run, all RT-
qPCR experiments included quality controls. The first control was
using water samples instead of DNA/RNA (Non template control (NTC)).
The second control, used for RNA extractions, was MS2 phage detection
(Dreier et al., 2005).
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2.3. Calibration curves and limit of detection determination

Calibration curves were performed on a known-positive DNA gene
block. For N gene detection, standard CDC positive control plasmid was
purchased from Integrated DNA Technologies (IDT). For S gene detec-
tion, two different gene blocks were used. The first gene block, con-
taining SARS-CoV-2 S gene sequence as reported for Wuhan-Hu-1
(NC_045512.2): TACCCTGACAAAGTTTTCAGATCCTCAGTTTTA-
CATTCAACTCAGGACTTGTTCTTACCTTTCTTTTCCAATGT-
TACTTGGTTCCATGCTATACATGTCTCTGGGACCAATGGTACTAA-
GAGGTTTGA-
TAACCCTGTCCTACCATTTAATGATGGTGTTTATTTTGCTTCCACTGA-
GAAGTCTAACATAATAAGAGGCTGGATTTTTGGTACTACTTTA-
GATTCGAAGACCCAGTCCCTACTTATTGTTAA-
TAACGCTACTAATGTTGTTATTAAAGTCTGTGAATTTCAATTTTG-
TAATGATCCATTTTTGGGTGTTTATTACCACAAAAACAA-
CAAAAGTTGGATGGAAAGTGAGTTCAGAGTTTATTCTAGTGCGAA-
TAATTGCACTTTTGAA-
TATGTCTCTCAGCCTTTTCTTATGGACCTTGAAGGAAAA-
CAGGGTAATTTCAAAAATCTTAGGGAATTTGTGTTTAAGAA-
TATTGATGGTTATTTTAAAATATATTCTAAGCA-
CACGCCTATTAATTTAGTGCGTGATCTCCCTCAGGGTTTTTCGGCTT-
TAGAACCATTGGTAGATTTGCCAATAGGTATTAA-
CATCACTAGGTTTCAAACTTTACTTGCTTTACATA-
GAAGTTATTTGACTCCTGGTGATTCTTCTTCAGGTTGGA-
CAGCTGGTGCTGCAGCTTATTATGTGGGTTATCTTCAACCTAGG. The
second gene block containing S gene sequence matching the reported
69-70 deletion of the Alpha variant (B.1.1.7) as well as the reported
241-243 deletion of the Beta variant (B.1.351): TACCCTGA-
CAAAGTTTTCAGATCCTCAGTTTTA-
CATTCAACTCAGGACTTGTTCTTACCTTTCTTTTCCAATGT-
TACTTGGTTCCATGCTATCTCTGGGACCAATGGTACTAAGAGGTTTGA-
TAACCCTGTCCTACCATTTAATGATGGTGTTTATTTTGCTTCCACTGA-
GAAGTCTAACATAATAAGAGGCTGGATTTTTGGTACTACTTTA-
GATTCGAAGACCCAGTCCCTACTTATTGTTAA-
TAACGCTACTAATGTTGTTATTAAAGTCTGTGAATTTCAATTTTG-
TAATGATCCATTTTTGGGTGTTTATTACCACAAAAACAA-
CAAAAGTTGGATGGAAAGTGAGTTCAGAGTTTATTCTAGTGCGAA-
TAATTGCACTTTTGAA-
TATGTCTCTCAGCCTTTTCTTATGGACCTTGAAGGAAAA-
CAGGGTAATTTCAAAAATCTTAGGGAATTTGTGTTTAAGAA-
TATTGATGGTTATTTTAAAATATATTCTAAGCA-
CACGCCTATTAATTTAGTGCGTGATCTCCCTCAGGGTTTTTCGGCTT-
TAGAACCATTGGTAGATTTGCCAATAGGTATTAA-
CATCACTAGGTTTCAAACTTTACATA-
GAAGTTATTTGACTCCTGGTGATTCTTCTTCAGGTTGGA-
CAGCTGGTGCTGCAGCTTATTATGTGGGTTATCTTCAACCTAGG. Cali-
bration of S1 probe was performed using S gene sequence from
NC_045512.2, while calibration of SA69 probe and SA241 was per-
formed using S gene sequence with the relevant deletions. Serial di-
lutions for the relevant gene block were prepared based on copy number
calculations. The resulting Ct values were plotted against the log copy
number of the N or S gene template. Each concentration was examined
by six repetitions and a standard deviation was calculated. Linear
regression was performed between the log copy number and the Ct
values from the RT-qPCR results.

2.4. Wastewater RNA extraction

For wastewater sampling, 24 h composite sewage samples from the
wastewater treatment plant (WWTP) were immediately transferred to
the lab under chilled conditions. The samples were kept at 4 °C until
processed. Direct or concentrated RNA was extracted twice according to
manufacture protocol as described in the NucleoSpin RNA extraction kit
(Macherey Nagel, Germany). The MS2 phage (10° copies) was added to
the lysis buffer in each RNA extraction as internal control. RNA was
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eluted with 50 pL of RNase free water and kept at —80 °C.
2.5. Complex matrix detection

RNA extracted from wastewater sample, pre-determined as negative
for SARS-CoV-2 using standard CDC’s detection sets, was supplemented
with known concentrations of a desired gene block. The samples un-
derwent the same RT-qPCR conditions as described for the calibration
curves. Matrix pre-determined as negative, was constantly verified as
negative in each assay without spiking. In each set, eight repetitions
were performed for each viral concentration or control. Ct results were
plotted to represent the new probes limit of detection in a complex
environment.

2.6. Wastewater concentration

A volume of 2 to 5 L of composite wastewater samples collected from
the WWTP were shaken and mixed for 2 min manually. The samples
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were left standing for 15 min to ensure large particle settlement. The
samples were then pumped at a rate of 10 L/min through a dialysis filter
with a pore size 3-30 nm (NUFiltration©, Israel). The filter was back-
washed with 0.07-0.15 L. DW and collected directly to new 0.25 L bottle.
After each sample concentration procedure, 2.5 L of 0.01% hypochlorite
solution was passed through the system followed by a 10 min wash with
DW to ensure no hypochlorite traces and new dialysis filter was placed
for new batch concentration.

3. Results and discussion
3.1. Improved primers and probes for SARS-CoV-2 N gene detection

When the SARS-CoV-2 emerged, the recommended detection method
was through RT-qPCR analysis; a methodology that is still the preferred
method. Several different published primers-probe sets were used,
aiming at different genes of the SARS-CoV-2 virus (such as N gene, E
gene, S gene) (Corman et al., 2020; Lu et al., 2020; Vogels et al., 2020).

a Improved Improved Improved
N1 N3 N2
[ —
Ngene 5 ... .28287 28358 28681 28752 29161 29237 3
29189 29293
—
N4
New
b -
Set Description Sequence (5' to 3')
Improved N1 forward primer GACCCCAAAATCAGCGAAATG
Improved N1 CDC's N1 reverse primer TCTGGTTACTGCCAGTTGAATCTG
CDC's N1 probe ACCCCGCATTACGTTTGGTGGACC
Improved N2 forward primer TGATTACAAACATTGGCCGC
Improved N2 Improved N2 reverse primer TGCCAATGCGCGACATTCCG
CDC's N2 probe ACAATTTGCCCCCAGCGCTTCAG
Improved N3 forward primer GGGAGCCTTGAATACACCAAAAG
Improved N3 CDC'’s N3 reverse primer TGTAGCACGATTGCAGCATTG
Improved N3 probe TCACATTGGCACCCGCAATCCTGC
N4 New forward primer CAATTTGCCCCCAGCGCTTC
N4 New N4 New reverse primer ATCCAATTTGATGGCACCTG
N4 New probe TTCTTCGGAATGTCGCGCATTGGC
¢ d Limit of detection ]
(LOD) Linear
6= COCANE Set [Copy number regression Y intercept
- CDCN2 Y R2
per L]
- CDCNS3
. CDC'’s
-0~ N1 improved N1 1 0.9959 39.22 + 0.3204
-0~ N2 improved
i | d
404 =#= 1 improves b 1 09972 | 38.28 +0.2679
;;\ & N4 New
B CDC’s
N2 10 0.9987 39.43 +0.2319
O 301
Improved
N2 10 0.9962 37.85 + 0.3764
CDC'’s
207 N3 10 0.9902 | 38.37 +0.562
i ) ' Improved
B 2 4 6 ey 1 0.9948 | 39.27 +0.3675
Log copy number pL""
N4
New 10 0.9907 | 40.63 + 0.4454

Fig. 1. N gene detection designs and characterization. (a) Improved and new primers-probe sets design along SARS-CoV-2 N gene. Numbers in red indicate bp region
amplified in RT-qPCR with the relevant primers-probe set. (b) List of Improved and new primers-probe sets sequences. (c) Calibration curves for all examined
primers-probe sets for N gene detection. Resulted Ct value from RT-qPCR plotted against Log copy number tested. Error bars present standard deviation for six
replicates. (d) List of Limit of detection, Linear regression R%, and Y intercept values extracted from the resulted calibration curves. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)
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Initially, the Centers for Disease Control and Prevention (CDC)’s,
recommendation was to carry out RT-qPCR analysis using 3 sets of
primers and probes, N1, N2 and N3, all targeting the N gene. Apart from
clinical testing, these CDC recommended primer sets were also exam-
ined on wastewater samples and demonstrated positive SARS-CoV-2
detection (Ahmed et al., 2020a; Bar-Or et al., 2020; Medema et al.,
2020; La Rosa et al., 2020; Trottier et al., 2020; Westhaus et al., 2021;
Wu et al.,, 2020a, 2020b). However, after careful scrutiny of these
published sequences, we detected possible problems with annealing
stability and thus suggested a modification of the published
primer-probe to improve annealing stability.
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Since the 3’ end of a primer sequence is the transcription initiation
point for the polymerase, it is preferable the 3’ end of a primer will
possess G/C for more stable annealing (3 hydrogen bonds, compare to
only 2 between A/T pair). Thus, looking to improve the available sets of
primers, when there was no G/C at the 3’ end, the primers were shifted
to include G/C. In addition, to improve the N3 set, the probe sequence
was shifted as well in order to maintain close proximity to the forward
primer. Based on this approach, all 3 of the recommended primers-probe
sets were improved (Fig. 1a and b). Furthermore, we also generate a
fourth primers-probe termed “N4 new”.

Once genetated, all primers-probe sets

were thoroughly

CDC's N1 Improved N1 Fig. 2. Lower detection limit of N gene
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Y % ... ¥ tion wastewater sample (No virus) served as
354 354 wastewater matrix and spiked with known
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Q g 9 Q e 9 and dashed lines indicate the detection limit
&
\g\c’ A.\& NI\ BN \g\(’ 4.\& NI I\ as decided by clinical guidelines (Ct > 40).
= P
CDC's N2 Improved N2
304 30+
2 2
@
%o
354 e * 35- ¥ s,
bad b
(& ° o
40+ ---------- == ---- 404 ------ Y Rt
ND - ND lomo—ago—app—oo—77—
Q N Q N a9
(¥) Q O .o O & 9 9 o
é\ &N AN ‘\;ﬂ 4\& N N AN
X °
CDC's N3 Improved N3
304 30+
L 25
354 O 35- o
- > - L 2
o L) o *
40t ---------------- 404------ et -------
ND —ap—ap—aap—oo—— ND -amp—ap— T T
Q N vV N vV
C P L O 8 OC P L O 8
S :\\& NN N S i\& NN N
éo éo
N4 new
301
35_ ® v
o o
i i i i i
ND -—aop—ap—ap—e—7r—
Q N v
9
\5}0 & N DS



K. Yaniv et al.

characterized and compared to the previously published CDC’s sets (N1,
N2, and N3). Using dsDNA templates, a calibration curve was generated
for each set (Fig. 1c). A detection range of between 10° copies and 10°
copies per L was tested for each set. Employing linear regression on all
calibration curves resulted in a good fit and allowed the determination
of limit of detection (LOD) for each set (Fig. 1d). Comparing each set to
its improved version, LOD for CDC’s N1 vs. Improved N1 and CDC’s N2
vs. Improved N2 were the same (1 and 10 copies per pL respectively).
For CDC’s N3 vs. Improved N3, a significant improvement was observed
when LOD was reduced from 10 copies per pL to 1 copy per pL. The
newly designed N4 set demonstrated LOD of 10 copies per pL.

Following basic characterization, further confirmation was sought
after using a more complex environment for the RT-qPCR reaction.
Detection of SARS-CoV-2 in wastewater is important with regards to the
development of a quick early warning system for virus detection during
the global pandemic (Bar-Or et al., 2020). Thus to test this ability,
wastewater matrix was collected from wastewater treatment plant in the
city of Binyamina, Israel. All primers-probe sets were employed on the
wastewater samples that had been pre-determined as negative for
SARS-CoV-2 when examined using dsDNA template copies (Fig. 2). As
can be seen in Fig. 2, results for the CDC’s detection sets (N1, N2, N3)
were somewhat similar to previously published detection results (Vogels
et al., 2020).

LOD is determined as the lowest detected copy number per pL in 90%
of the tested cases. Given the complexity of the wastewater matrix, a
reduction in LOD could be observed for all sets, CDC and Improved sets,
except for Improved N3 set. Compared to the calibration curves, while
all the sets LOD rose to 100 copies per pL (compared to 10 or 1 copies
concluded before), the Improved N3 was the only set that remained with
a stable LOD value of 1 copy per pL. Comparison between the CDC’s sets
and improved sets in a controlled wastewater sample, revealed that each
improved set demonstrated better detection abilities than the original
CDC'’s set, as expected. A hierarchy of sensitivity was given to the
examined N gene detection sets as follows (best to poorest): Improved
N3 > Improved N2 > N4 new > Improved N1 > CDC’s N3 > CDC’s N2 >
CDC’s N1. Thus the best set observed was Improved N3 with the ability
to detect 1 copy per pL at 100% of the cases, an improved result when
compared to other primers-probe sets reported in literature (Vogels
et al., 2020).

Based on all characterizations performed, the Improved N3 set
demonstrated the best detection abilities out of all examined sets. It was
then validated on various wastewater samples. Together with Improved
N3 set, the CDC’s N2 set was also added as a formerly approved control
to each experiment (CDC’s N3 performed better than CDC’s N2, how-
ever N3 set was not recommended by the CDC after a few months of
usage and only N1 and N2 remained as officially approved). Out of 148
different wastewater samples, 17 were not detected by either set. For the
remaining 131 samples, a ACt was calculated between CDC’s N2 Ct and
Improved N3 Ct (Fig. 3). A positive ACt value means a better detection
by the Improved N3 set, while a negative value indicates better detection
by CDC’s N2. Out of 131 wastewater samples with a calculated ACt, the
majority showed positive ACt in favor of the Improved N3 set, indicating
better detection by this set (Fig. 3). Moreover, in 13 samples Improved
N3 detected SARS-CoV-2 while CDC’s N2 did not detect any signal. Only
2 samples showed the reverse, where CDC’s N2 detected a signal and
Improved N3 did not. Matching the characterization results, Fig. 3
shows the ability of the improved N3 set to better detect SARS-CoV-2 in
wastewater, as it systematically provided lower Ct values. Consequently,
the Improved N3 primers-probe set is recommended and provides more
sensitive virus detection and can be employed on various samples.

3.2. RT-qPCR detection of variants of concern Alpha, B.1.1.7 and Beta,
B.1.351

Existing detection methods for SARS-CoV-2 variants are either
through NGS sequencing or indirect RT-qPCR assays. To improve rapid
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-Im proved N 3)

Act(cDC's N2

W astewater samples (n=148)

Fig. 3. SARS-CoV-2 detection in wastewater using primers-probe sets Improved
N3 and CDC’s N2. For each sample out of 148 different samples in Septem-
ber-December 2020, ACt was calculated. ACt is comprised from reduction of
the resulted Ct for Improved N3 from the resulted Ct for CDC’s N2. For samples
where CDC’s N2 resulted in a signal while Improved N3 did not, meaning only
CDC’s N2 detected, an arbitrary value of —5 was assigned and colored in blue.
For samples where Improved N3 resulted in a signal while CDC’s N2 did not,
meaning only Improved N3 detected, an arbitrary value of 45 was assigned and
colored in red. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

detection, we focused on the development of a direct RT-qPCR assay for
detection of variants of concern, the Alpha variant, B.1.1.7 and Beta
variant, B.1.351. These were deemed the most urgent variants in need
for fast detection in Israel. Our design for RT-qPCR detection assays of
these two variants (Fig. 4) is based on the differences in the S gene from
the original SARS-CoV-2 sequence published (NC_045512.2). The Alpha
variant S gene contains a deletion known as A69-70 and the Beta variant
S gene contains a deletion known as A241-243. Accordingly, our
designed detection-probe set focused on these regions and presented in
Fig. 4.

For Alpha detection, the designed set is located at the S gene 21724-
21828 bp of the original sequence. Within this range, the original SARS-
CoV-2 and Alpha variant sequences are completely identical, apart from
6 nucleotides deletions (Fig. 4a). Our main attempt was to create two
separate detections to the amplified area, one corresponding to the
original sequence (when using S1 probe) and the other corresponding to
the Alpha variant (when using the SA69 probe). Using designated
primers (Fig. 4b) to amplify the specified region surrounding the 6 nu-
cleotides differences, amplification will be generated regardless of the
variant. The probes can thus be used in a single duplex assay via separate
wavelengths, where a signal signifies a direct detection of either the
original sequence, of Alpha variant, or a combination of the two if exist.

For Beta variant detection, the designated detection region was
chosen further along the S gene when compared to the Alpha variant
detection region. Focusing on S gene 22243-22331 bp of the original
sequence, the original SARS-CoV-2 sequence is identical to the Beta
variant sequence except for a 9 nucleotides deletion (Fig. 4a). Using a
detection set comprised of two primers meant to amplify the target re-
gion, a single probe (SA241 probe) was designed for the detection of the
Beta variant. The SA241 probe is meant to correspond only to the
deletion of 9 nucleotides in the specified region characterizing the Beta
variant, therefore it will signal detection only when the Beta variant is
present and will not correspond to the original or the Alpha variant
sequence.

To ensure functionality, the described sets of primers and probes
underwent characterization. Initially, a calibration curve was generated
for primers with the relevant probe separately, using dsDNA as a
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template. A detection range of between 10° copies and 10° copies per pL
was tested for each set (Fig. 4c). Linear regression performed for the
three probes demonstrated strong correlation and also validated the
usage of the probe on the amplified fragment. An LOD could be deter-
mined for each primer-probe set and was identified as 10" copies per pL
for all three sets (Fig. 4d).

As with the initial N gene detection sets, basic characterization was
followed with further confirmation to the described methodology using
a more complex environment for the RT-qPCR reaction. Here as well,
wastewater from Beer Sheva, Israel was used as the complex environ-
ment. All three probes were employed on wastewater samples pre-
determined as negative for SARS-CoV-2 with various dsDNA template
copies (Fig. 5). As can be seen in Fig. 5, despite the wastewater matrix,
SA69 maintained a LOD of 10* copies per pL. Unlike SA69 set, S1 and
SA241 sets’ LOD increased 10-fold to 102 copies per pL, meaning that

Q N %
é& P P I RN
O

the complexity of the wastewater matrix influenced detection perfor-
mance. Despite the fact that LOD increased for two out of the three sets,
all three detection sets have a LOD of 102 or lower, which corresponds to
other utilized, functional RT-qPCR SARS-CoV-2 detection sets currently
being used (Vogels et al., 2020).

To examine the probes specificity and rule out possible false-positive
cases, each set was tested with a negative control. For S1 set, the
negative control was comprised of a dsDNA template with the S gene
with A69-70 and A241-243 nucleotides deletions. While for SA69 set
and SA241 set, the original S gene sequence was used as negative con-
trol. As expected, none of the probes manifested a signal in the presence
of a negative control and non-specific detection was not observed
(Table 1).

Finally, the three sets, S1, SA69 and SA241 were tested on waste-
water samples collected in February and March 2021 from different

SA69 SA241
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Fig. 5. Lower detection limit of SA69, SA241 and S1 primers—probe sets in wastewater matrix. RNA extracted from negative detection wastewater sample (No virus)
served as wastewater matrix and spiked with known concentrations of SARS-CoV-2. Matrix was spiked with different concentration of S gene template (10°-10%
copies per pL) or Non-Template Control (NTC, water). For SA69 set and SA241 set, the S gene deletion template corresponded to A69-70 deletion site in the Alpha
strain and A241-243 deletion site in the Beta strain. For S1 set, the S gene template corresponded to NC_045512.2 original sequence. ND - not detected. Solid lines
indicate the median and dashed lines indicate the detection limit as decided by clinical guidelines (Ct > 40).
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Table 1
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Detection sets results when employed on positive or negative template and wastewater samples.

WWTP Date of sampling MS2 Ct Improved N3 Ct CDC’s N2 Ct S1Ct SA69 (Alpha) Ct SA241 (Beta) Ct
S gene Original template - - ND* ND* 28.61 ND* ND*
S gene deletion template - - ND* ND* ND* 30.29 29.94
Rahat 09.02.21 27.8 31.48 32.19 ND* 33.96 ND*
ShafDan 08.02.21 27.51 31.07 31.26 ND* 32.92 ND*
Haifa 14.02.21 27.82 32.74 32.95 36.24 ND ND*
Natanya 15.02.21 27.55 29.38 28.33 ND* 32.44 ND*
Tzfat 15.02.21 27.35 28.96 27.46 ND* 31.46 ND*
Al-Hamra 29.03.21 29.43 33.64 32.26 ND* 32.11 ND*
Ar’ara 29.03.21 29.36 32.63 31.7 ND* 30.11 ND*
Lehavim 23.02.21 27.73 28.95 27.82 ND* 32.13 ND*
Beer-Sheva 25.02.21 27.82 29.3 28.91 ND* 32.55 ND*

*WWTP-Wastewater treatment plant.
# ND-Not Detected.

regions in Israel, (Table 1). The CDC’s N2 detection set was used as
standard detection reference that can correspond to each of the variants
(Lu et al., 2020) as was the Improved N3 set. All samples were positive
for N gene detection by the CDC’s N2 and Improved N3 detection sets,
meaning all samples contained SARS-CoV-2. Examining detection abil-
ity of variants using this method showed that none of the samples were
positive for the Beta variant using the SA241 set. This indicated that the
Beta variant was absent from all wastewater samples. On the other hand,
all regions apart from one resulted in detection by the SA69 set while the
S1 set had no signal. Such a result not only indicated that Alpha variant
is present in most regions in Israel, but also that there was no detectible
trace of the original SARS-CoV-2 NC_045512.2. Haifa was the only re-
gion where S1 was detected, while SA69 was not, indicating the absence
of Alpha variant and presence of the original NC_045512.2. Our results
correlated well with reports of the Alpha variant, B.1.1.7 outbreak in
Israel.

Following the positive detection of Alpha variant in wastewater in
Israel, we wanted to learn when did the variant’s outbreak occur. Since
wastewater samples from the city of Beer Sheva had been collected
throughout the SARS-CoV-2 outbreak, this allowed us to examine the
time period from November 2020 until March 2021. All wastewater
samples were subjected to N gene, S1 and SA69 detection (Fig. 6). As can
be seen in Fig. 6, the original SARS-CoV-2 NC_045512.2 was present
without any trace of the Alpha variant until mid-January 2021. By the
end of January 2021, the Alpha variant had emerged in the wastewater
and was already more abundant than the original NC_045512.2. By the
end of February 2021, there was no trace of the original NC_045512.2,
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Fig. 6. SARS-CoV-2 variants detection in Beer Sheva wastewater over time.
Samples collected between November 2020 and March 2021 from WWTP were
tested for N gene (black line), S1 (blue) and SA69 (orange) detection. Consist of
levels for SARS-CoV-2 overall detection (N gene), whereas Alpha strain detec-
tion manifested by the end of January 2021 and became dominant over the
original variant within a month. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

and the Alpha variant was the only variant detected. These results
demonstrated the power of the novel detection sets ability for discovery
of variants of concern. Moreover, considering that unlike clinical sam-
ples, wastewater samples can contain several variants at the same time,
these probes enabled us to quantify and monitor several variants in a
single wastewater sample, which is an imperative ability.

An interesting observation presented in Fig. 6, was that the N gene
detection constantly produced lower Ct values compared to S1 detec-
tion. Upon the appearance of the Alpha variant the N gene and SA69
detection gaps were drastically reduced. This may imply different gene
expression distributions or different durability of the RNA segments in
the wastewater (Emanuel et al., 2021; Kim et al., 2020). As it is known
that the Alpha variant has a more potent expression than the original
NC_045512.2 (Brown et al., 2021; Parker et al., 2021), the fact that
positive SA69 detection is closer to the N gene detection than the
proximity of positive S1 detection compared to N gene detection is un-
derstandable. However, these observations need further study and
validation. In the meantime, this phenomenon may also affect the
“drop-out” assays resulting in false-positives, reinforcing the need in
direct detection. Overall, the displayed results indicated that the
developed assay can be employed and will provide essential, direct
detection abilities for Alpha variant, B.1.1.7 and Beta variant, B.1.351
variants of concern.

4. Conclusions

The ongoing concern regarding the COVID-19 pandemic and the
emergence of new variants with higher infection rate and morbidity,
create great global concern. RT-qPCR is the most abundant method for
the detection of SARS-CoV-2, yet improved detection is needed for
lowering detection limits. Following thorough examination of existing
primers-probe detection sets, we designed several improved sets. All
improved sets were characterized and compared to previously published
sets. The designed detection set named Improved N3, demonstrated a
superior ability and better limit of detection. The improved set was also
successfully employed on SARS-CoV-2 positive wastewater samples.

With regards to the highly dominant variants of concern, Alpha,
B.1.1.7 and Beta, B.1.351, current detection diagnostic tools are
expensive, time-consuming or indirect. We therefore developed specific
RT-qPCR assay for the direct detection of these two variants. In addition,
to direct identification, the developed assay is also capable for variant
differentiation and quantification. For Alpha variant detection, a single
set comprised of two new primers and two new probes focusing on the
characterized deletion area known as A69-70, were designed and vali-
dated. In addition, an RT-qPCR direct detection assay was developed for
the Beta variant using two new primers focusing on a characterized
deletion area known as A241-243, and a third probe was designed and
validated. Variant detection sets were fully characterized and employed
on various wastewater samples for proof-of-concept. In addition to the
improved ability for positive detection of the dominant Alpha variant,
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the developed assay showed an improved differentiation ability, espe-
cially when samples contained both the original SARS-CoV-2
NC_045512.2 and Alpha variant. Interestingly at the time of sampling
Beta variant was characterized as a functional detection set, however it
did not correspond to the presence of the Beta variant in Israel. The
presented primers-probe sets may be used as described here, or even
combined in the future in different combinatorial approaches for rapid,
cost-effective and direct detection of the two variants.
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