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Abstract: In the face of the SARS-CoV-2 pandemic, characterized by the virus’s rapid mutation
rates, developing timely and targeted therapeutic and diagnostic interventions presents a significant
challenge. This study utilizes bioinformatic analyses to pinpoint conserved genomic regions within
SARS-CoV-2, offering a strategic advantage in the fight against this and future pathogens. Our
approach has enabled the creation of a diagnostic assay that is not only rapid, reliable, and cost-
effective but also possesses a remarkable capacity to detect a wide array of current and prospective
variants with unmatched precision. The significance of our findings lies in the demonstration that
focusing on these conserved genomic sequences can significantly enhance our preparedness for and
response to emerging infectious diseases. By providing a blueprint for the development of versatile
diagnostic tools and therapeutics, this research paves the way for a more effective global pandemic
response strategy.

Keywords: SARS-CoV-2; bioinformatic analysis; diagnostic assay; rapid testing; conserved genomic
regions; point-of-care testing

1. Introduction

The availability of a reliable, accessible, and cost-effective standardized assay is crucial
for preventing and containing the spread of pathogens, particularly in the absence of
ancestral data for newly identified viruses [1]. This study focused on addressing this
challenge using the current coronavirus disease (COVID-19) pandemic as a case study.
The agent responsible for COVID-19, severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2), is an enveloped, positive-sense single-stranded RNA virus. Its genome
features a 5′ terminal abundant in open reading frames responsible for encoding vital
proteins necessary for virus replication, while the 3′ terminal comprises five structural
proteins: spike (S), membrane (M), nucleocapsid (N), envelope (E), and hemagglutinin-
esterase (HE) [2]. Molecular testing was chosen as the optimal method due to its impact
on public health outcomes and viral transmission reduction. The gold-standard one-step
qPCR test, targeting three genes encoding for N, S, and E proteins, is currently used for
SARS-CoV-2 detection [3–6]. The N protein represents the nucleocapsid of the virus, the S
protein is part of the spike glycoprotein, and the E denotes the viral envelope [7–9]. The
joint global effort to eradicate the recent SARS-CoV-2 pandemic provided vast information
regarding the evolution of its variants [10,11]. Aggregated information revealed that the
regions used in the gold-standard test are frequently mutated, and therefore, for some
variants, these qPCR tests may lead to false-negative results [12]. Moreover, it was recently
demonstrated that these regions have a high similarity to other related species such as the
severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome

Int. J. Mol. Sci. 2024, 25, 5764. https://doi.org/10.3390/ijms25115764 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25115764
https://doi.org/10.3390/ijms25115764
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-2209-2175
https://orcid.org/0000-0002-6074-8032
https://doi.org/10.3390/ijms25115764
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25115764?type=check_update&version=1


Int. J. Mol. Sci. 2024, 25, 5764 2 of 14

coronavirus (MERS-CoV), human coronavirus HKU1 (hCoV-HKU1), human coronavirus OC43
(hCOV-OC43) [13]. This might lead to the wrong diagnosis and inaccurate treatment. For
these reasons, currently available genomic tests require three different sets of primers,
which are updated occasionally, due to the high frequency of mutations that are often
identified [4]. Also, current tests involve a decontamination process of heating the sample
for 20 min at 70 ◦C. This has been proven to harm RNA integrity and therefore lead
to false-negative results [14]. Furthermore, it is important to note that these tests rely
on a minute portion of the worldwide existing variants, as they are likely to represent
sequences in countries that are economically and technologically more advanced [11]. We
thus predict that many more subvariants already exist, and others will naturally evolve in
the future [12]. We hypothesized that the key to the development of a generic, yet specific
and accurate test, which can detect current and future unknown variants, is to identify
conserved regions within emerging pathogens. To this aim, using a bioinformatic-driven
strategy, we identified three independent conserved regions, which are highly specific to
the SARS-CoV-2 genome. In this study, we focused on a single primer set (comprising
three independent primers) to develop a specific, saliva-based qPCR test which further
concentrates the sample and has additional benefits that will be further discussed. Our
proposed single primer set demonstrated similar results compared to the gold-standard
test, which uses three independent primer sets from non-conserved regions, when starting
from the same isolated RNA sample. Our data, in combination with a website reporting the
various strains present in Israel [10], indicate that we detected Alpha, Beta, and Omicron.
This also correlates with our in silico predictions. Most importantly, we observed no false
positives, indicating that our selected primer SET1 was highly selective, as predicted by
in silico analysis against SARS-CoV-1, MERS, and influenza viral genomes. Preliminary
data indicate that the inclusion of a concentrating step of the total nucleic acids from a
saliva sample gives better results than the gold-standard test. We present a case study
of an asymptomatic individual who returned to Israel from the USA. This individual’s
test results were borderline with the gold-standard Seegene method at the airport, and
thus, no quarantine was required. However, upon using our new method of RNA saliva
isolation in combination with a high-sensitivity qPCR assay, the individual was found to
be significantly infectious.

This prevented further transmission to family members, as the individual was advised
to self-quarantine. In addition, the ability to target drugs to these conserved regions was
validated with an independent recent study [15]. Early and quick detection could be
crucial. In addition, the impact of COVID-19 may extend beyond pulmonary involvement,
resulting in thrombotic complications, myocardial dysfunction, arrhythmias, acute coronary
syndromes, acute kidney injury, gastrointestinal manifestations, hepatocellular injury,
hyperglycemia with ketosis, neurological conditions, ocular symptoms, and dermatological
complications [16]. Given the susceptibility of certain populations to these complications,
early testing is paramount to curbing further transmission within these vulnerable groups.

In the future, an increase in sensitivity can be achieved by including additional sets of
primers from the additional two conserved regions that we identified. The proposed saliva
test enables self-sampling and incorporates a built-in deactivation mechanism. This elimi-
nates the need to visit a medical facility, as the inactivated sample can be sent directly to the
collection center. This approach also removes the requirement for specialized laboratories,
further simplifying the process.

2. Results
2.1. Comparative Analysis of Whole-Genome Data Using Bioinformatic Tools Revealed Conserved
Regions of SARS-CoV-2

To develop diagnostic and therapeutic tools that can effectively combat the instability
of RNA pathogens and the survival mechanisms of drug-resistant pathogens [17–21], it is
essential to identify and target conserved regions within emerging pathogens. This strategy
facilitates the detection and development of drugs against both existing and future, yet
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unidentified variants. In pursuit of this objective, we have devised a five-step strategy,
depicted in Figure 1. The process begins with segmenting the entire COVID-19 genome
(MN988713.1) into segments of 20 nucleotides, referred to as K-mers. Subsequently, certain
sequences were excluded from these K-mers based on specific criteria. Initially, K-mers
that occurred more than once within the COVID-19 genome were discarded. Furthermore,
sequences found in the human genome or those identified in closely related species were
also removed. The determination of related species was conducted by using the Basic Local
Alignment Search Tool (BLAST) analysis, considering species with an identity exceeding
99% and a bit-score above 54,998 as identical. This procedure led to the isolation of K-mers
uniquely associated with human COVID-19. Following this, we applied optimal qPCR
criteria to the identified K-mers to select primer sets capable of generating the most effective
amplicons. The criteria implemented were as follows: the CG content of the primers should
range from 40% to 60%, the last five bases of the primers should include at least two
G/C bases, and the ultimate nucleotide at the 3′ end should be a G or C base. Repetitive
sequences such as ATATAT or ACCCC, complementary K-mers, and those prone to forming
hairpins were excluded. To ensure amplification stability, the melting temperature (Tm) of
the two primers was required to not differ by more than 3 ◦C. Additionally, the gap between
the forward and reverse primers was mandated to be between 150 and 300 base pairs.
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Figure 1. Five-Step Strategy for Identification and Primer Set Development. This strategy involves 
a comprehensive process of sequence analysis, verification, and refinement, culminating in the iden-
tification of an optimal primer set (SET1) that produces a specific single amplicon. This streamlined 
approach ensures the accurate detection of conserved regions within SARS-CoV-2. The red line rep-
resents the melting point curve indicating a single amplicon.  

2.2. Data Availability 

Figure 1. Five-Step Strategy for Identification and Primer Set Development. This strategy involves a
comprehensive process of sequence analysis, verification, and refinement, culminating in the identi-
fication of an optimal primer set (SET1) that produces a specific single amplicon. This streamlined
approach ensures the accurate detection of conserved regions within SARS-CoV-2. The red line
represents the melting point curve indicating a single amplicon.

2.2. Data Availability

The data supporting this study are available within the article and its Supplementary
Materials, including the digital data underlying the figures. Additional raw data supporting
this study can be obtained from the corresponding author upon a reasonable request.
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2.3. Code Availability

The code used to identify the conserved regions within a specific genome tem-
plate is available at https://drive.google.com/drive/folders/1SAyBSMayVXR9vSPX9
SiA0lGwcTfDO-4I?usp=sharing (accessed on 12 March 2024).

Using BLAST analysis, we validated the presence of the final three primers of SET1 in
all globally known distributed SARS-CoV-2 variants. It is important to note that all three
primers (highlighted in yellow in Figure 2) comprising SET1 belong to the coding region
and are present in all different SARS-CoV-2 variants since the initial Wuhan SARS-CoV-2
outbreak, including recent variants.
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Figure 2. Locations of known mutations in SARS-CoV-2 protein variants are unique and are not
located within the conserved regions targeted by SET1 primers. In silico verification was conducted to
confirm the presence and localization of the SET1 primers (highlighted in yellow) within the protein
sequences of selected SARS-CoV-2 variants. A single mutation that differs from the original Wuhan
SARS-CoV-2 strain is indicated in red.

Interestingly, there are only two mutations in this conserved region, with one mutation
at the protein level occurring in the latest strains of SARS-CoV-2 (highlighted in red in
Figure 2), and the second is a silent mutation. Notably, these mutation locations are not
included in our selected conserved primer regions (highlighted in yellow in Figure 2 and
nucleic acid sequences alignment in Supplementary Figure S6).

2.4. Evaluation of SET1 Primer Selectivity and Optimization of One-Step RT-qPCR Assay Using
Synthetic DNA and RNA

Based on published sequences and using BLAST analysis, none of the following
pathogens—hepatitis C [22,23], HIV1 [24,25], influenza A [26,27], influenza B [28,29],
polio [30,31]—contain the specific regions targeted by SET1 primers. While the reverse
primer of SET1 was found to be present in influenza B [28,29] and partially present in
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MERS [32,33] and SARS [34], it is important to note that a PCR product can only be formed
if both the forward and reverse primers anneal to the same template. Therefore, the
SET1 primers remain specific and unique to SARS-CoV-2, and we predicted that our SET1
primers will not lead to false-positive results which is indeed the case (see figures below
and Supplementary Figures S2 and S3).

The next step was to evaluate the ability of SET1 primers to produce a single amplicon,
which is an essential requirement when establishing a reliable qPCR assay. Initially, the
primers were tested on a synthetic DNA fragment. To minimize the cost of the synthetic
DNA, we ordered a 90 bp DNA length identical to the SARS-CoV-2 genome. This fragment
included the homologous sequence of the primer sequences flanking the entire amplicon
and the internal primer probe sequence, excluding irrelevant nucleotide sequences within
this region.

This was followed by the development of a one-step qPCR assay using a synthetic RNA
fragment employing the GoTaq® Probe 1-Step RT-qPCR System from Promega (Catalog #
A6120 and A6121). It is important to note that our in-silico analysis (illustrated in Figure 1,
steps 1–3) resulted in three possible targets. However, by selecting a primer set located
closer to the 3′ end (Supplementary Figure S1B, SET1 primer), we were able to decrease
the duration of the one-step RT-qPCR process, resulting in a reduced incubation time for
the cDNA synthesis step from 35 to 7 min and shortening the amplification cycles from
26 to 18 min (Figure 3B). This reduced the overall qPCR process to 25 min for 40 cycles. It
is important to note that people with a high titer, who are often symptomatic, mostly test
positive with Cts of 23–28, suggesting that results will be obtained within 17–20 min using
our results, as compared to the gold-standard test which takes approximately two hours.
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or symptomatic patients. These samples were then mixed with an equal volume of lysis buffer
(500 microliters, as shown in Figure 3A—step 1) and 1 milliliter of 100% ethanol (EtOH) (step 2). The
mixture was inverted, vortexed, and applied to a preprepared glass wool column (step 3), followed by
centrifugation at maximum speed, processing five aliquots of 400 microliters each. The flow-through
was discarded. The column was then placed in a new 2 mL test tube and washed twice with 500 mL
of 75% EtOH (step 4). RNA was eluted in double-distilled water (18 microliters of DDW preheated to
64 ◦C) and directly used in the one-step qPCR. Steps 1 and 2 are carried out in the same 2 mL tube.
The mixture was transferred into a 0.5 mL tube (red tube), which has a hole made using a 21 G needle
(3.81 cm), and placed into a new 2 mL tube (black tube) during loading. The elution of RNA was
performed into a new 1.5 mL Eppendorf RNase-free tube. The original Promega one-step protocol
was adapted to suit the shortened amplicon produced by SET1 primers. This includes the melting
point based on the primer sequences and the elongation time based on the length of the predicted
amplicon (B) and compared with the original Allplex Seegen protocol (C).

2.5. Evaluation of SET1 Primers Using the Shorter RAPID One-Step RT-qPCR Protocol on
Nucleic Acid Isolated from Saliva

To further test our ability to detect and amplify RNA from saliva, we first spiked
90 bp of synthetic RNA, partially coding for the Wuhan SARS-CoV-2 genome as previously
described, in saliva collected from uninfected individuals. Each saliva sample (500 µL)
was mixed with an identical volume of lysis buffer in a 2 mL tube. This process exposes
the viral genome while preserving its integrity, which is crucial for accurate testing and
avoiding false negatives in RNA viruses. Subsequently, 1 mL of 100% ethanol was added to
the same 2 mL tube and mixed with the lysate to prepare the nucleic acid for binding to the
glass column. Glass wool, known for its net positive charge and hydrophobic properties
(Carlo Erba Cat# 65997-17-3 batch V71674097L), was packed into a 0.5 mL Eppendorf
tube (Figure 3A) with a hole at the bottom created by a needle with a gauge of 21. This
0.5 mL tube was then placed into a 2 mL collecting tube. The mixture was passed through
the column several times using a benchtop centrifuge, with each round of centrifugation
at 10,000× g for 1 min. This process enabled the processing of large volumes without
preconditioning of the column. The column was washed twice in the same manner with
75% ethanol, and then the nucleic acid was eluted into a new Eppendorf tube using 18 µL
of preheated double-distilled water (DDW) at 65 ◦C. Thereafter, 2.3 µL of eluted nucleic
acid was added into the qPCR mixture as previously described. This protocol resulted in a
single amplicon using our RAPID one-step qPCR method. In collaboration with Soroka
Medical Center, we initially assessed our capability to concentrate SARS-CoV-2 RNA from
saliva using the established protocol alongside the gold-standard Seegene one-step qPCR
assay (Figure 4).

We investigated the addition of proteinase K (PK) to the lysis buffer but found that
the Ct values of samples processed with or without PK were similar. Therefore, we
decided to exclude PK from the isolation process for future samples. Upon comparing
the sensitivity of isolated samples using the Seegene swab tests to those isolated with our
columns and subsequently detected using the Seegene gold-standard protocol, our assay
exhibited a slight reduction in sensitivity by 2–4 cycles in both scenarios (Supplementary
Figure S5). Remarkably, the detection of the E gene was consistently less sensitive than
that of all other primer sets in the gold-standard assay. Negative control samples tested
negative for the assay using both protocols (Figure 4 B01, E01, A02, E02). However, in
some instances, internal primer amplification (HEX) appeared to be inhibited using our
nucleic acid isolation protocol (Figure 4 C01, G01, H01). It is noteworthy that before the
optimization of our qPCR RAPID test, a sample with a higher Ct value than 34 for the E gene
was not detected or provided inconclusive results from saliva (samples A01 = H01 = C02),
regardless of the initial saliva volume processed or the presence of PK in the lysis buffer.
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Figure 4. Detection of the Wuhan SARS-CoV-2 in saliva samples from infected patients. Saliva
samples (300 or 500 µL) were collected from SARS-CoV-2 patients with Ct lower than 34 for the
E gene (C01, D01, F01, G01 = B02), a SARS-CoV-2 patient with Ct higher than 34 or the E gene
(A01 = H01 = C02), and control patients who represent normal and symptomatic flu-like patients
who were negative with the Seegene test (B01, E01, A02) and incubated with (+PK) or without (-PK)
proteinase K. D02 and E02 are positive and negative control (PC and NC), respectively, provided by
the Seegen Allplex TM assay. The Seegene gold-standard protocol involves four different primer sets,
each targeting specific regions (E, S, and N genes) of the SARS-CoV-2 viral genome, along with a
fourth primer set for a spiked positive control sample (HEX). A qPCR assay with no template was
used as a negative control (NC) for the qPCR assay. The interpretation column indicates the call by
the gold-standard Seegene platform. ‘NA’ stands for ‘not applicable’, indicating no detected CT value.
‘2019-nCoV Detected’ denotes the declaration of a SARS-CoV-2-positive sample. ‘Negative’ indicates
a clear-cut negative sample. ‘2019-nCoV Not Detected’ refers to a borderline sample. ‘Positive control’
denotes an internal positive control amplicon sample provided by the manufacturer, while ‘Negative
control’ indicates no template.

2.6. Validation of the Shortened RAPID One-Step qPCR Assay Using Various Positive and
Negative Samples

The culmination of our study involved validating the optimized assay by compar-
ing it with a variety of samples, both with low and high cycle threshold (Ct) values,
isolated using the gold-standard Seegene test, and concurrently testing them with our
RAPID assay. Our findings affirm that our test is as accurate as the gold standard
Seegene test, successfully detecting all three variants assessed (Delta variant—Figure 4,
Supplementary Figures S2 and S5, the Beta variant—Supplementary Figure S3, and the
Omicron variant—see figure below). However, despite processing samples using the
gold-standard isolation method with the Seegene STARlet equipment following the manu-
facturer’s protocol, and then testing them with our qPCR assay (Supplementary Figure S2),
no false positives were detected. Nonetheless, the detection sensitivity for each sample was
lower. This could be attributed to the samples no longer being as fresh, as RNA samples
are relatively sensitive and may degrade over time, leading to a decrease in the number of
detectable copies.
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2.7. Optimization and Significant Reduction in Time of the One-Step qPCR Method, Enhancing
Sensitivity for Future SARS-CoV-2 Variants

Since in some cases we had equal or higher Cts (Supplementary Figure S2), we worked
further on the optimization of the column isolation step as well as on the one-step qPCR
assay. First, we optimized the reagents using our SET1 primer set. The tested parameters
included: the comparison of the one-step qPCRenzyme mix used 10 times (samples 1–6
in Figure 5A) to a new enzyme batch (samples 1′–6′ in Figure 5A); fresh (samples 1, 1′,
3, 3′ in Figure 5B) versus frozen RNA samples from Soroka Hospital (samples 2, 2′, 4, 4′,
5, 5′, 6, 6′ in Figure 5B); two different primer dilutions (0.2 µL of the primer mixture for
samples 1–3 and 0.5 µL for samples 1′–3′ in Figure 5C); and comparing an old batch of
primer mixture from IDT (samples 1–4) to a new batch (samples 1′–4′ in Figure 5D). Our
findings show that cycling the enzyme between −80 ◦C storage and ice up to 10 times
does not affect the activity of the reverse transcriptase or DNA polymerase, as evidenced
by the identical sensitivity of both sample sets. Furthermore, our analysis indicates that
frozen RNA samples, isolated using the Seegene method, exhibited a loss in sensitivity,
as opposed to freshly isolated samples. Consequently, this manuscript only presents
results from freshly isolated samples, using the optimal primer mixture dilution. We
explored different concentrations of magnesium chloride in the PCR mixture but found
the kit’s recommended concentration was optimal, hence no adjustments were made to
this parameter.

Given that our assay targets a single short amplicon of 302 bp, full cDNA amplification
of the pathogen was unnecessary. As a result, we substantially shortened the reverse
transcription (RT) step from the standard 20 min protocol to 5 min at 45 ◦C, followed by
a reduction in DNA polymerase activation time from 15 min to 2 min at 95 ◦C. We opted
for a concise qPCR amplification protocol, reducing the denaturation step at 95 ◦C from
15 s to 3 s. The annealing and extension steps were combined at 55 ◦C, reducing the overall
duration from 30 s to 25 s. The entire process was completed within 25.67 min, significantly
shorter than the duration using the standard qPCR assay (Figure 5B). The reagents for our
qPCR process included 5 µL CRX Mix Buffer, 0.5 µL primer set 1, 0.2 µL enzyme, 1.1 µL
DDW, with 3.2 µL of the unknown sample, 3.2 µL of DDW for the negative control, or
3.2 µL of the SARS-CoV-2 qPCR product for the positive control. This represents a 50%
reduction in material use, and hence in respective costs, compared to the Seegene Allplex
protocol (Figure 5C).
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2.8. Validation of the Optimized Assay Using Positive Samples, including a Critical Case Study

The culmination of our study involved the comparison of RNA isolated from SARS-
CoV-2-positive individuals using the Seegene isolation protocol and test to our optimized
RAPID protocol. Our findings affirm that our test is as accurate as the gold-standard
Seegene test, successfully detecting all three variants assessed (Delta—Figure 6 and Supple-
mentary Figure S2, the Beta variant—Supplementary Figure S3, and the Omicron variant—
Supplementary Figure S4). Furthermore, our RAPID optimized protocol significantly
increased the assay sensitivity (Figure 6).

The effectiveness of the RAPID test optimization is particularly evident when compar-
ing Supplementary Figures S2 and S6. In addition to our consistent negative results match-
ing the gold-standard method by Seegene, it is important to highlight that our negative con-
trol samples consisted of a combination of irrelevant samples and symptomatic cases resem-
bling flu-like symptoms, which were not disclosed to us at any point. While we do not antici-
pate having all similar viruses to SARS-CoV-2 in our sample inventory, we utilized the well-
established IDT PrimerQuest tool (https://eu.idtdna.com/PrimerQuest/Home/Index,
accessed on 18 April 2024) to predict false-positive amplicons. Our analysis clearly demon-
strates that none of these other similar viruses could produce false-positive amplicons
when used as templates.

https://eu.idtdna.com/PrimerQuest/Home/Index
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Figure 6. PCR Analysis of RNA Samples from Patients with the Delta Variant using the fully
optimized RAPID assay protocol. This table shows results from samples isolated using the Seegene
gold-standard method, tested with the standard Seegene PCR test in comparison to our RAPID test
before (old protocol) optimization parameters (for details, see Figure 5) and using the improved
RAPID assay fully optimized protocol.

The conclusive test involved integrating the RNA isolation method with the optimized
RAPID test, contrasting it against the gold-standard test conducted at an Israeli airport.
A sample labeled 20211224NH, obtained from a US passenger who arrived in Israel and
received a borderline test result at the airport, was selected for this purpose. The ambiguous
result was deemed insufficient to mandate quarantine, and the individual proceeded to a
family event with his 90-year-old grandmother. Utilizing our RNA isolation method and
conducting the RAPID test, we unequivocally determined that the individual was infected,
with a Ct value of 24 (Figure 7). It is possible that since our RAPID test does not require
the decontamination process, we have more RNA template initially than the swab tests
that require decontamination. This certainly reduces the assay sensitivity and could, as
previously demonstrated [14], lead to false-negative results.
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Figure 7. RNA isolation of the Omicron SARS-CoV-2 variant in combination with the final opti-
mization of the RAPID test is more sensitive than the swab gold-standard Seegene test used at the
Israeli airport. Samples 1 and 1’ (green line) are duplicates of the PCR product of SET1 cloned in
the TOPO TA plasmid, serving as positive controls. Sample 2 (red line) is the unknown sample
tested for infectivity, which was eventually confirmed to be positive for SARS-CoV-2. Sample 3 (light
green line) is the SARS-CoV-2 human RNA isolated and detected using the gold standard test, also
serving as a positive control. Sample 4 (dark green line) is the negative control sample with no nucleic
acid template.

It is important to note that in the Seegene assay, the E primer set demonstrated the
highest sensitivity across all tested samples. Our previous protocol, while shorter, was less
sensitive. However, through the optimization of saliva concentration and the utilization of
the one-step qPCR assay with SET1 primers, the RAPID test became significantly faster
and more sensitive compared to the gold-standard test. These findings remain consistent



Int. J. Mol. Sci. 2024, 25, 5764 11 of 14

across all variants, from the Delta to the Omicron SARS-CoV-2 variants (Figures 6 and 7).
Notably, the conservation of all variants within the SET1 primer region suggests that this
enhanced sensitivity will endure for both current and future variants.

3. Discussion

Our study represents a significant advancement in the development of diagnostic tools
for SARS-CoV-2. We leveraged the power of comparative bioinformatic analysis to identify
conserved genomic regions within the virus, including areas that were not previously
included in diagnostic tests, such as non-coding regions. Through meticulous analysis
and experimental validation, we have demonstrated that focusing on these conserved
regions enables the creation of a diagnostic assay that is not only rapid and cost-effective
(Supplementary Figure S7) but also exhibits high sensitivity (Figures 6 and 7) and specificity
across a broad spectrum of SARS-CoV-2 variants (Supplementary Figures S3–S5), including
those yet to emerge.

The development of our novel RAPID saliva-based qPCR test, utilizing a single
primer set targeting these conserved regions, marks a pivotal advancement in the field of
molecular diagnostics. This approach not only simplifies the testing process by reducing
the need for multiple sets of primers but also enhances the test applicability across different
settings, from clinical laboratories to point-of-care testing. The incorporation of a sample
concentration step further elevates the sensitivity of our assay, making it superior to
the current gold-standard tests (Figure 6). Additionally, a saliva-based test reduces the
psychological barriers associated with swab tests.

The ability of our assay to detect SARS-CoV-2 in cases where gold-standard methods
yield borderline results, such as the case of the asymptomatic individual presented, un-
derscores the practical implications of our findings and further exemplifies its potential to
significantly improve public health response by preventing undetected transmission.

Moreover, the specificity of our primer set, validated through extensive comparative
analysis with other pathogens, ensures that our assay can distinguish SARS-CoV-2 from
other viruses with high accuracy. This specificity is crucial for avoiding misdiagnosis and
ensuring that patients receive the appropriate care. The optimization of the assay process,
resulting in a substantial reduction in both the duration and the resources required for
testing, addresses critical challenges in the pandemic response, including test availability
and supply chain pressures. By streamlining the testing process, we not only make it
more accessible and feasible for widespread implementation but also enhance its efficiency,
enabling quicker turnaround times for results. Moreover, this strategy enabled calibration
and optimization of the test in a BSL-2 laboratory setting. This approach reduced the
dependency on the rare and significantly more expensive BSL-3 or BSL-4 facilities, thereby
enhancing test accessibility and reducing associated costs. Also, the disease can extend its
impact beyond pulmonary symptoms, potentially leading to severe thrombotic complica-
tions, myocardial dysfunction, arrhythmias, acute coronary syndromes, acute kidney injury,
gastrointestinal distress, hepatocellular injury, hyperglycemia with ketosis, neurological
disorders, ocular manifestations, and dermatological issues. Given the susceptibility of
certain populations to these complications, early testing is paramount to reducing further
transmission within these vulnerable groups.

Utilizing saliva testing offers distinct advantages over traditional swab methods. The
inclusion of a decontamination solution within the collection buffer not only stabilizes
RNA but also enhances convenience, making self-testing more accessible. This approach is
particularly beneficial for individuals such as children or those sensitive to traditional swab
tests, thereby reducing reluctance to undergo testing. By enabling self-testing, there is a
decreased likelihood of further transmission, ultimately mitigating the spread of infection
within susceptible populations.

The added value of such an approach lies in the identification of conserved regions
that could potentially serve as specific anti-viral targets. Interestingly, recent studies have
demonstrated that the infectivity of SARS-CoV-2 can be inhibited by analogs that bind to
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the non-structural protein-15 (NSP15), which contains a domain crucial to the viral life
cycle known as uridylate-specific endoribonuclease (EndoU) [9]. This region, as confirmed
by our bioinformatic approach, is known to be specific to the virus. It encompasses the
domain identified as one of the conserved regions in our manuscript, which includes SET1
primers utilized in the RAPID test we have established.

4. Materials and Methods

After signing an informed consent, samples were obtained by swabbing the nasophar-
ynx and oropharyngeal cavity each with a different swab using standard techniques in the
same manner as previously conducted [35].

- Nucleic acid was extracted using the Seegene STARlet equipment following the manu-
facturer’s protocol.

- Allplex™ 2019-nCoV Assay was ordered from Seegene (Cat. No. RP10243X).

Nucleic acid extraction from saliva was conducted using the following protocol. Lysis
buffer consisted of 0.14 M NaOH, 0.24 M NaCl, 0.4% sodium sulfite, 0.2% dithiothreitol
(DTT) or β-mercaptoethanol, 0.02% SDS, 0.4% Tween 80, and 4.5 M guanidinium isothio-
cyanate, all dissolved in 10 mM Tris-HCl and 1 mM EDTA (TE buffer, pH 8). Elution was
performed using preheated double-distilled water at 64 ◦C. One-step qPCR was performed
using our unique primer sets in combination with the GoTaq® 1-Step RT-qPCR System
protocol (Promega, Cat. No. A6020). Modifications included changes in duration and
temperature of each stage, and we reduced the total volume of the reaction to 10 µL. A
positive plasmid was created by cloning the PCR product of the SET1 primers using the
TOPO TA cloning kit for subcloning (Thermo Fisher cat# 451641). A stock of 80 ng was
diluted 1:1000 with DDW and 3.2 µL was added to the qPCR reaction.

Ordered reagents:

- GoTaq® 1-Step RT-qPCR System (Promega, Cat. No. A6020) was used for the one-
step qPCR.

- Primer sets (Prime time® Std qPCR Assay (500rXn), as well as synthetic RNA and
DNA were custom ordered from Integrated DNA Technologies (IDT).

Glass wool used to create the columns was ordered from Carlo Erba (Cat. No. 457521).

5. Conclusions

In conclusion, our seminal study lays the foundations for a new generation of diag-
nostic assays that can combat the challenges posed by rapidly mutating pathogens like
SARS-CoV-2 more efficiently. By focusing on conserved genomic regions, we provide
a blueprint for the development of diagnostic tools that are both versatile and robust,
offering a strategic advantage in the ongoing and future battles against pandemics. Our
findings advocate for a paradigm shift in the design of diagnostic assays, emphasizing the
importance of adaptability and foresight in pandemic preparedness and response.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms25115764/s1.

Author Contributions: M.V.K. designed and supervised the project and performed all experiments
including assay optimization on synthetic material, as well as patient RNA isolation and qPCR testing
using the RAPID assay. M.V.K. also designed and determined the conditions for the bioinformatic
process and wrote the manuscript with input from all authors. Z.M.F. conducted the assay leading to
the identification of conserved regions and developed the three final primer sets. D.R.S. collected and
organized the data, including protein and gene comparisons. Y.S.-A. supervised and conducted all
clinical gold-standard processing of patient samples and participated in the revision of the manuscript.
M.G. coordinated the operations at Soroka Hospital and revised the manuscript. S.S. participated in
writing, consultations, and manuscript revision. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

https://www.mdpi.com/article/10.3390/ijms25115764/s1
https://www.mdpi.com/article/10.3390/ijms25115764/s1


Int. J. Mol. Sci. 2024, 25, 5764 13 of 14

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Naso- and oropharynx swabs were collected for analysis by the
laboratory of clinical virology at SUMC, which is approved by the Israeli Ministry of Health to
test for SARS-CoV-2 infections. This study was approved by SUMC ethical review board (Helsinki
committee).

Data Availability Statement: Data are contained within the article or Supplementary Materials.

Acknowledgments: This study was conducted at the Laboratory of Clinical Virology Soroka Univer-
sity Medical Center, Beer-Sheva, Israel with donors’ consent. The authors want to thank the entire
team at the Laboratory of Clinical Virology, Soroka University Medical Center, Beer-Sheva, Israel,
and Ariela Katz at the Department of Biotechnology Engineering, Braude College of Engineering,
Karmiel, Israel.

Conflicts of Interest: Ofek Eshkolot has applied for a US patent with the patent number US 63/032,650
for a composition intended for sampling body fluids and secretions to detect pathogenic agents’
nucleic acids and for disinfection. The inventors of this composition are M.V.K. and S.S. All other
authors declare no competing interests.

References
1. Mercer, T.; Almond, N.; Crone, M.A.; Chain, P.S.G.; Deshpande, A.; Eveleigh, D.; Freemont, P.; Fuchs, S.; Garlick, R.; Huggett, J.;

et al. The Coronavirus Standards Working Group’s roadmap for improved population testing. Nat. Biotechnol. 2022, 40, 1563–1568.
[CrossRef]

2. Torge, D.; Bernardi, S.; Arcangeli, M.; Bianchi, S. Histopathological Features of SARS-CoV-2 in Extrapulmonary Organ Infection:
A Systematic Review of Literature. Pathogens 2022, 11, 867. [CrossRef] [PubMed]

3. Chu, V.T.; Schwartz, N.G.; Donnelly, M.A.; Chuey, M.R.; Soto, R.; Yousaf, A.R.; Schmitt-Matzen, E.N.; Sleweon, S.; Ruffin, J.;
Thornburg, N.; et al. Comparison of Home Antigen Testing With RT-PCR and Viral Culture During the Course of SARS-CoV-2
Infection. JAMA Intern. Med. 2022, 182, 701–709. [CrossRef] [PubMed]

4. SelectScience. Seegene Introduces New SARS-CoV-2 Variants Detection Test. Available online: http://www.selectscience.net/
product-news/seegene-introduces-new-sars-cov-2-variants-detection-test/?artID=55308 (accessed on 12 March 2024).

5. Beniac, D.R.; Andonov, A.; Grudeski, E.; Booth, T.F. Architecture of the SARS coronavirus prefusion spike. Nat. Struct. Mol. Biol.
2006, 13, 751–752. [CrossRef] [PubMed]

6. Delmas, B.; Laude, H. Assembly of coronavirus spike protein into trimers and its role in epitope expression. J. Virol. 1990, 64,
5367–5375. [CrossRef] [PubMed]

7. Masters, P.S. The molecular biology of coronaviruses. Adv. Virus Res. 2006, 66, 193–292. [CrossRef] [PubMed]
8. Mortola, E.; Roy, P. Efficient assembly and release of SARS coronavirus-like particles by a heterologous expression system. FEBS

Lett. 2004, 576, 174–178. [CrossRef] [PubMed]
9. Wang, C.; Zheng, X.; Gai, W.; Zhao, Y.; Wang, H.; Wang, H.; Feng, N.; Chi, H.; Qiu, B.; Li, N.; et al. MERS-CoV virus-like particles

produced in insect cells induce specific humoural and cellular immunity in rhesus macaques. Oncotarget 2017, 8, 12686–12694.
[CrossRef] [PubMed]

10. Tracking SARS-CoV-2 Variants. Available online: https://www.who.int/activities/tracking-SARS-CoV-2-variants (accessed on
12 March 2024).

11. Schmidt, C. New Coronavirus Variants Are Urgently Being Tracked around the World. Scientific American. Available online: https:
//www.scientificamerican.com/article/new-coronavirus-variants-are-urgently-being-tracked-around-the-world/ (accessed on
12 March 2024).

12. Amicone, M.; Borges, V.; Alves, M.J.; Isidro, J.; Zé-Zé, L.; Duarte, S.; Vieira, L.; Guiomar, R.; Gomes, J.P.; Gordo, I. Mutation rate of
SARS-CoV-2 and emergence of mutators during experimental evolution. Evol. Med. Public Health 2022, 10, 142–155. [CrossRef]

13. Cosar, B.; Karagulleoglu, Z.Y.; Unal, S.; Ince, A.T.; Uncuoglu, D.B.; Tuncer, G.; Kilinc, B.R.; Ozkan, Y.E.; Ozkoc, H.C.; Demir, I.N.;
et al. SARS-CoV-2 Mutations and their Viral Variants. Cytokine Growth Factor. Rev. 2022, 63, 10–22. [CrossRef]

14. Domnich, A.; De Pace, V.; Pennati, B.M.; Caligiuri, P.; Varesano, S.; Bruzzone, B.; Orsi, A. Evaluation of extraction-free RT-qPCR
methods for SARS-CoV-2 diagnostics. Arch. Virol. 2021, 166, 2825–2828. [CrossRef] [PubMed]

15. Alshahrani, M.M. Inhibition of SARS–CoV–2 NSP–15 by Uridine–5′–Monophosphate Analogues Using QSAR Modelling,
Molecular Dynamics Simulations, and Free Energy Landscape. Saudi Pharm. J. 2024, 32, 101914. [CrossRef] [PubMed]

16. Deshmukh, V.; Motwani, R.; Kumar, A.; Kumari, C.; Raza, K. Histopathological observations in COVID-19: A systematic review.
J. Clin. Pathol. 2020, 74, 76–83. [CrossRef] [PubMed]

17. Belizário, J.E. Immunity, virus evolution, and effectiveness of SARS-CoV-2 vaccines. Braz. J. Med. Biol. Res. 2021, 54, e10725.
[CrossRef]

18. Chedid, M.; Waked, R.; Haddad, E.; Chetata, N.; Saliba, G.; Choucair, J. Antibiotics in treatment of COVID-19 complications: A
review of frequency, indications, and efficacy. J. Infect. Public. Health 2021, 14, 570–576. [CrossRef] [PubMed]

https://doi.org/10.1038/s41587-022-01538-1
https://doi.org/10.3390/pathogens11080867
https://www.ncbi.nlm.nih.gov/pubmed/36014988
https://doi.org/10.1001/jamainternmed.2022.1827
https://www.ncbi.nlm.nih.gov/pubmed/35486394
http://www.selectscience.net/product-news/seegene-introduces-new-sars-cov-2-variants-detection-test/?artID=55308
http://www.selectscience.net/product-news/seegene-introduces-new-sars-cov-2-variants-detection-test/?artID=55308
https://doi.org/10.1038/nsmb1123
https://www.ncbi.nlm.nih.gov/pubmed/16845391
https://doi.org/10.1128/jvi.64.11.5367-5375.1990
https://www.ncbi.nlm.nih.gov/pubmed/2170676
https://doi.org/10.1016/S0065-3527(06)66005-3
https://www.ncbi.nlm.nih.gov/pubmed/16877062
https://doi.org/10.1016/j.febslet.2004.09.009
https://www.ncbi.nlm.nih.gov/pubmed/15474033
https://doi.org/10.18632/oncotarget.8475
https://www.ncbi.nlm.nih.gov/pubmed/27050368
https://www.who.int/activities/tracking-SARS-CoV-2-variants
https://www.scientificamerican.com/article/new-coronavirus-variants-are-urgently-being-tracked-around-the-world/
https://www.scientificamerican.com/article/new-coronavirus-variants-are-urgently-being-tracked-around-the-world/
https://doi.org/10.1093/emph/eoac010
https://doi.org/10.1016/j.cytogfr.2021.06.001
https://doi.org/10.1007/s00705-021-05165-0
https://www.ncbi.nlm.nih.gov/pubmed/34302551
https://doi.org/10.1016/j.jsps.2023.101914
https://www.ncbi.nlm.nih.gov/pubmed/38111672
https://doi.org/10.1136/jclinpath-2020-206995
https://www.ncbi.nlm.nih.gov/pubmed/32817204
https://doi.org/10.1590/1414-431x202010725
https://doi.org/10.1016/j.jiph.2021.02.001
https://www.ncbi.nlm.nih.gov/pubmed/33848886


Int. J. Mol. Sci. 2024, 25, 5764 14 of 14

19. Gagliotti, C.; Buttazzi, R.; Ricchizzi, E.; Di Mario, S.; Tedeschi, S.; Moro, M.L. Community use of antibiotics during the COVID-19
lockdown. Infect. Dis. 2021, 53, 142–144. [CrossRef] [PubMed]

20. Qi, X.; Liu, Y.; Wang, J.; Fallowfield, J.A.; Wang, J.; Li, X.; Shi, J.; Pan, H.; Zou, S.; Zhang, H.; et al. Clinical course and risk factors
for mortality of COVID-19 patients with pre-existing cirrhosis: A multicentre cohort study. Gut 2021, 70, 433–436. [CrossRef]
[PubMed]

21. Taylor, L. COVID-19: Antimicrobial misuse in Americas sees drug resistant infections surge, says WHO. BMJ 2021, 375, n2845.
[CrossRef] [PubMed]

22. Lu, L.; Li, C.; Yuan, J.; Lu, T.; Okamoto, H.; Murphy, D.G. Full-length genome sequences of five hepatitis C virus isolates
representing subtypes 3g, 3h, 3i and 3k, and a unique genotype 3 variant. J. Gen. Virol. 2013, 94, 543–548. [CrossRef]

23. Hepatitis C Virus Subtype 1a Polyprotein Gene, Complete cds. 2009. Available online: https://www.ncbi.nlm.nih.gov/nuccore/
AF009606 (accessed on 12 March 2024).

24. Gall, A.; Morris, C.; Kellam, P.; Berry, N. Complete Genome Sequence of the WHO International Standard for HIV-1 RNA
Determined by Deep Sequencing. Genome Announc. 2014, 2, e01254-13. [CrossRef]

25. HIV-1 Isolate NIBSC-1 from United Kingdom Gag Protein (Gag), Pol Protein (pol), Vif Protein (Vif), Vpr Protein (Vpr), tat Protein
(Tat), rev Protein (Rev), vpu Protein (Vpu), Envelope Glycoprotein (Env), and Nef Protein (Nef) Genes, Complete cds. 2014.
Available online: https://www.ncbi.nlm.nih.gov/nuccore/KJ019215 (accessed on 12 March 2024).

26. Influenza A Virus (A/Kerala/RGCB140815/2014(H1N1)) Segment 1 Polymerase PB2 (PB2) Gene, Complete cds. 2016. Available
online: https://www.ncbi.nlm.nih.gov/nuccore/KU922529 (accessed on 12 March 2024).

27. Jones, S.; Prasad, R.; Nair, A.S.; Dharmaseelan, S.; Usha, R.; Nair, R.R.; Pillai, R.M. Whole-Genome Sequences of Influenza
A(H1N1)pdm09 Virus Isolates from Kerala, India. Genome Announc. 2017, 5, e00598-17. [CrossRef] [PubMed]

28. Oong, X.Y.; Ng, K.T.; Tan, J.L.; Chan, K.G.; Kamarulzaman, A.; Chan, Y.F.; Sam, I.C.; Tee, K.K. Whole-Genome Phylogenetic
Analysis of Influenza B/Phuket/3073/2013-Like Viruses and Unique Reassortants Detected in Malaysia between 2012 and 2014.
PLoS ONE 2017, 12, e0170610. [CrossRef] [PubMed]

29. Influenza B Virus (B/Malaysia/9012150273/2009) Segment 4 Hemagglutinin (HA) Gene, Complete cds. 2017. Available online:
https://www.ncbi.nlm.nih.gov/nuccore/KX269900.1 (accessed on 12 March 2024).

30. Human Poliovirus 1 Isolate 558/BRA-PE/88, Complete Genome. 2013. Available online: https://www.ncbi.nlm.nih.gov/
nuccore/KF537633 (accessed on 12 March 2024).

31. Tavares, F.N.; da Costa, E.V.; Kew, O.M.; da Silva, E.E. Complete Genome Sequence of the Last Representative Genotype of Wild
Indigenous Poliovirus Type 1, Which Circulated in Brazil. Genome Announc. 2013, 1, e00811-13. [CrossRef] [PubMed]

32. Lu, R.; Wang, Y.; Wang, W.; Nie, K.; Zhao, Y.; Su, J.; Deng, Y.; Zhou, W.; Li, Y.; Wang, H.; et al. Complete Genome Sequence
of Middle East Respiratory Syndrome Coronavirus (MERS-CoV) from the First Imported MERS-CoV Case in China. Genome
Announc. 2015, 3, e00818-15. [CrossRef]

33. Middle East Respiratory Syndrome Coronavirus Strain ChinaGD01, Complete Genome. 2015. Available online: https://www.
ncbi.nlm.nih.gov/nuccore/KT006149 (accessed on 12 March 2024).

34. SARS Coronavirus Sin2500, Complete Genome-Nucleotide-NCBI. Available online: https://www.ncbi.nlm.nih.gov/nuccore/30
468042 (accessed on 12 March 2024).

35. Shental, N.; Levy, S.; Wuvshet, V.; Skorniakov, S.; Shalem, B.; Ottolenghi, A.; Greenshpan, Y.; Steinberg, R.; Edri, A.; Gillis, R.; et al.
Efficient high-throughput SARS-CoV-2 testing to detect asymptomatic carriers. Sci. Adv. 2020, 6, eabc5961. [CrossRef]

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

https://doi.org/10.1080/23744235.2020.1834139
https://www.ncbi.nlm.nih.gov/pubmed/33073645
https://doi.org/10.1136/gutjnl-2020-321666
https://www.ncbi.nlm.nih.gov/pubmed/32434831
https://doi.org/10.1136/bmj.n2845
https://www.ncbi.nlm.nih.gov/pubmed/34794940
https://doi.org/10.1099/vir.0.049668-0
https://www.ncbi.nlm.nih.gov/nuccore/AF009606
https://www.ncbi.nlm.nih.gov/nuccore/AF009606
https://doi.org/10.1128/genomeA.01254-13
https://www.ncbi.nlm.nih.gov/nuccore/KJ019215
https://www.ncbi.nlm.nih.gov/nuccore/KU922529
https://doi.org/10.1128/genomeA.00598-17
https://www.ncbi.nlm.nih.gov/pubmed/28705972
https://doi.org/10.1371/journal.pone.0170610
https://www.ncbi.nlm.nih.gov/pubmed/28129386
https://www.ncbi.nlm.nih.gov/nuccore/KX269900.1
https://www.ncbi.nlm.nih.gov/nuccore/KF537633
https://www.ncbi.nlm.nih.gov/nuccore/KF537633
https://doi.org/10.1128/genomeA.00811-13
https://www.ncbi.nlm.nih.gov/pubmed/24179117
https://doi.org/10.1128/genomeA.00818-15
https://www.ncbi.nlm.nih.gov/nuccore/KT006149
https://www.ncbi.nlm.nih.gov/nuccore/KT006149
https://www.ncbi.nlm.nih.gov/nuccore/30468042
https://www.ncbi.nlm.nih.gov/nuccore/30468042
https://doi.org/10.1126/sciadv.abc5961

	Introduction 
	Results 
	Comparative Analysis of Whole-Genome Data Using Bioinformatic Tools Revealed Conserved Regions of SARS-CoV-2 
	Data Availability 
	Code Availability 
	Evaluation of SET1 Primer Selectivity and Optimization of One-Step RT-qPCR Assay Using Synthetic DNA and RNA 
	Evaluation of SET1 Primers Using the Shorter RAPID One-Step RT-qPCR Protocol on Nucleic Acid Isolated from Saliva 
	Validation of the Shortened RAPID One-Step qPCR Assay Using Various Positive and Negative Samples 
	Optimization and Significant Reduction in Time of the One-Step qPCR Method, Enhancing Sensitivity for Future SARS-CoV-2 Variants 
	Validation of the Optimized Assay Using Positive Samples, including a Critical Case Study 

	Discussion 
	Materials and Methods 
	Conclusions 
	References

