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Abstract

SARS-CoV-2 in vitro transcribed RNA reference materials (RM), UME RM 2019 and UME RM 2020, were produced by
Scientific and Technological Research Council of Turkey (TUBITAK), National Metrology Institute (UME), to be used as a
quality control material for SARS-CoV-2 measurements, in liquid-frozen and lyophilized forms, respectively. These RNA RMs
include ten internationally recommended SARS-CoV-2 target gene fragments (Pasteur-RdRp-1P2, Pasteur-RdRp-1P4, Charite-E,
Charite-RdRp, CDC-N1, CDC-N2, China CDC-ORF1ab, China CDC-N, Hong Kong-ORF1b, and Hong Kong-N) for virus
detection and one human gene fragment (RNase P) as an internal control. Two different platforms, RT-qPCR and RT-ddPCR,
were used to characterize UME RM 2019 (UME RM 2020 was only characterized with RT-qPCR). The homogeneity studies
were evaluated by RT-qPCR. According to these results, it has been shown that both reference materials are homogeneous for
intended use. Short-term studies were also conducted similarly for mimicking transport conditions and UME RM 2020, which is
produced in lyophilized form, unlike other reference materials available in the market, provides convenience for users by
ensuring that the reference material remains stable for 17 days even at 45 °C temperature. The lyophilized formulation of the
reference material had greater stability which would allow it to be shipped without cooling items. The development of such RNA
reference materials provides quality control for existing and newly designed RNA-based virus detection tests and it helps the
prevention and control of epidemics.
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Introduction

COVID-19 (coronavirus disease-2019) is a respiratory disease
that has killed more than one million people since its discov-
ery in December 2019 [1]. This respiratory disease is caused
by a new type of virus, SARS-CoV-2, from the Coronaviridae
family. The SARS-CoV-2 virus is an enveloped, positive-
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sense, and single-stranded RNA virus. It is the seventh coro-
navirus reported to infect human species after SARS-CoV and
MERS-CoV [2, 3]. This new type of coronavirus has been
reported to be a member of the 3 coronavirus group like
SARS-CoV and MERS-CoV [4]. SARS-CoV and MERS-
CoV viruses from the Coronaviridae family have also caused
respiratory tract infections and deaths in the past 20 years. The
most important feature of the SARS-CoV-2, whose origin has
not yet been clarified, is to spread rapidly from person-to-
person through droplets and contact. Due to its high conta-
giousness, the spread of SARS-CoV-2 virus could not be con-
trolled and the COVID-19 disease spread across the conti-
nents, turning it into a pandemic [5].

Early detection and isolation of cases infected with
SARS-CoV-2 from the community are important to stop
the spread of the disease and to control the pandemic.
Reverse transcription real-time quantitative polymerase
chain reaction (RT-qPCR) method is widely used for early
detection of SARS-CoV-2 [6, 7]. This method consists of
two steps: reverse transcription of ribonucleic acid (RNA)
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to complementary DNA (¢cDNA) and amplification of
cDNA with PCR. Although RT-qPCR has been recognized
as the gold standard by the World Health Organization
(WHO) and the Chinese Center for Disease Control and
Prevention (CCDC) [8, 9], it has certain limitations such
as false positive and false negative results depending on
the assay design. These limitations may result from sam-
pling, PCR reagent factors (e.g., reverse transcriptase ac-
tivity) [10], variable detection limit of test kits, and assay
design. In order to improve the quality of measurements, it
is important to use RNA reference materials in measure-
ments used in the diagnosis of SARS-CoV-2 [11]. The use
of RNA-based reference material is of great importance,
especially when developing new assays and validating di-
agnostic kits. The reference materials can also be used to
measure the sample viral load. To ensure the quality and
reliability of the measurement results, reference materials
are required [12].

As a result, it is possible to extend the limitations of
RT-qPCR by using RNA-based reference materials. Using
an RNA-based reference material will be able to contrib-
ute to the development of reliable and accurate diagnostic
kits by controlling cDNA synthesis and PCR steps.
Moreover, it will also be possible to determine and com-
pare the detection limits of existing diagnostic kits. Only a
few RNA-based reference materials are reported to be
produced in liquid frozen [13—15]. Lyophilized form that
enables shipping without any cooling item has not been
reported. Therefore, The National Metrology Institute of
Turkey (UME) functioning under Scientific and
Technological Research Council of Turkey (TUBITAK)
has produced lyophilized (UME RM 2020) and liquid-
frozen (UME RM 2019) RNA-based reference materials
in order to be used as a quality control material for SARS-
CoV-2 measurements by both clinical laboratories and kit
manufacturers.

Materials and methods

Design, cloning, and verification of the fragment
containing the SARS-CoV-2 virus genes

The SARS-CoV-2 synthetic RNA fragment (1103 bases)
which we designed consists of ten different SARS-CoV-
2 target gene fragments and one human internal control
gene fragment which were published on protocols re-
leased by the World Health Organization (WHO) [16]
(Table 1). The Eurofins Genomics synthesized the frag-
ment and cloned it into the pEX-A258 plasmid (Fig. 1).
The sequence of clone was confirmed by DNA sequenc-
ing and the plasmid was digested with the Hind III restric-
tion enzyme at the 3’ end of the fragment. In order to
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verify plasmid DNA linearity (3549 bp), the linear plas-
mid provided by the company was run on a 1% DNA
agarose gel and a single DNA band consistent with the
DNA length was obtained (data not shown).

Synthesis of SARS-CoV-2 RNA fragment by in vitro
transcription

The cloned construct of SARS-CoV-2 was transcribed in vitro
using the T7 promoter with 5X MEGAscript™ T7 Kit
(Ambion, AMB1334-5) according to the manufacturer’s pro-
tocol. Template DNA was removed by TURBO DNase treat-
ment at 37 °C for 15 min. The synthetic RNA was purified
using lithium chloride precipitation protocol as stated in the
kit.

Quantification and integrity confirmation of in vitro
transcribed RNA

The approximate concentration of the synthetic RNA tran-
script was determined by the Qubit RNA BR assay kit
(Quant-iT™). The produced in vitro transcript was diluted to
a concentration of about 10® copies/uL. The dilution protocol
was given in detail in the “Preparation of RNA reference ma-
terial” section. The RNA integrity was confirmed with
Bioanalyzer 2100 (see Supplementary Information (ESM)
Fig. S1).

Verification of RNA transcript by sequence analysis

To confirm the final RNA sequence, in vitro RNA transcript
was reverse transcribed, then, multiplied with PCR (Fig. 1)
using RdRp-IP2-forward (5’ end of transcript) and RNase P-
reverse primer pair (3’ end of transcript) (Table 1). Reverse
transcription polymerase chain reaction (RT-PCR) was car-
ried out in a total volume 20 pL using 2x SensiFAST™
Probe No-ROX One-Step Kit (Bioline, BIO-76005).
Temperature rates, times, and cycles were as follows:
10 min at 45 °C for reverse transcription, 5 min at 95 °C for
polymerase activation, 40 cycles of 15 s at 95 °C for denatur-
ation, and 45 s at 60 °C for annealing and extension. PCR
product was purified by High Pure PCR Purification Kit
(Roche, 11732676001) according to the manufacturer’s in-
struction. The amplicon was evaluated and confirmed with
Sanger DNA sequencing (Macrogen, Korea) of both strands
using primers of RARp-1P2-forward, ORF 1b-Hong Kong-for-
ward, ORF1b-Hong Kong-reverse, and RNase P-reverse. The
chromatograms submitted by the company were first checked
by eye, subsequently transferred to the Geneious 11.12.1 [21]
for editing. The synthetic RNA sequence was deposited in
GenBank with the accession number: MW001217.1.



The production and characterization of SARS-CoV-2 RNA reference material 3413
Table 1 Primer probe information for target genes
Gene region Primer and probe sequences Probe fluorescence** Reference
RdRp-1P2 F-ATGAGCTTAGTCCTGTTG HEX-BHQ-1 [17]
(France) R-CTCCCTTTGTTGTGTTGT

P-AGATGTCTTGTGCTGCCGGTA
RdRp-IP4 F-GGTAACTGGTATGATTTCG FAM-BHQ-1 [17]
(France) R-CTGGTCAAGGTTAATATAGG

P-TCATACAAACCACGCCAGG
RdRp* F-GTGARATGGTCATGTGTGGCGG FAM-ZEN-IBFQ [6]
(Germany) R-CARATGTTAAARACACTATTAGCATA

P-CAGGTGGAACCTCATCAGGAGATGC
E F-ACAGGTACGTTAATAGTTAATAGCGT FAM-ZEN-IBFQ [6]
(Germany) R-ATATTGCAGCAGTACGCACACA

P-ACACTAGCCATCCTTACTGCGCTTCG
N1 F-GACCCCAAAATCAGCGAAAT FAM-ZEN-IBFQ [18]
(US CDC) R-TCTGGTTACTGCCAGTTGAATCTG

P-ACCCCGCATTACGTTTGGTGGACC
N2 F-TTACAAACATTGGCCGCAAA FAM-ZEN-IBFQ [18]
(US CDC) R-GCGCGACATTCCGAAGAA

P-ACAATTTGCCCCCAGCGCTTCAG
ORFlab F-CCCTGTGGGTTTTACACTTAA FAM-BHQ-1 [19]
(China CDC) R-ACGATTGTGCATCAGCTGA

P-CCGTCTGCGGTATGTGGAAAGGTTATGG
N F-GGGGAACTTCTCCTGCTAGAAT FAM-BHQ-1 [19]
(China CDC) R-CAGACATTTTGCTCTCAAGCTG

P-TTGCTGCTGCTTGACAGATT
ORF1b F-TGGGGYTTTACRGGTAACCT FAM-BHQ-1 [20]
(Hong Kong) R-AACRCGCTTAACAAAGCACTC

P-TAGTTGTGATGCWATCATGACTAG
N F-TAATCAGACAAGGAACTGATTA FAM-BHQ-1 [20]
(Hong Kong) R-CGAAGGTGTGACTTCCATG

P-GCAAATTGTGCAATTTGCGG
RNase P F-AGATTTGGACCTGCGAGCG HEX-BHQ-1 [18]
(US CDC) R-GAGCGGCTGTCTCCACAAGT

P-TTCTGACCTGAAGGCTCTGCGCG

*Corrected Germany RdRp-reverse primer nucleotide were shown in bold letter

**For ddPCR, all probes were double quenched (ZEN-IBFQ)

Preparation of RNA reference materials

The in vitro transcribed SARS-CoV-2 synthetic RNA was
diluted in 1 mM sodium citrate buffer (pH: 6.5,
diethylpyrocarbonate treated and autoclaved) containing
2.5 ng/puL total human control RNA (Thermo Fisher
4307281) to an approximate concentration of 10%
copies/uL (according to the Qubit RNA BR assay kit
(Quant-iT™) measurement) and the tubes were filled in
100 puL volume [22]. All mixing and filling operations
were carried out on ice. The RNA reference materials were
produced in two different forms; UME RM 2019 was in
liquid form and it was kept at =80 °C as frozen for long-
term storage, while UME RM 2020, originally filled in
100 puL volume, lyophilized in frozen form, the caps were
closed under inert atmosphere and stored at —80 °C. Both
forms of reference materials were subjected to characteri-
zation, homogeneity, and stability tests required by ISO
17034 [23] and as described in ISO Guide 35 [24].

Homogeneity and stability testing

RNA reference materials were prepared for homogeneity and
stability testing as follows: the lyophilized UME RM 2020
were reconstituted by adding 100 pL of ddH,0. UME RM
2019 and UME RM 2020 were both 1000-fold diluted gravi-
metrically with 10x serial dilutions (100 pL stock + 900 pL
ddH,0) in low binding tubes on ice.

Measuring only one gene was enough for homogeneity and
stability tests; therefore, we selected one assay and used the
measurement results for evaluation of homogeneity and stabil-
ity. Homogeneity and stability tests were performed targeting
the E gene by RT-qPCR, since E gene is one of the most
sensitive assays among others [25, 26]. RT-qPCR was carried
out in a total volume 20 pL using 2X SensiFAST™ Probe No-
ROX One-Step Kit (Bioline) with 5 pL diluted UME RM 2019
or UME RM 2020. Forward primer, reverse primer, and probe
were added at a final concentration of 0.9 uM, 0.9 uM, and
0.25 uM, respectively. All the homogeneity and stability tests
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Fig. 1 pEX-A258 plasmid
containing corresponding SARS-
CoV-2 RNA fragment
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were performed on LightCycler 480 Real Time PCR instrument
(Roche). The reverse transcription was performed at 45 °C for
10 min, following 95 °C enzyme activation for 5 min, and
50 cycles of 95 °C for 15 s and 58 °C for 45 s. For each unit,
three PCR replicates were analyzed and the average Cq’s were
recorded. All results were generated on the LightCycler 480
v.1.5.62 software with automated settings.

Tubes to be analyzed in homogeneity and stability tests
were selected by the Stratified Random Sample Selection
Software (TRaNS) developed by TUBITAK UME. A total
of 12 tubes of UME RM 2019 and 10 tubes of UME RM
2020 were selected for homogeneity analysis for UME RM
2019 and UME RM 2020, respectively. Short-term stability
testing was performed to establish conditions for short-term
storage conditions using an isochronous study design [24, 27].

For short-term stability test of UME RM 2019, 2 tubes
were exposed to test temperature at —20 °C for 5, 9, 12, and
16 days, while 2 tubes were kept at the reference temperature
of =80 °C. For short-term stability test of lyophilized UME
RM 2020, 2 tubes were exposed to 4 °C, 25 °C, and 45 °C for
5,10, 14, and 17 days; as a reference point, 2 tubes were kept
at temperature of —80 °C.
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For long-term stability test of UME RM 2019, 2 tubes were
exposed to test temperature at —20 °C for 1, 2, and 4 months
while 2 tubes were kept at the reference temperature of
—80 °C. For long-term stability test of lyophilized UME RM
2020, 2 tubes were exposed to three different temperatures
—20°C, 4 °C, and 25 °C for 1, 2, and 4 months. As a reference
point, 2 tubes were kept at reference temperature of —80 °C.

Characterization

While UME RM 2019 was characterized using both RT-
gPCR and RT-ddPCR, UME RM 2020 was only character-
ized with RT-qPCR. Characterization of UME RM 2019 and
UME RM 2020 by RT-qPCR was performed with 1000-fold
10x serial gravimetric dilutions. RT-qPCR was performed
using 3 PCR replicates of three different tubes in 3 different
days (a different tube was measured in each day) and two
different tubes in two different days for UME RM 2019 and
UME RM 2020, respectively. The RT-qPCR conditions were
the same as used for homogeneity and stability testing.
RT-ddPCR characterization was only applied to UME RM
2019, which was diluted to about 1000 copy/uL with 10x
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serial gravimetric dilutions of 3 PCR replicates of two differ-
ent tubes in 2 different days. The RT-ddPCR conditions were
the same as used for homogeneity and stability testing, except
the annealing temperature was set to 61 °C for Germany-E
assay and China CDC-N assay. RT-ddPCR tests were per-
formed on QX200 (BioRad) platform using double quenched
probes (ZEN-IBFQ, IDT) for all gene targets. One-Step RT-
ddPCR Advanced Kit for Probes (BioRad, 1864021) was uti-
lized according to the manufacturers’ protocol.

Results

Homogeneity of UME RM 2019 and UME RM 2020

Testing for homogeneity is used to assess if there is a variation
between different units of reference materials. Homogeneity
analysis of UME RM 2019 and UME RM 2020 was per-
formed using three RT-qPCR replicates. The measurements
and regression analyses were performed according to a

random sequence to clarify the possible trends in analytical
sequence and filling order. No trends in the filling sequence
were identified at the 95% and 99% confidence levels for
either material. The average Cq values of three measurements
for each tested unit were calculated and presented as % in
Fig. 2. The relative standard deviation of all samples was
calculated as less than 0.4% for both UME RM 2019 and
UME RM 2020; thus, it was concluded that both reference
materials have sufficient homogeneity suitable for their
intended use.

Stability of UME RM 2019 and UME RM 2020

Short-term stability studies were carried out to test the envi-
ronmental conditions that may occur during the transportation
of the material to the user. Reference materials were measured
with RT-qPCR and the average Cq values were reported as %
average Cq with respect to reference temperature (Fig. 3). No
degradation tendency has been observed for both reference
materials under the tested conditions; UME RM 2019 was
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Fig. 2 Homogeneity analysis of reference materials. The samples were
randomly selected with TRaNS program and analyzed with RT-qPCR in
triplicate. The average of measurement results and standard deviations are

given in % average Cq values for a 12 units for UME RM 2019 and b
10 units for UME RM 2020
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Table 2 Characterization of reference materials UME RM 2019 and
UME RM 2020 by RT-qPCR. A) The assigned value is the average of
the Cq values obtained in 3 replicate RT-qPCR measurements on 3 dif-
ferent days for 3 different tubes UME RM 2019. B) The assigned value is
the average of the Cq values obtained in 3 replicate RT-qPCR measure-
ments on 2 different days for 2 different tubes of UME RM 2020

Gene fragment Assigned value Standard deviation
Cq Cq

A)
RdRp-IP2 (France) 24.73 0.35
RdRp-IP4 (France) 21.79 0.13
RdRp (Germany) 20.92 0.06
E (Germany) 19.64 0.26
N1 (US CDC) 21.06 0.12
N2 (US CDC) 22.70 0.29
ORF1ab (China CDC) 23.27 0.57
N (China CDC) 24.17 0.26
ORF1b (Hong Kong) 23.38 0.38
N (Hong Kong) 23.26 0.40
RNAse P (US CDC) 22.42 0.29

B)
RdRp-IP2 (France) 24.38 0.35
RdRp-IP4 (France) 21.72 0.12
RdRp (Germany) 21.70 0.87
E (Germany) 19.33 0.10
N1 (US CDC) 20.81 0.19
N2 (US CDC) 22.03 0.19
ORF1ab (China CDC) 22.55 0.40
N (China CDC) 23.61 0.33
ORF1b (Hong Kong) 22.81 0.23
N (Hong Kong) 22.96 0.12
RNAse P (US CDC) 22.01 0.04

Table3  Characterization of UME RM 2019 reference material by RT-
ddPCR. The assigned value is the average RNA concentration (copy/pL)
obtained in 3 replicate RT-ddPCR measurements of 2 different tubes in 2
different days

Gene fragment Assigned value Standard deviation
copy/uL copy/uL
RdRp-IP2 (France) 8.4E+07 5.4E+06
RdRp-IP4 (France) 7.9E+07 4.3E+06
RdRp (Germany) 9.1E+07 1.1E+07
E (Germany) 6.1E+07 1.3E+06
N1 (US CDC) 8.7E+07 8.5E+06
N2 (US CDC) 7.2E+07 5.1E+06
ORF1lab (China CDC) 8.3E+07 2.2E+06
N (China CDC) 7.7E+07 6.3E+06
ORF1b (Hong Kong) 8.2E+07 44E+06
N (Hong Kong) 7.6E+07 5.7E+06
RNAse P (US CDC) 8.5E+07 9.5E+06

found to be stable for 16 days at —20 °C (Fig. 3a) while the
UME RM 2020 was reported to be stable at 4 °C, 25 °C, and
45 °C for 17 days (Fig. 3b).

Long-term stability tests are used to evaluate the stability of
materials over a longer period of time for simulating storage
conditions in the laboratory. The testing temperatures were
selected as —20 °C for UME RM 2019 (Fig. 4a) and —
20 °C, 4 °C, and 25 °C for UME RM 2020 (Fig. 4b). Four
months after the production, Cq values of both reference ma-
terials showed no significant variations from Cq values of
reference temperatures for all tested temperatures (Fig. 4).

Characterization of UME RM 2019 and UME RM 2020

The reference materials UME RM 2019 and UME RM 2020
were both characterized with RT-qPCR (Table 2). For each
target gene region, Cq values change between 19.64-24.73
and 19.39-24.69, respectively, depending on the performance
of the assays [25, 26]. Similar Cq differences were also ob-
served with in vitro transcribed positive quality control sample
of JRC changing from 20.01 to 23.98 [14].

Additionally, UME RM 2019 was only characterized with
the RT-ddPCR method (Table 3); it was found that RNA copy
numbers changed between 6.1 x 10" and 8.7 x 107 copy/uL in
different assays [13, 15]. Similarly, NIST also in vitro pro-
duced Research Grade Test Material for SARS-CoV-2
Synthetic RNA Fragments and characterized different gene
regions with digital PCR, and mean RNA concentrations of
different assays range between 1.9 x 10° and 5.4 x 10°
copies/uL copy numbers [13].

Discussion

RNA-based diagnostic techniques play an important role in
the diagnosis of SARS-CoV-2 virus with the RT-qPCR meth-
od [6]. RNA-based reference materials, UME RM 2019 and
lyophilized UME RM 2020, were produced in vitro from a
single construct in two different physical forms having ten
different SARS-CoV-2 target gene fragments and one human
control gene fragment. It is crucial that both enzymatic steps,
reverse transcription and PCR amplification, should be includ-
ed in positive control experiments. RNA-based reference ma-
terials are necessary for the development of new measurement
methods, and validation of developed methods or kits, as well
as comparison of the performance of different diagnostic kits
or assays. As UME RM 2019 and UME RM 2020 are RNA-
based reference materials, they would ensure covering the
activity of both reverse transcription and DNA polymerase
enzymes.

Since the produced reference materials contain very high
concentration of RNA transcript, about 10® copy/uL, they are
suitable for creating calibration graphs with serial dilutions;
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thus, they would enable comparing the sensitivity of different
assays.

For daily internal quality control of RT-qPCR tests and
preferentially for the control of each set of PCR, quality con-
trol materials of RNA origin should be included. If one tube of
this reference material is diluted to 10* RNA copy/uL in a
volume of 100 pL, 10,000 tubes of internal quality control
material would be produced. Using these reference materials,
the quality of the measurement would be ensured for the di-
agnosis of COVID-19.

The RNA reference materials have been developed in two
different forms, liquid frozen and lyophilized.
Characterization, homogeneity, and short-term and long-
term stability tests were carried out on both forms with RT-
gPCR. UME RM 2019 was also characterized with RT-
ddPCR. The homogeneity data of UME RM 2019 and UME
RM 2020 revealed that the reference materials had sufficient
homogeneity for the intended use. While UME RM 2019 can
be transported with dry ice, lyophilized UME RM 2020 can be
transported to customers at ambient temperature within 2
weeks making it much easier to deliver anywhere in the world.
This thermal stabilization approach will greatly facilitate the
transfer and the retrieval of the RNA reference materials.
UME RM 2019 can be stored at —20 freezer up to 4 months,
while UME RM 2020 can be stored at —20 °C, at 4 °C, and
even at 25 °C. Once the reference material is diluted, it is
recommended to store diluted reference material at —80 freez-
er and avoid freeze-thaw cycles.

To ensure the quality of the SARS-CoV-2 measurement
results, RNA reference materials should be included as posi-
tive control material in diagnostic kits and they should also be
used as internal quality control in every assay.
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