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Introduction
COVID-19 is a severe acute respiratory syndrome (SARS) 

caused by a novel strain of coronavirus named SARS-CoV-2. This 
virus has been reported to be a highly transmissible and pathogenic 
coronavirus that arose in late 2019 from Wuhan, China [1] and has 
sparked a pandemic, posing a significant threat to human health, 
public safety, and many other aspects [2]. To date, more than 163 
million cases have been confirmed with more than 3.37 million 
deaths related to COVID-19 worldwide as of May 16th, 2021 [3]. 

Similar to other coronaviruses, the genome of SARS-CoV-2 
consists of a positive-sense single-stranded RNA molecule ranging 
from 26 to 32 kb in size, which was believed to have emerged 
from bats. However, there is no strong evidence to ensure its 
zoonotic origin [4]. Coronavirus particles are spherical in shape 
with diameters between 80 and 160 nm. The genetic structure of 
SARS-CoV-2 contains 4 structural proteins and 16 non-structural 
proteins with the arrangement of open reading frames (ORFs) as 
replicase and protease (1a-1b) and other major glycoproteins like 

Spike (S), Envelope (E), Membrane (M), and Nucleocapsid (N) 
proteins following a typical 5’-3’ order [5]. Among these, the spike 
protein (S) coats the envelope surface and is responsible for virus 
penetration into host cells while membrane (M) and envelope (E) 
proteins cover the membrane. Also, in the SARS-CoV-2 genome, 
there is an essential gene for virus replication called the RdRp 
(RNA-dependent RNA polymerase) gene in the ORF1ab sequence, 
which is highly conserved and specific for this virus strain [6]. 
SARS-CoV-2 possesses many virulence factors that play an 
important role in the invasion, escape, and multiplication in host 
cells. This virus has the ability to stay in the human body for a very 
long time until it causes illness in the respiratory, digestive, and 
nervous systems of humans and other animals [7].

In order to manage COVID-19, the first step requires a rapid 
and accurate detection of SARS-CoV-2. Remarkably, the WHO has 
recommended reverse transcription-polymerase chain reactions 
(RT-PCR) targeting the E gene and RdRp gene for the confirmation 
of SARS-CoV-2 diagnosis. The establishment of positive standard 
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sources play a critical role in development and assessment of 
diagnostic kits as patients’ specimens are not available for every 
laboratory. Besides, for virus culturing, these samples require 
handling in biosafety level 3 laboratories. Therefore, plasmids or 
RNA containing the target sequence of SARS-CoV-2 need to be 
prepared. Therefore, this study focused on the establishment of 
a novel assay for in-vitro transcribed RNA as positive standards 
based on amplicons of the self-priming PCR targeting envelope 
protein gene and RdRp gene of SARS-CoV-2.

Materials and methods
Envelope protein gene and RdRp gene cloning of SARS-

CoV-2 in E. coli

E gene and RdRp gene construction and amplification: Using 
primer design software, the specific primers sMn1-Fwd/Rev 
(E gene) and sMn2-Fwd/Rev (RdRp gene) (Nucleotide position 
26248 to 26366 and 15422 to 15538, GenBank accession no. 
NC_045512.2, respectively) were designed to amplify the target 
nucleotide sequence of the E and RdRp genes from SARS-
CoV-2 (Table 1). Self-priming refers to the folding back of 
oligonucleotides. Given the advantage of self-priming that allows 
amplification initiation without the need for a DNA template, the 
forward and reverse primer were designed to interact with each 
other to form the double-stranded DNA fragments of interest. The 
self-priming PCR process consisted of denaturation (95oC/5 min), 
annealing and amplifying (94oC/30 s, 40oC/30 s, 72oC/40 s) for 
35 cycles, followed by final extension step at 72oC/7 min. The 
PCR products (119 and 117 bp in length) were analysed by 
electrophoresis in a 1.2% agarose gel with ethidium bromide then 
purified by a PCR purification kit (Thermo Scientific, USA).
Table 1. Primers and probes used for this study.

No Primer/
probe Sequence (5’-3’) Target 

gene Reference

1 sMn1-F GAGACAGGTACGTTAATAGTTAATAGCGTACTTCTT
TTTCTTGCTTTCGTGGTATTCTTGCTAGTTACAC Envelope This study

2 sMn1-R ACAATATTGCAGCAGTACGCACACAATCGAAGCGC
AGTAAGGATGGCTAGTGTAACTAGCAAGAATACCA Envelope This study

3 sMn2-F AATATTGAGTGAAATGGTCATGTGTGGCGGTTCACT
ATATGTTAAACCAGGTGGAACCTCATCAGGAGAT RdRp This study

4 sMn2-R CAGCTGACAGCTTGACAAATGTTAAAAACACTATTAG
CATAAGCAGTTGTGGCATCTCCTGATGAGGTTC RdRp This study

5 qPrimer1 ACAGGTACGTTAATAGTTAATAGCGT Envelope [8]

6 qPrimer2 ATATTGCAGCAGTACGCACACA Envelope [8]

7 nCoV-F GTGAAATGGTCATGTGTGGCGG RdRp [9]

8 nCoV-R CAAATGTTAAAAACACTATTAGCATA RdRp [9]

9 nCoVE_pr /56-FAM/ACACTAGCCATCCTTACTGCGCTTCG /3BHQ_1/ Envelope [8]

10 nCoV_pr /56-FAM/ CAGGTGGAACCTCATCAGGAGATGC /3BHQ-1/ RdRp [9]

Cloning of E gene and RdRp gene in E. coli DH5α: The 
purified PCR products were inserted directly into pGEM-T easy 
vector (Promega, USA) (Fig. 1) and transformed into E. coli DH5α 
competent cells by heat shock at 42oC/90 s. Then, recombinant 
plasmids were tested by a SspI restriction enzyme (Thermo 

Scientific, USA). The targeted sequences were then identified by 
Sanger method, and MegaX software was used to compare and 
analyse against other determined sequences on GenBank.
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Fig. 1. The pGEM-T easy vector (pGEM-T easy vector systems, 
Promega, USA).

In-vitro synthesisation of E protein gene and RdRp gene of 
SARS-CoV-2

After analysis, the recombinant plasmid containing the sMn1/
sMn2 sequence was cleaved at one point downstream of the T7 
promoter and the segment to be transcribed using NdeI restriction 
enzyme creating a linear strand. The RNA product was then 
purified (PCR purification kit - Thermo Scientific, USA) for RNA 
in-vitro synthesis.

Synthesisation of the E and RdRp genes of SARS-CoV-2: 
Reaction components were 5X TranscriptAid Reaction buffer 4 μl; 
NTP mix (25 mM) 8 μl; TranscriptAid Enzyme Mix 2 μl (Thermo 
Scientific, USA); and DNA plasmid 6 μl; DEPC - treated water 
added up to the total volume of 20 μl. RNA in-vitro was synthesised 
at 37oC in 2 h. DNAseI was used to remove any remaining DNA at 
37oC in 1.5 h. The RNA product was purified by QIAGEN RNeasy 
Mini kit (Qiagen, Germany) following the conventional protocol. 
Purified RNA were stored at -80oC for any further experiment (Fig. 2).

Fig. 2. Diagram of the experimental procedure for in-vitro 
transcribed RNA as positive standards based on amplicons of 
self-priming PCR targeting the E gene and RdRp gene of SARS-
CoV-2.

A NanoDrop ND-1000 spectrophotometer (Thermo Fisher 
Scientific, Wilmington, USA) was used to quantify and assess the 
purity of the purified RNA. Also, their molecular size was visualised 
by conducting one-step RT-PCR (Qiagen, Germany) on 1.2% 
agarose gel electrophoresis. Following up with the WHO protocol 
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for one-step, real-time RT-PCR using Superscript III one-step RT-
PCR system with Platinum Taq Polymerase (Thermo Scientific, 
USA), the primer qPrimer(1+2), probe nCoVE-pr and primer 
nCoV Fwd/Rev, probe nCoV_pr were used for the reaction of 
in-vitro synthesised RNAs sMn1 and sMn2, respectively (Table 1) 
[8]. After analysis by Sanger sequencing, the in-vitro transcribed 
RNAs were stored at -80oC to determine their stability after 1, 3, 
and 6 months using one-step real-time RT-PCR assays.

Results and discussion
Cloning envelope protein gene and RdRp gene of SARS-

CoV-2 in E. coli

Observation from gel electrophoresis results of PCR products 
of primer sMn1 Fwd/Rev and sMn2 Fwd/Rev, the synthesising 
process succeeded with significant bands corresponding to sizes of 
119 bp and 117 bp each (Fig. 3A). 
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Fig. 3. (A) Self-priming PCR products of sMn1 (E gene) and sMn2 (RdRp gene) of 

SARS-CoV-2; (B) Recombinant plasmids of sMn1 and sMn2 after being cleaved 

by Ssp I restriction enzyme. Lane M100, 100 bp DNA ladder (Thermo Scientific, 

USA); Lane M1kb, 1kb DNA ladder (Thermo Scientific, USA) 

      As the SARS-CoV-2 genome contains positive-sense single-stranded RNA, 

forward and reverse primers were designed to create the gene fragment of interest for 

each envelope protein gene and RdRp gene. sMn1 (E gene) was synthesised using sMn1 

Fwd/Rev primers and, similarly, sMn2 Fwd/Rev for sMn2 (RdRp gene). 

     The pGEM-T easy vector was chosen for its advantages in the cloning process 

such as its small size of 3015 bp and numerous restriction sites within the multiple 

cloning regions. Also, these are high-copy-number vectors in E. coli containing T7 and 

SP6 RNA polymerase promoters flanking a multiple cloning region within the α-peptide 

coding region of the enzyme β-galactosidase. Insertional inactivation of the α-peptide 

allows the identification of recombinants by blue/white screening on indicator plates. 

Recombinant plasmids were checked by SspI restriction enzyme and sequencing. Their 

sizes were calculated to be 3134 and 3132 bp. Digestion by the SspI restriction enzyme 

resulted in three specific bands equivalent to approximately 0.18, 0.75, and 2.2 kb as 

measured. Recombinant plasmids were then confirmed by Sanger sequencing. 

     Sequencing results proved that the cloned genes are exactly sMn1/2 belonging to 

the E and RdRp genes of SARS-CoV-2. The comparison consequences indicated two 

point mutations on the sMn2 sequence at positions of G02 → A02 and T32 → C32, while 
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Fig. 3. (A) Self-priming PCR products of sMn1 (E gene) and sMn2 
(RdRp gene) of SARS-CoV-2; (B) Recombinant plasmids of sMn1 
and sMn2 after being cleaved by Ssp I restriction enzyme. Lane 
M100, 100 bp DNA ladder (Thermo Scientific, USA); Lane M1kb, 1kb 
DNA ladder (Thermo Scientific, USA).

As the SARS-CoV-2 genome contains positive-sense single-
stranded RNA, forward and reverse primers were designed to 
create the gene fragment of interest for each envelope protein gene 
and RdRp gene. sMn1 (E gene) was synthesised using sMn1 Fwd/
Rev primers and, similarly, sMn2 Fwd/Rev for sMn2 (RdRp gene).

 The pGEM-T easy vector was chosen for its advantages in the 
cloning process such as its small size of 3015 bp and numerous 
restriction sites within the multiple cloning regions. Also, these 
are high-copy-number vectors in E. coli containing T7 and SP6 
RNA polymerase promoters flanking a multiple cloning region 
within the α-peptide coding region of the enzyme β-galactosidase. 
Insertional inactivation of the α-peptide allows the identification 
of recombinants by blue/white screening on indicator plates. 
Recombinant plasmids were checked by SspI restriction enzyme 
and sequencing. Their sizes were calculated to be 3134 and 3132 
bp. Digestion by the SspI restriction enzyme resulted in three 
specific bands equivalent to approximately 0.18, 0.75, and 2.2 
kb as measured. Recombinant plasmids were then confirmed by 
Sanger sequencing.

Sequencing results proved that the cloned genes are exactly 
sMn1/2 belonging to the E and RdRp genes of SARS-CoV-2. The 
comparison consequences indicated two point mutations on the 
sMn2 sequence at positions of G02  A02 and T32  C32, while the 

sMn1 sequence was completely identical to all other 4 reference 
sequences. The important takeaway from sequence analysis is 
to verify if the sequences of interest were cloned into the exact 
position downstream to the T7 promoter of pGEM-T easy vector, 
therefore confirming that the transcribed in-vitro RNA afterward 
will be specifically a positive-sense, single-stranded RNA of 
SARS-CoV-2. The plasmids containing the targeted genes are 
named as pGEMT_sMn1_E and pGEMT_sMn2_P (Fig. 4).
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Fig. 4. Comparison between nucleotide sequence of sMn1/sMn2 
of SARS-CoV-2 and other 4 reference Coronavirus SARS-CoV-2 
strains on Genbank. Reference sequences are named in order of their 
code, name, and origin.

In-vitro synthesisation of envelope protein gene and RdRp 
gene of SARS-CoV-2

While the envelope protein gene (E) is a “universal” gene that 
codes for envelope proteins that are found in all coronaviruses, 
the RNA-dependent RNA polymerase gene (RdRp) of the ORF1ab 
sequence was found only in SARS-CoV-2. Given the importance 
of RdRp for viability and replication/transcription of RNA viruses, 
mutations in this gene are statistically less likely to occur [10]. 
Thus, numerous studies using these two genes have been provided 
to indicate SARS-CoV-2 based on real-time RT-PCR techniques. 
Our study focused on the highly conserved genomic region of the 
envelope protein and RdRp for cloning and transcription of in-vitro 
RNA, thus producing positive standards for further SARS-CoV-2 
molecular diagnostic studies. 

Transcription of in-vitro RNA was generated after the cleavage 
of the NdeI restriction enzyme to linearize the recombinant 
vectors. The NdeI enzyme was chosen as it has only one cleavage 
site on the recombinant plasmid at the position of 97 bp after the 
T7 promoter, which makes sure the process of transcription will 
result in a specific target RNA. 

Theoretically, successfully transcribed in-vitro RNA sMn1 
would have 216 bases and 214 bases for sMn2. Gel electrophoresis 
of the in-vitro-transcribed RNA showed clear bands and no by-
products (Data not shown). The in-vitro transcribed RNA of the E 
and RdRp targets had concentrations of 200-800 ng/µl and A260/
A280 ratios of 2.0-2.2. The number of copies was calculated by an 
online tool from http://www.scienceprimer.com [11] based on the 
concentration and the length of these single stranded RNAs, then 
RNA stocks were diluted into a series of 10-times concentration 
from 10-1 to 106 copies/ml. All diluted RNA solutions were used 
as RNA templates for a real-time RT-PCR following WHO’s 
protocol to confirm the in-vitro-transcribed RNA. Figure 5 shows 
that the targeted RNAs were successfully created. Additionally, 
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their stability during 1, 3, and 6 months of conservation shows 
equivalent results on one specific concentration (Data not shown).
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Fig. 5. Evaluation of quality of in-vitro transcribed RNA of sMn1 
and sMn2 using the standard WHO protocol for SARS-CoV-2 
detection by real-time RT-PCR. (A) sMn1 and (B) sMn2; S1-S8: in 
vitro RNA was diluted to the concentration of 106-10-1 copies/ul; NC: 
negative control.

In order to create a positive standard source enabling SARS-
CoV-2 detection based on real-time RT-PCR, this study has proposed 
two cloned and transcribed in-vitro RNAs. Due to the properties 
of stability and ease of cloning into E. coli cells, plasmid-carrying 
target genes are normally used to establish positive standards. In 
spite of that, plasmids are only suitable for subjects with DNA as 
their genetic material. In this particular case, since SARS-CoV-2 
uses RNA as its genetic material, the ideal positive standard must 
be RNA. Hence, in-vitro-transcribed RNA has been accessed by 
many studies [12-14].  

Generally, two approaches are used to synthesise in-vitro 
RNA: direct transcription and indirect transcription through 
cloning. With direct transcription, RNA is produced using PCR 
products containing T7 promoter sequences at their 5’-end. This 
can be achieved by designing PCR primers having 5’-overhang 
ends including the T7 promoter [15, 16]. Meanwhile, for indirect 
transcription, no special design of the PCR primers is required, and 
plasmids are easily cloned with large amounts as the T7 promoter 
sequence was provided in the cloning vectors. On the other hand, 
through cloning techniques, target genes can be sustainably stored 
in plasmids as well as in E. coli cells. Our research had constructed 
an in vitro-transcribed RNA protocol of the E protein gene and RdRp 
gene of SAR-CoV-2 by indirect transcription resulting in RNA with 
relatively high purity when compared to direct assays [15, 16] and 
also higher than that of the in-vitro RNA synthesised according to 
Akyurek, et al. (2021) with about 108 copies/μl (approx. 0.0536 ng/μl) 
[13] and L.T. Phan, et al (2020) [17] for 7.94 x1011 copies/μl.

Conclusions
This study successfully generated in-vitro-transcribed RNA 

coding for a specific fragment of the envelope protein gene (sMn1) 
and the RdRp gene (sMn2) of SARS-CoV-2 with concentrations 
of 200-800 ng/µl and A260/A280 ratios of 2.0-2.2 for sMn1 and 
sMn2. The in-vitro RNAs were tested for their content, purity, 
RNA electrophoresis, one-step real-time RT-PCR, and sequencing 
to confirm target fragments included in each RNA molecule. 
The stability of in-vitro RNA over a 6-month storage period was 
investigated. This experiment establishes a fundamental assay for 
the production of positive standards for RNA-based molecular 
techniques.
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