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A B S T R A C T   

COVID-19 pandemic severely impacted the healthcare and economy on a global scale. It is widely recognized 
that mass testing is an efficient way to contain the spread of SARS-CoV-2 infection as well as aid in the devel-
opment of informed policies for disease management. However, the current COVID-19 worldwide infection rates 
increased the demand for rapid and reliable screening of infection. 

We compared the performance of qRT-PCR in direct heat-inactivated (H), heat-inactivated and pelleted (HC) 
samples against RNA in a group of 74 subjects (44 positive and 30 negative). Then we compared the sensitivity of 
HC in a larger group of 196 COVID-19 positive samples. 

Our study suggests that HC samples show higher accuracy for SARS-CoV-2 detection PCR assay compared to 
direct H (89 % vs 83 % of the detection in RNA). The sensitivity of detection using direct samples varied 
depending on the sample transport and storage media as well as the viral loads (as measured by qRT-PCR Ct 
levels). 

Altogether, all the data suggest that purified RNA provides more accurate results, however, direct sample 
testing with qRT-PCR may help to significantly increase testing capacity. Switching to the direct sample testing is 
justified if the number of tests is doubled at least.   

1. Introduction 

Coronavirus disease (COVID-19) is a respiratory tract infection 
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2) (Wang et al., 2020). It was first identified in Wuhan, Hubei Province, 
China, in December 2019 (Wu et al., 2020; Zhou et al., 2020). The 
current COVID-19 worldwide infection rates and a high proportion of 
asymptomatic cases forced an unexpected burden on the health care 
systems worldwide and led to the need for a rapid, affordable and effi-
cient diagnostic test for massive routine screening. 

The current standard method for the detection of RNA viruses in 
clinical diagnostics is based on the extraction of RNA from a nasopha-
ryngeal swab in viral transport media (VTM) followed by one- or two- 
step reverse transcription quantitative polymerase chain reaction 
(qRT-PCR) (Alcoba-Florez et al., 2020; Centers for Disease Control and 
Prevention, 2020). Currently, available diagnostic options also include 
several sample-to-answer platforms, however, conventional qPCR 
workflow dominates over all other diagnostic platforms due to its 
affordability (Zhen et al., 2020). One of the key factors for successful 
qRT-PCR is the quality of nucleic acid extraction. However, in many 
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sites, automatic isolation is not available, while manual isolation takes 
2− 4 hours and requires significant work that can result in additional 
experimental errors as well as limiting the possibilities to extend testing 
capacity. Therefore, the ability to omit the RNA purification from 
diagnostic protocols would be not only affordable, operative, and effi-
cient for COVID-19 screening, but also keeps the use of commercial kits 
to the minimum. The options of detection of SARS-CoV-2 by qRT-PCR 
directly from VTM, UTM (Universal Transport Medium) media have 
already been explored with certain promising data (Alcoba-Florez et al., 
2020; Centers for Disease Control and Prevention, 2020; Li et al., 2020; 
Mancini et al., 2020; Merindol et al., 2020). However, it has been shown 
that detecting sensitivity in those samples is decreased compared to 
purified RNA samples, leading to the increase of “false-negative” results. 
Here we optimized two different protocols for qRT-PCR with direct 
samples and systematically compared them with the current detection 
assay. 

2. Materials and methods 

2.1. Samples 

We performed the study enrolling subjects during the period June- 
July 2020. We collected paired nasopharyngeal swabs aliquots and 
RNA samples extracted from the same nasopharyngeal swabs from 270 
subjects collected in two phases. The first group consisted of 74 positive 
(n = 44) and negative (n = 30) samples. The second group of 196 sam-
ples was collected from SARS-CoV-2 positive subjects. The extracted 
RNA and nasopharyngeal swab sample aliquots were obtained from the 
National Center for Disease Control and Prevention of MH RA, National 
Centre for Aids Prevention of MH RA, and Davidyants Laboratories. 
Subject status was diagnosed at testing sites using commercially avail-
able kits (Novel Coronavirus (2019-nCoV) Nucleic Acid Diagnostic Kit, 
Sansure Biotech, China and SARS-CoV-2/SARS-CoV, DNA technology, 
Russia). Both kits contain internal control (human RNase P gene) and 
SARS-CoV-2/SARS-CoV additionally contains extraction control. Swab 
samples were stored in three different transport media types: Sample 
Storage Reagent (Sansure Biotech, China) (n = 45) media, PBS (n = 91) 
and STORE-F UTM (DNA technologies, Russia) (n = 134). No additional 
clinical or demographic information was collected. The study was 
approved by the Institutional Review Board of the Institute of Molecular 
Biology NAS RA (IRB#: 00004079). 

2.2. RNA extraction 

Extracted RNA samples along with corresponding swab samples were 
provided by three testing facilities in Armenia (See above). RNA 
extraction was performed using both automated and manual extraction 
protocols. Automated extraction (45 samples) was performed using 
Maxwell RSC Viral Total Nucleic Acid Purification Kit (Promega Cor-
poration Inc, US). Manual extraction was performed using a triazole 
based PREP-NA kit (114 samples) (DNA Technologies Ltd, Russian 
Federation) and magnetic bead-based ZipPrime nucleic acid isolation kit 
(111 samples) (ZipPrime Ltd, Turkey) according to the manufacturer’s 
manuals. 

2.3. Direct sample with heat-inactivation 

To skip RNA extraction, 20 μl of swab samples in transport media 
were heat-inactivated at 95 ◦C for 5 min before loading into the PCR. 

2.4. Direct sample with heat-inactivation and pelleting 

To skip RNA extraction, 100 μl of swab samples in transport media 
were heat-inactivated at 95 ◦C for 5 min and centrifuged for 10 min at 
12,000 g. The supernatant was aspirated to leave 20− 30 μl liquid in a 
tube. Pellet was mixed by pipetting or vortexing and used in PCR. 

2.5. qRT-PCR 

We performed qRT-PCR (both using extracted RNA and direct samples) 
targeting the N gene and ORF1ab gene in the conserved region of the SARS- 
CoV-2 genome (Wu et al., 2020). The final reaction volume consisted of 
10 μl PCR reaction mix (Vazyme Ltd, China), 1.5 μl primer/probe mix 
(ORF-F: 5′− CCCTGTGGGTTTTACACTTAA-3′ (2 μM final concentration); 
ORF-R: 5′-ACGATTGTGCATCAGCTGA-3′ (2 μM final concentration); 
ORF-P: 5′-FAM− CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQ1− 3’ (0.5 
μM final concentration); N-F: 5′-GGGAGCCTTGAATACACCAAAA-3′ (2 μM 
final concentration); N-R: 5′-TGTAGCACGATTGCAGCATTG-3′(2 μM final 
concentration); N-P: 5′-HEX-AT CACATTGGCACCCGCAATCCTG-BHQ2–3’ 
(0.5 μM final concentration)), 5 μl template (sample, negative or positive 
control) was added to the final reaction volume of 20 μl. Thermal cycling 
was performed as follows: 55 ◦C for 5 min (reverse transcription), followed 
by 94 ◦C for 2 min and 45 cycles of 94 ◦C for 5 s, 55 ◦C for 10 s. A final 
cooling step at 25 ◦C for 20 s was also included. The reaction took 1 h and 
10 min in total and was performed on Rotor-Gene Q thermal cycler (Qiagen 
N.V., Germany). The protocol was described in detail elsewhere (Li et al., 
2020). Samples were considered positive when a signal was detected at Ct <
40 for any gene. 

2.6. Data analysis 

Accuracy, sensitivity, and specificity for PCR assays were calculated 
using caret and epiR packages available in the R software environment 
for statistical computing. The Wilcoxon matched rank test was used to 
compare differences in Ct values in matching samples. 

3. Results 

For this part of the study, we performed qRT-PCR assay for SARS- 
CoV-2 using matched extracted RNA, heat-inactivated (H), and heat- 
inactivated and pelleted (HC) samples from 74 subjects. Nasopharyn-
geal swabs were stored in PBS (n = 47) and STORE-F UTM (n = 27) for 
12− 72 hours at +4 ◦C before PCR. There were no significant differences 
in transportation time for samples from different testing facilities. In- 
laboratory results of qRT-PCR were in complete concordance with re-
sults obtained at testing facilities (data not shown). Then, the qRT-PCR 
was performed with the direct addition of heat-inactivated samples with 
and without centrifugation. The results suggest that the centrifugation 
step considerably improved accuracy and sensitivity compared with the 
direct heat-inactivation (Table 1). 

The low sensitivity values in both HC and H could be partially 
attributed to the issues of detection in samples with low viral loads (as 
measured by qRT-PCR cycle threshold (Ct) levels) close to the detection 
limit. Interestingly, in these samples, Ct values were mostly detected 
only by one channel. In fact, for samples with Ct values < 34 (purified 
RNA), the sensitivity for H was 93 % (28/30) and for HC was 97 % (29/ 
30). Only one sample with Ct value < 20 was missed using HC samples 
compared to purified RNA. 

On the other side, we report three positive HC samples that hadn’t 
been detected in the extracted RNA. These samples were positive with Ct 
values around 22 (not detected in extracted RNA), 32 (Ct > 40 in 

Table 1 
COVID-19 detection qRT-PCR results using direct sample and purified RNA.    

Extracted RNA 
Performance evaluation   

Positive Negative 

HC 
Positive 39 3 Accuracy: 89 % (95 % CI: 80–95 %) 

Sensitivity: 89 % (95 % CI: 75–96 %) 
Specificity: 90 % (95 % CI: 73–98 %) 

Negative 5 27 

H 
Positive 35 3 Accuracy: 83 % (95 % CI: 74–91 %) 

Sensitivity: 80 % (95 % CI: 65–90 %) 
Specificity: 90 % (95 % CI: 73–98 %) 

Negative 9 27  

D. Avetyan et al.                                                                                                                                                                                                                                



Journal of Virological Methods 295 (2021) 114199

3

extracted RNA), and 35 (Ct > 40 in extracted RNA). These samples were 
also positive in H, however, with higher Ct values compared to HC. 
Samples were extracted using manual extraction kits PROBE-NA (two 
samples) and a ZipPrime nucleic acid isolation kit (one sample). We 
suggest that this discrepancy could be a result of a failure during RNA 
isolation steps using manual extraction protocol. 

We also compared the differences between Ct values (ΔCt) obtained 
from purified RNA and those obtained from heat-inactivation or heat- 
inactivation and pelleting samples (Fig. 1, Supp. Table 1). 

In agreement with the previous studies, we also observed a consid-
erable shift of Ct values towards higher values in direct samples. 
Meanwhile, the median ΔCt was lower by 1.55 and 2.29 cycles (Wil-
coxon signed-rank test p = 0.0018 and < 0.0001 for ORF1ab and N 
genes, accordingly) in HC samples compared to H samples (Fig. 2A). We 
also observed 5 out of 44 positive cases (11.4 %) where Ct values for HC 
and H samples were smaller compared to the detection in corresponding 
extracted RNA samples (Fig. 2B), which indicates that the omitting of 
RNA processing steps may reduce degradation. Thus, our results show 
that additional centrifugation and pelleting steps can improve the 
detection of viral nucleic acids compared to heat treatment alone 
without much affecting the workflow of the direct PCR. 

Considering the results obtained in the next series of experiments we 
proceeded only with evaluation of the performance of HC compared to 
extracted RNA samples. We compared the performance of SARS-CoV-2 
PCR detection in HC samples with the detection in extracted RNA in 
the larger group of COVID-19 positive samples (Table 2). From 196 
samples the HC was able to detect 171 positive samples with the overall 
sensitivity of 88 % (CI95 %` 83 %–92 %). We also observed positive 
correlation between Ct values of extracted RNA and HC samples 
(Spearman’s rank correlation coefficient analysis Rs = 0.79 and 0.78, 
p < 0.0001 for ORF1ab and N genes, accordingly) (Supp. Fig. 2). 

Further analyses showed that detection sensitivity varies depending 
on both transportation media and viral loads (as measured by qRT-PCR 
cycle threshold (Ct) levels). In general, the sensitivity of detection in HC 
samples increases along with the increase of viral loads (Table 3). 
Moreover, the sensitivity of detection in HC samples differs depending 
on the transport media in which a sample was stored. The best perfor-
mance was obtained with Sample Storage Reagent (Sansure Biotech, 
China) media, followed by PBS and STORE-F UTM (DNA technologies, 
Russia). However, it should be also mentioned that sample storage time 
and conditions were not uniform before PCR assay, and we were not able 

to obtain exact information for each sample. These factors could also 
affect the performance of the direct assay. 

4. Discussion 

The standard molecular diagnostic test for SARS-CoV-2 is a multistep 
process that requires viral RNA extraction and qRT-PCR implementa-
tion. Due to increased demand in the rapid and reliable screening of this 
virus, alternative protocols with similar sensitivity are needed. Efforts to 
simplify the current methods are critical to assess the viral spread and 
limit the pandemic, as well as could benefit patients’ care. Recent at-
tempts have been made to omit RNA extraction to simplify the direct 
qRT-PCR protocol of COVID-19 detection and also assess the impact of 
different swab storage media composition on PCR efficiency (Brown 
et al., 2020; Bruce et al., 2020; Mancini et al., 2020; Merindol et al., 
2020). Additionally, methods relying on lysis buffers (Jørgensen et al., 
2021) and proteinase K treatment have been proposed to speed up PCR 
testing (Chu et al., 2020) and increase the sensitivity. However, most of 
the studies are done with small sample size and needs to be expanded for 
better understanding performance and caveats associated with direct 
sample testing. 

In this study, we compared different methods of specimen processing 
for qRT-PCR (without RNA extraction). We demonstrated that heat- 
inactivation and pelleting approach performs better compared to heat- 
inactivation only. We speculate that proposed strategy of pelleting, 
aspiration of supernatant and resuspension/lysis can facilitate the 
release of viral particles from cells and thus increase the number of viral 
particles in a sample and sensitivity of detection. These results are 
further supported when we compared the results of detection in resus-
pended pellet compared with detection in supernatant (see Supp. 
Table 2 and Supp. Fig. 1). In addition, there are results pointing at as-
sociation of viral RNA replication with cell’s double membrane organ-
elles, which can form a pellet during low-speed centrifugation (Snijder 
et al., 2020). Furthermore, low speed centrifugation and pellet lysis have 
been previously used for increase of cell-associated viral particle con-
centrations in several studies (Darling et al., 2000; Kim and Park, 2020; 
Payne, 2017; Prachar et al., 1988). 

Overall, we observed consistent results for SARS-CoV-2 detection, 
however, the average Ct values for both direct methods were higher than 
for extracted RNA samples. Our study suggests that HC have more 
sensitivity for SARS-CoV-2 detection PCR assay compared to direct H. 

Fig. 1. Distribution of Ct values from COVID-19 patients nasopharyngeal swabs following qRT-PCR with standard RNA extraction, heat-inactivation (H), and heat- 
inactivation and pelleting (HC) methods. The limit of detection (40 Ct) is denoted with a dashed line. Samples with Ct values above this cutoff were considered 
negative for SARS-CoV-2 RNA. Samples are ordered by the purified RNA qRT-PCR Ct values. Only samples positive at least in one treatment method (RNA extraction, 
heat-inactivation, or heat-inactivation and pelleting) are presented. The summary of changes in Ct values is provided in Supplementary Table 1. 
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For the HC method +4.65 (for ORF1ab gene) and +5.53 (for N gene) 
median Ct differences were detected compared to purified RNA samples. 
This could be for several reasons: i) for the same input volume of samples 
nucleic acid extraction yields higher quantity/quality of RNA compared 
with the direct sample; ii) RNA extraction was performed from fresh 
swab samples, while the aliquots used for the direct method had been 
stored at +4 ◦C for at least one day before heat-inactivation and PCR, 
which is known to cause the shift of results by 2–3 Ct compared to Ct 
values for eluates of matched fresh aliquots of the same nasopharyngeal 

specimens (Smyrlaki et al., 2020); iii) heat-inactivation might be a 
reason of viral nucleic acids degradation, that could decrease the qual-
itative detection of clinical samples, especially weakly positive samples 
with higher Ct values (Zou et al., 2020); iv) the PCR inhibition is a well 
acknowledged risk when performing direct PCR from swab samples 
(Matelski et al., 2020). 

We have also noted, that despite the general Ct loss in heat- 
inactivated and pelleted samples, it was not constant across the sam-
ples. We can speculate the variability of Ct loss can be also attributed to 
the pelleting step, which will be efficient if there is a considerable 
amount of infected intact cells in a swab sample that can release viral 
particles during pellet resuspension. Our results suggest that the lower 
Ct in RNA sample the higher is Ct loss during direct assays. However, the 
same variability in Ct loss have been also observed previously see Fig. (2 
i) in Smyrlaki et al., and this observation worth additional investigations 
(Smyrlaki et al., 2020). The mean Ct loss in our study was comparable 
with the ones reported when using direct lysis buffer or treatment with 

Fig. 2. Representative qRT-PCR amplification plots for the SARS-CoV-2 ORF1ab (FAM) and N (HEX) genes for a nasopharyngeal swab sample subjected to the 
standard RNA extraction, heat-inactivation (H), and heat-inactivation and pelleting (HC). Amplification plots show normalized value (ΔRn, linear scale) as a function 
of the qPCR cycle. The horizontal red line denotes the cycle threshold. (A) Plot shows the shift of Ct values towards higher values in direct samples. (B) Plot shows 
cases where Ct values for HC and H samples were smaller compared to the detection in extracted RNA samples (in 11.4 % of 44 positive samples) (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article). 

Table 2 
Detection counts in extracted RNA and HC samples.   

ORF1ab and N ORF1ab only N only Total 

RNA 174 9 13 196 
HC 145 14 12 171  

Table 3 
The sensitivity of direct qRT-PCR with HC according to the transportation media used and viral loads (as measured by qRT-PCR cycle threshold (Ct) levels).    

ORF1ab gene (nRNA = 183, nHC = 155) ** N gene (nRNA = 189, nHC = 157) **  

Ct RNA HC Sensitivity Mean ΔCt SD ΔCt RNA HC Sensitivity Mean ΔCt SD ΔCt 

STOR-F 
< 25 46 41 89 % 6.31 4.1 46 38 83 % 7.35 4.49 
25− 34 20 16 80 % − 0.23 8.08 24 18 75 % − 1.24 8.86 
>34 12 9 75 % − 3.89 4.78 15 8 53 % − 4.33 4.86 

PBS 
<25 21 19 90 % 4.73 3.78 16 14 88 % 6.02 4.28 
25− 34 32 30 94 % 2.61 3.99 32 31 97 % 2.01 5.08 
>34 9 7 78 % − 5.68 3.36 9 9 100% − 7.43 4.23 

SSR* 
<25 14 14 100 % 3.76 4.49 7 6 86 % 3.38 3.64 
25− 34 17 17 100 % 1.18 3.38 22 20 91 % 2.17 3.9 
>34 12 6 50 % − 0.31 4.52 16 13 81 % 1.6 3.28  

* Sansure sample storage reagent.  

** For details see Table 2.  
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proteinase K. Jørgensen et al. used the in-well direct lysis method, which 
showed, that an average loss of 3.3 cycles in Ct compared to automated 
nucleic acids purification happens when using lysis detergent directly to 
qRT-PCR master mix (Jørgensen et al., 2021). According to Chu et al. 
paper, the combination of proteinase K and heat (PKH) had significantly 
higher positive rate than the heat only group and the direct group (no 
pre-processing steps) (Chu et al., 2020). The Ct values were also 
significantly earlier for the PKH group than either heat group or direct 
group, including both nasopharyngeal swab and saliva specimens, 
however, Ct loss was around 7–10 cycles in PKH compared with RNA 
samples (see Fig. 1 of (Chu et al., 2020)). Thus, heating and pelleting is a 
valid approach, which does not require additional reagents for sample 
treatment and is easy to implement, but markedly improves sensitivity 
compared to heating only. Moreover, compared with manual RNA 
extraction protocols, it requires fewer steps which in turn decreases the 
risks of sample-to-sample contamination. 

The overall sensitivity of 88 % in our study was comparable to 87.8 
% (n = 41) reported by Alcoba-Florez et al. and was a bit lower than 93 
% (n = 77) reported by Brown et al., however the sample size in both 
studies were much smaller (Alcoba-Florez et al., 2020; Brown et al., 
2020). We also demonstrated that detection accuracy with direct sample 
testing highly depends on the viral load in the sample, and the reliability 
of direct testing dramatically decreases in the samples with viral load 
close to the limits of detection. 

There are few limitations in our study worth to mention here. Firstly, 
we were not able to collect all samples in all three types of transport 
media as well as extract by all three nucleic extraction methods. The 
reason for this was that we did not perform extraction in the laboratory 
but obtained samples from three different test sites. Moreover, VTM and 
extraction kit switching were dictated by overall shortage of reagents 
and kits. The shortage of reagents and supplies for COVID-19 testing 
brought up the problem of diversity of transport media and kits. 
Currently, there are many options for transportation media including 
commercial solutions from many companies as well as home-made so-
lutions such as VTM protocols by CDC and WHO, PBS, saline and even 
water. Same situation is with PCR-kits. For countries, especially devel-
oping ones, current priority is availability of reagents and supplies 
(through purchases or donations) rather than “unification” of testing 
process. Thus, we performed this study in settings very close to the “real- 
life” situation and the results showed that direct sample testing can still 
significantly accelerate testing capacity and speed. Secondly, our in-lab 
developed qRT-PCR assay did not contain internal control, so we were 
not able to distinguish between PCR reaction inhibition from other 
reasons causing “false-negatives” during direct sample testing. Addition 
of internal control will be helpful for direct sample assay, since it will 
make it more informative. On the other side, our assay result showed full 
concordance with commercially available kits when used with extracted 
RNA samples. 

In conclusion, omitting the isolation step significantly helps to 
expand the testing capacity with the minor increase of false-negative 
ratio. We believe the data presented here is informative for massive 
routine population-based test, even during the period when vaccine is 
available. And for certain regions with shortage of standard RNA 
extraction reagents and automated extraction equipment, direct sample 
qRT-PCR might be a useful alternative for COVID-19 pandemic control. 
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Högberg, B., Reinius, B., 2020. Massive and rapid COVID-19 testing is feasible by 
extraction-free SARS-CoV-2 RT-PCR. Nat. Commun. 11 https://doi.org/10.1038/ 
s41467-020-18611-5. 

Snijder, E.J., Limpens, R.W.A.L., de Wilde, A.H., de Jong, A.W.M., Zevenhoven-Dobbe, J. 
C., Maier, H.J., Faas, F.F.G.A., Koster, A.J., Bárcena, M., 2020. A unifying structural 
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