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A B S T R A C T   

Background and aim: Existing real-time reverse transcriptase PCR (RT-qPCR) has certain limitations for the point- 
of-care detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) since it requires sophisticated 
instruments, reagents and skilled laboratory personnel. In this study, we evaluated an assay termed the reverse 
transcriptase-polymerase spiral reaction (RT-PSR) for rapid and visual detection of SARS-CoV-2. 
Methods: The RT-PSR assay was optimized using RdRp gene and evaluated for the detection of SARS-CoV-2. The 
time of 60min and a temperature of 63◦C was optimized for targeting the RNA-dependent RNA polymerase gene 
of SARS-CoV-2. The sensitivity of the assay was evaluated by diluting the in-vitro transcribed RNA, which am-
plifies as low as ten copies. 
Results: The specific primers designed for this assay showed 100% specificity and did not react when tested with 
other lung infection-causing viruses and bacteria. The optimized assay was validated with 190 clinical samples in 
two phases, using automated RTPCR based TrueNat test, and the results were comparable. 
Conclusions: The RT-PSR assay can be considered for rapid and sensitive detection of SARS-CoV-2, particularly in 
resource-limited settings. To our knowledge, there is as yet no RT-PSR-based kit developed for SARS-CoV-2.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is a 
novel coronavirus, the causative agent of coronavirus disease 2019 
(COVID-19). It is a single-stranded positive-sense RNA (+ssRNA) virus 
belonging to the genus β-coronavirus [1]. The genome of the virus codes 
for four structural proteins, the spike (S) protein, nucleocapsid (N) 
protein, membrane “matrix” (M) protein, and envelope (E) proteins [2]. 
SARS-CoV-2 is aerosol borne and can spread from person to person 
mainly through respiratory droplets. Infected persons may be asymp-
tomatic, and yet shed the virus. Early diagnosis is crucial to combat 
COVID-19, for which the availability of tools for rapid detection of the 
virus holds the key. The nucleic acid amplification tests (NAAT, such as 
probe-based reverse transcriptase (RT) - real-time polymerase chain 

reaction (PCR) (RT-qPCR), are considered the gold standard globally for 
the detection of SARS-CoV-2 [3–7]. The assay is accepted globally as it 
has a high level of sensitivity and offers a low limit of detection (LOD). 
However, performing RT-qPCR requires sophisticated equipment, the 
Real-Time PCR machine, coupled with high-quality reagents, and skilled 
laboratory personnel, all of which contribute to it being cost-intensive 
[8]. In addition, the turnaround time is more. Additionally, a low viral 
concentration limits the effectiveness of the test [9]. Hence, there is a 
need for an alternative rapid, portable, and affordable NAAT-based 
point-of-care assay to detect SARS-CoV-2. 

Unlike the PCR-based method, isothermal amplification is relatively 
simple, in that it rapidly amplifies the nucleic acids at a constant tem-
perature without the need for a programmable thermocycler [10]. The 
continuous search for novel isothermal amplification techniques has 
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contributed to the development of reverse transcriptase-polymerase 
spiral reaction (RT-PSR) as a diagnostic assay that does not require so-
phisticated equipment [11]. 

The RT-PSR nucleic acid amplification is carried out with 1–2 pairs of 
primers, a strand displacing DNA polymerase enzyme, and reverse 
transcriptase enzyme. This technique can be performed using a simple 
dry bath without the need for a thermal cycler. The validation of the 
assay using clinical swab samples from COVID-19 patients showed this 
assay to be highly sensitive, specific [12], and one which can lend itself 
as a POC test of high utility through low cost. We developed and opti-
mized the reaction conditions of RT-PSR assay for the detection of SARS- 
CoV-2 that can be sensitive, specific, and detected visually. Further, the 
assay was independently validated with clinical samples and compared 
with automated RT-PCR based TrueNat test results. 

2. Material and methods 

2.1. Ethical and bio-safety statement 

Ethical approval for the study was taken by the Central Ethics 
Committee, Nitte (Deemed to be University), and Madras Medical 
Mission, Chennai, India. The biosafety approval was taken from the 
Institutional Biosafety Committee (IBSC), Nitte (Deemed to be 
University). 

2.2. Primer designing for RT-PSR assay 

The RNA-dependent RNA polymerase gene (RdRp) sequence of 
SARS-CoV-2 was retrieved from the NCBI GenBank database. The ob-
tained sequences were subjected to multiple sequence alignment (MSA) 
tool MultAlin to find the conserved regions in each gene. Primers for RT- 
PSR were designed using the Primer3Plus software. The best pair was 
selected as forward and reverse primers (PS-F & PS-R) for the assay, and 
an unrelated sequence from a plant source was linked to it. To amplify 
the target gene, an extra pair of primers were designed using Primer3-
Plus software as auxiliary accelerated outer primers (PS-OF & PS-OR). 
Sequence of primers used for the test is listed in Table.1. 

2.3. SARS-CoV-2 and RNA extraction 

Lysed SARS-CoV-2 samples with protocol were kindly provided by 
the National Institute of Virology, Pune. Viral RNA was extracted using 
QIAampviral RNA extraction kit (Qiagen, Germany) and the concen-
tration was measured using Nanophotometer®NP80 (Implen, Germany) 
and stored at − 80◦C deep freezer (Panasonic, Japan) for further use. 

2.4. Ligation and transformation of the target gene 

RT-PCR was performed by a One-step RT-PCR Kit (Qiagen, Germany) 
using gene-specific primers and the extracted viral RNA. The amplified 

Table 1 
List of primers used in this study.  

Primer name Sequence (5′–3′) Purpose Reference 

RdRp-F ATGGCCTCACTTGTTCTTGC For PCR assay This study 
RdRp-R GGCCCCTAGGATTCTTGATG 
RdRp- T7F TAATACGACTCACTATAGGGATGGCCTCA CTTGTTCTTGC For in-vitro RNA synthesis This study 
RdRp-PS-F ACGAATTCGTACATAGAAGTATAGGTAGCTTGT CACACCGTT For RT-PSR assay This study 
RdRp-PS-R GATATGAAGATACATGCTTAAGCAGCATTAACA TTGGCCGTG 
RdRp-PS-OF TCTGACGATGCTGTTGTGTGT 
RdRp-PS-OR CAGTCTCAGTCCAACATTTTGC  

Fig. 1. Schematic representation of workflow for the detection of SARS-CoV-2 using RT-PSR assay targeting RdRp gene.  
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products were purified using the QIAquick PCR purification kit (Qiagen, 
Germany). The RdRp gene was further ligated to pDrive vector using a 
Quick-start QIAGEN PCR cloning kit (Qiagen, Germany). Competent 
cells of E. coli DH5α were used to transform the ligated product by heat 
shock method and confirmed by blue-white screening followed by col-
ony PCR using gene/vector-specific primers. Plasmid DNA was then 
extracted from the positive clones using the QIAprep Spin Miniprep kit 
(Qiagen, Germany)and Sanger sequencing was performed (M/S Eurofins 
Genomics India Pvt ltd., India). The sequences obtained were analyzed 
using various bioinformatics tools and the integrity of the gene was 
confirmed. 

2.5. In-vitro RNA synthesis 

The PCR of the target sequence was performed using a T7 promoter 
containing forward primer and gene-specific reverse primer and the 
product was used for in-vitro RNA synthesis with HiScribe™ T7 quick 
high yield RNA synthesis kit (New England BioLabs, USA). The RNA 
obtained was purified using a Monarch® RNA cleanup kit (New England 
BioLabs, USA) and the presence was confirmed by treating it with RNase 
A (New England BioLabs, USA) followed by agarose gel electrophoresis. 
Purified RNA was stored at –80◦C (Panasonic, Japan) for further use. 
The concentration and purity of the in-vitro transcribed RNA were esti-
mated using Nanophotometer® NP80 (Implen, Germany). 

2.6. Optimization of RT-PSR for the detection of SARS-CoV-2 

In-vitro transcribed SARS-CoV-2 RNA was used for the optimization 
of the RT-PSR assay (Fig. 1). The temperature was optimized considering 
60℃, 63℃, and 65℃. Likewise, the assay time was optimized by 
considering 15 min, 30 min, 45 min, and 60 min time points. The 
requirement of magnesium sulphate was also optimized using varying 
concentrations. The assay was optimized in a microcentrifuge tube using 
25 µl of reaction mixture comprising 1.6 µM each of forward and reverse 
primers (FP and RP), 0.2 µM each of outer primers (OF and OR), 2.5 µl of 
10X isothermal amplification buffer, 1.6 M betaine (Sigma-Aldrich, 
USA), 4 mM magnesium sulphate, 1.4 mM of each of the four dNTPs, 0.8 
µl WarmStart® RTx Reverse Transcriptase (NewEngland BioLabs, USA), 
and 1 μl Bst 2.0 DNA Polymerase (New England BioLabs, USA). Two 
microliters of in-vitro synthesized RNA were used as the template for the 
reaction. 

2.7. Visual detection of the amplicons and agarose gel electrophoresis 

Visual detection of the amplicon was based on an enzymatic reaction 
using hydroxynapthol blue (HNB) dye at a concentration of 120 µM in 
the 25 µl reaction mixture [13]. The change in colour of the reaction 
mixture from dark blue to sky blue was considered positive. Further 
confirmation was by agarose gel electrophoresis, gel being stained with 
ethidium bromide (0.5 μg/ml) and visualized using a gel documentation 
system (Gel Doc XR+, Bio-Rad, USA). 

2.8. Sensitivity test for RT-PSR assay 

The sensitivity test was performed by diluting the in-vitro synthesized 
RdRp RNA to yield varying concentrations (5 ng/µl, 25 ng/µl, 50 ng/µl, 
and 200 ng/µl), which served as a template for the RT-PSR assay. 
Further, the analytical sensitivity of RT-PSR assay was performed by 
serially diluting the in-vitro synthesized RdRp RNA to contain varying 
RNA copy numbers (from 2.65 x10 11 to 2.65 × 1 copies of RNA). 

2.9. Specificity test for RT-PSR assay 

The specificity assay was performed using both in-vitro and in-silico 
analysis. For in-silico analysis, sequences of SARS-CoV-2 reference 
genome (Wuhan City, Hubei, 2019–12-26, GenBank ID MN908947), 
other SARS-CoV-2 emerging sequence variants from around the world, 
other coronaviruses and related RNA viruses were retrieved from NCBI 
GenBank and GISAID (global initiative on sharing all influenza data 
EpiFlu database). The MSA analysis was performed against the RT-PSR 
primer sequences using the bioinformatics software Geneious (https: 
//www.geneious.com/) to check for any mismatches. In-vitro speci-
ficity test was performed using RNA sample of influenza virus and other 
bacterial infectious agents causing lung infection such as Burkholderia 
cepacia (ATCC 25416), Mycobacterium marinum (ATCC 11565), Acine-
tobacter baumannii (ATCC 19606) and Pseudomonas aeruginosa (Lab 
isolate, NUCSER). 

2.10. Internal validation of RT-PSR with clinical samples 

The developed RT-PSR assay was validated in two phases, with 
clinical samples (nasopharyngeal swab samples) at the tertiary care 
hospital, Madras Medical Mission, Chennai, India. During the first 
phase, 90 random clinical samples were selected, of which 60 were 
positive and 30 were negative based on TrueNat test results. The positive 
samples comprised 36 that were collected in July and August 2021 
(stored samples) and 24 were collected in September and October 2021 
(freshly collected samples). All the 30 negative samples were collected 
during October 2021 and validation study was performed by the end of 
October 2021. During the second phase, 100 samples were collected in 
January 2022, of which 80 were positive and 20 negative by TrueNat. 
All the samples were validated at the end of January 2022. The total 
viral RNA was extracted from the samples using the High Pure Viral RNA 
kit (Roche, Switzerland) as per the manufacturer’s instructions, for use 
as template and results of RT-PSR correlated with that of TrueNat 
(Table 2). 

2.11. Statistical analysis 

The two-sample proportion test with a significance of p < 0.05 was 
used to assess the significant difference between the RT-PSR assay and 
the TrueNat test and was calculated using online software, Mathcracker. 
The graphs were generated using Prism version 5.0 software (Graph Pad, 
Inc., La Jolla, USA). 

Table 2 
The results of first and second phases of clinical sample validation.  

Phase of clinical sample 
validation 

Period of sample 
collection 

TrueNat positive samples TrueNat negative samples 

Total positive 
samples 

True positive 
by 
RT-PSR 

True positive sample for 
RT-PSR (%) 

Total negative 
samples 

True 
negative 
by 
RT-PSR 

True negative 
for 
RT-PSR (%) 

First phase July-August 2021 36 28* 77 % – – – 
September-October 
2021 

24 23‘ns’ 95.8 % 30 29‘ns’ 96 % 

Second phase January 2022 80 75* 93.7 % 20 20‘ns’ 100 % 

*Significant difference in RT-PSR results in comparison to TrueNat test. 
‘ns’No significant difference in RT-PSR results in comparison to TrueNat test. 
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3. Results 

3.1. Cloning and in-vitro transcription of SARS-CoV-2gene 

The sequence and MSA analysis showed a 100 % match between all 
the aligned sequences with the primer sequence. The RNA concentration 
obtained for the RdRp target was > 450 ng/µl. Treatment of RNA with 
RNase resulted in detection of no band in electrophoresis study, whereas 
all the untreated RNA showed a band in the gel. 

3.2. Optimization of RT-PSR assay to amplify RdRp gene 

Four primers (FP, BP, OFP, ORP) were designed to target RdRp gene. 
The optimized temperature and time for the assay were found to be 63◦C 
and 60 min, respectively. The HNB dye at a concentration of 120 µM 
showed a colour change from dark blue to sky blue in positive samples 
and no change in negative samples (Fig. 2). 

3.3. Sensitivity test for RT-PSR assay 

The RT-PSR assay sensitivity was evaluated by agarose gel electro-
phoresis and HNB dye-based visual detection. Ten-fold serial dilutions of 
the in-vitro transcribed viral RNA ranging from 2.65 × 1011 to 2.65 x10 
copies could be detected (Fig. 3). The lowest concentration of RNA at 
which the RdRp gene target showed amplification was 5 ng/ µl RNA. 

3.4. Specificity test for RT-PSR assay 

The in-silico analysis for the RT-PSR primers revealed high specificity 
to the SARS-CoV-2 and its variants. For the primer, no mismatch with 
SARS-CoV-2 sequences from the world database was recorded, while 
100 % mismatch was seen with other coronavirus, and other related 
RNA virus sequences included for the analysis. No amplification was 
observed for influenza virus and lung infection, causing bacterial path-
ogens like B. cepacia, M. marinum, A. baumannii, and P. aeruginosa 
(Fig. 3). 

3.5. Clinical validation of RT-PSR assay 

The two-sample Z test statistical analysis was applied with the vali-
dated TrueNat test used by Madras Medical Mission, as the reference 
method. In the first phase of clinical validation, 52 samples (87 %) 
showed amplification using RT-PSR assay, which included 29 old posi-
tive stored samples (80.5 %) and 23 (95 %) fresh positive samples. The 
29 (97 %) negative samples did not amplify, by visual detection or gel 
electrophoresis (Fig. 4). Likewise, during the second phase, 75 samples 
(93.7 %) showed amplification for the RdRp gene. All 20 (100 %) true 
negative samples showed no amplification, either by visual observation 
or by gel electrophoresis. 

Fig. 2. A representative image showing the visual detection of RT-PSR ampli-
fied product followed by agarose gel electrophoresis analysis. Lane 1: Non 
template control; Lane 2: Positive control (in-vitro synthesized RNA). 

Fig. 3. Optimization of temperature, sensitivity, specificity of RT-PSR assay. A. Temperature optimization using visual detection followed by 2 % agarose gel analysis 
of RT-PSR assay. Lane 1: Non template control; Lane 2: Amplification at 60 ◦C for 60 min; Lane 3: Amplification at 63 ◦C for 60 min, Lane 4: Amplification at 65 ◦C for 
60 min. B. Determination of sensitivity of RT-PSR assay using visual detection followed by 2 % agarose gel analysis. Figure showing the amplification using different 
RNA concentration for RdRp gene (expressed in copy number). Lane 1: Non template control, Lane 2: 2.65 × 1011 RNA copies; Lane 3: 2.65 × 104 RNA copies; Lane 4: 
2.65 × 103 RNA copies; Lane 5: 2.65 × 102 RNA copies; Lane 6: 2.65 × 10 RNA copies. C. Determination of specificity using visual detection followed by 2 % agarose 
gel analysis. Lane 1: Non template control; Lane 2: In-vitro RNA (positive control); Lane 3: Influenza virus; Lane 4: B. cepacia; Lane 5: M. marinum; Lane 6: 
A. baumannii and Lane 7: P. aeruginosa. 
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First phase of sample validation Second phase of sample validation

A

A. A.

B

B. B.2

C D

E F

Fig. 4. Results of internal clinical validation of the optimized RT-PSR assay. A, and B: Visual detection of amplicons followed by agarose gel analysis of clinical 
samples for first and second phase, respectively. A1: Lane 1: Non template control, Lane 2: Positive control (in-vitro synthesized RNA), Lanes 3–7: Samples showing 
amplifications. A2: Lane 1: Non template control, Lane 2: Positive control (in-vitro synthesized RNA), Lanes 3–7: Samples showing no amplifications. B1: Lane 1: Non 
template control, Lane 2: Positive control (in-vitro synthesized RNA), Lanes 3–7: Samples showing amplifications. B2: Lane 1: Non template control, Lane 2: Positive 
control (in-vitro synthesized RNA), Lanes 3–7: Samples showing no amplifications. C. Results for first phase of sample validation compared to TrueNat confirmed old 
positive (80.5 %), new positive (95.8 %) and negative (96.6 %). D. Results for second phase of clinical validation compared to TrueNat confirmed positive (93.7 %) 
and negative (100 %) samples. E. Comparison of results between TrueNat and RT-PSR assay for first phase sample validations. ‘*’ indicates Significant difference 
between RT-PSR and TrueNat (p = <0.05). ‘ns’ No significant difference between RT-PSR and TrueNat assay (p = >0.05); F. Comparison of results between TrueNat 
and RT-PSR assay for second phase sample validation. ‘*’ indicates Significant difference between RT-PSR and TrueNat (p = <0.05). ‘ns’ No significant difference 
between RT-PSR and TrueNat assay (p = >0.05). 
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4. Discussion 

The pandemic due to SARS-CoV-2 has caused an unprecedented 
situation globally for health and the economy [14]. The development 
and application of highly specific, rapid and sensitive point-of-care di-
agnostics for timely detection and contact tracing have been considered 
most important tool as of now [15,16]. Although the gold standard RT- 
qPCR is highly sensitive and specific, there are some limitations, such as 
the need for sophisticated equipments, skilled research personnel, 
complex protocol and long waiting time [6,17]. In this study, we 
developed, optimized and evaluated the suitability of a colorimetric RT- 
PSR assay for the detection of SARS-CoV-2 without compromising on the 
specificity, sensitivity and rapidity. To the best of our knowledge, this is 
the first study on the use of RT-PSR for the detection of SARS-CoV-2 with 
the attributes mentioned above. 

In the initial phase of development of RT-PSR, we designed and 
tested primers targeting the various SARS-CoV-2 genes like nucleo-
capsid, spike, envelope, and RdRp  genes. However, it was observed that 
RdRp gene primer worked the best for this assay. An additional feature 
with regard to RdRp gene was its highly conserved nature [18]. As 
compared to other isothermal amplification-based assays, such as loop- 
mediated isothermal amplification (LAMP), the primer design for RT- 
PSR assay is far simpler [9,11] and offers greater detection efficiency 
[19,20]. Further, the assay has been optimized using HNB dye for the 
visual detection of the amplification product [21]. During the amplifi-
cation, the insoluble magnesium pyrophosphate products formed at the 
end of the isothermal amplification facilitate the direct visual determi-
nation of the result for a given reaction because of the dye complex, 
resulting in an easy to read coloured format for a POC test [22]. 

Previous studies on porcine epidemic diarrhoea virus, canine 
parvovirus 2 and coxsackie virus have shown RT-PSR assay to be highly 
sensitive with an ability to amplify even a single copy of RNA 
[12,23,24]. This study also reflected the high sensitivity of the test with 
the ability to amplify RNA as low as 5 ng/μL. The limit of detection in 
terms of copy numbers was as low as ten copies of RNA. The in-silico 
analysis demonstrated the specificity of the primer for the detection of 
SARS-CoV-2. The primer binding region was highly conserved and 
specific with ability to detect all the major variants of the virus. Further, 
the assay was specific as, influenza virus and other respiratory infection- 
causing bacterial species showed no cross-reactivity with the PSR 
primers. This was further confirmed by our observation that all TrueNAT 
negative clinical samples were negative in this assay. 

The key feature of the assay relates to the short time and isothermal 
temperature of 63◦C for about 60 min, significantly reducing the clinical 
testing time, thus making it faster than RT-qPCR. Additionally, the re-
action results can be determined visually by the colour change, without 
the need for fluorescent probes, making it simple and cost-effective. The 
practicability of the developed RT-PSR assay was validated using clinical 
samples and compared with the widely accepted TrueNat test results. In 
the first phase of clinical samples received and tested during July- 
October 2021, the sample positivity rate was low (87 %) for the stored 
samples. There were also few false-negative results by RT-PSR obtained 
for true-positive (TrueNat positive) samples. Interestingly, majority of 
these samples were relatively old samples stored at − 80◦C (collected 
during July and August 2021). However, no false-negative result was 
obtained in the samples collected during September-October 2021. We 
summarise that the false-negative results of old stored true positive 
samples to be due to the degradation of the sample during the storage 
period. Likewise, during the second testing phase, a total of 75 samples 
(93.7 %) showed amplification for the RdRp gene. All the 20 (100 %) 
true negative samples showed no amplification when results were read 
both visually and by gel electrophoresis. In the second phase of sample 
validation, we tried to address the issue of false-negative result that was 
observed during the first phase. For this, 100 fresh samples were selected 
based on TrueNat test results (collected and tested end of January 2022). 
The RT-PSR assay results were comparable with TrueNat results. The 

RT-PSR assay targeting the RdRp gene showed amplification for 94 % of 
samples that were positive by TrueNat and 100 % of true-negative 
samples did not show any amplification. We conclude that the RT-PSR 
assay results are comparable with TrueNat test results and can be a 
point-of-care diagnostic assay for detecting SARS-CoV-2 in a low- 
resource setting with the cardinal features of specificity, sensitivity, 
rapidity and affordability. 
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