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Summary/abstract 29 

There is growing evidence that measurement of SARS-CoV-2 viral copy number can inform clinical 30 

and public health management of SARS-CoV-2 carriers and COVID-19 patients. Here we show that 31 

quantification of SARS-CoV-2 is feasible in a clinical setting, using a duplex RT-qPCR assay which 32 

targets both the E gene (Charité assay) and a human RNA transcript, RNase P (CDC assay) as an 33 

internal sample sufficiency control.  34 

Samples in which RNase P is not amplified indicate that sample degradation has occurred, PCR 35 

inhibitors are present, RNA extraction has failed or swabbing technique was insufficient. This 36 

important internal control reveals that 2.4% of nasopharyngeal swabs (15/618 samples) are 37 

inadequate for SARS-CoV-2 testing which, if not identified, could result in false negative results.  38 

We show that our assay is linear across at least 7 logs and is highly reproducible, enabling the 39 

conversion of Cq values to viral copy numbers using a standard curve. Furthermore, the SARS-CoV-2 40 

copy number was independent of the RNase P copy number indicating that the per-swab viral copy 41 

number is not dependent on sampling- further allowing comparisons between samples.  42 

The ability to quantify SARS-CoV-2 viral copy number will provide an important opportunity for viral 43 

burden-guided public health and clinical decision making. 44 
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Introduction 59 

Viral burden correlates with morbidity and mortality in many viral diseases. Severe acute respiratory 60 

syndrome coronavirus 2 (SARS-CoV-2) is no exception: per-swab SARS-CoV-2 copy number may 61 

predict severity of symptoms and mortality in symptomatic hospitalized patients1, and varies over >7 62 

logs between individuals, with infectious virus reported to be recoverable only from samples with 63 

>1,000,000 copies/ml virus transport medium (VTM)2.  64 

Although the factors which determine transmission of SARS-CoV-2 are at present poorly understood, 65 

viral burden in the upper respiratory tract likely contributes to transmission potential.  Within most 66 

individuals SARS-CoV-2 viral copy number in nasopharyngeal swabs appears to peak at the onset of 67 

symptoms and decline to undetectable levels one to two weeks later, coinciding with 68 

convalescence2,3. A considerable fraction of individuals remain asymptomatic on infection, with 69 

younger people more likely to remain asymptomatic and less likely to experience severe disease 70 

than older people4,5. Critically, viral burden does not correlate with age6, and the viral burden of 71 

asymptomatic carriers is comparable to those with symptoms7. Thus, within an individual or group of 72 

individuals (e.g. schoolchildren) mild or absent symptoms does not infer a low viral burden, or 73 

indeed lower transmission potential. Currently, SARS-CoV-2 laboratory results are reported 74 

qualitatively and the number of copies of the virus per swab is not considered in the U.K. national 75 

test and trace program. There is a clear clinical and public health need to move to standardized, 76 

quantitative tests.  77 

This report describes an in-house method which uses primers and probes from the Charité and CDC 78 

protocols to detect sarbecovirus viral RNA in nasopharyngeal samples using real-time quantitative 79 

PCR 8. The Charité E gene primers and probe are duplexed with primers and a probe which amplify 80 

and detect a human RNA target (RNase P)9.  This serves as an internal positive control which 81 

provides evidence of sample sufficiency, successful RNA extraction, successful reverse transcription 82 

and lack of PCR inhibition within a reaction. Here, we report the sensitivity and reproducibility of this 83 

assay and compare performance of the assay with testing for the E gene alone or the N gene in 84 

nasopharyngeal swabs, which will allow others to implement this assay in their lab with a substantial 85 

reduction in the amount of work required to validate the assay locally. We report the range of viral 86 

burden observed, the proportion of samples which were inadequate for SARS-CoV-2 testing, and the 87 

efficiency of sampling in samples collected by healthcare professionals. 88 

 89 

Materials and Methods 90 

Specimen collection 91 

Data in this manuscript was generated using nose or throat swab samples in virus transport media 92 

donated, following written informed consent, to the Communicable Diseases Research Tissue Bank 93 

(NRES reference 20/SC/0226) and using the anonymized excess virus transport media from 94 

diagnostic samples. Upper respiratory tract specimens (nasal swabs, throat swabs and 95 

nasopharyngeal swabs) were collected from staff and hospitalized patients with suspected COVID-19 96 

disease or a history of exposure to SARS-CoV-2, for routine clinical investigation at Imperial College 97 

Healthcare NHS Trust. Unless otherwise stated, swabs were stored for less than 24h ‘wet’, immersed 98 

in virus transport medium (VTM, MWE Σ-Virocult) at 2-4°C.  99 



Inactivation 100 

Infectious material was inactivated in a containment level 3 laboratory by incubation in lysis buffer 101 

containing guanidinium thiocyanate, guanidinium chloride and/or sodium dodecyl sulfate (SDS) from 102 

the relevant RNA extraction kit. Effective concentrations for inactivation are described in Pastorino 103 

et al10. For automated extraction this was achieved by adding 200 l of VTM to 300 l (1-10% SDS, 104 

38% guanidinium chloride, Maxwell HT Viral TNA Kit, Promega) or 600 l (2.5-10% SDS, innuPREP 105 

Virus DNA/RNA Kit Analytik Jena) lysis buffer and incubating for 10 minutes at room temperature. 106 

Manual RNA extractions required the addition of 200 l of VTM to 800 l (50-70% guanidinium 107 

thiocyanate, QIAamp Viral RNA mini kit, Qiagen) AVL buffer. Buffer AVL significantly reduces the titre 108 

of infectious SARS-CoV-2, however does not completely inactivate the virus, thus samples prepared 109 

using this method should be handled in appropriate containment conditions10.  110 

RNA extraction 111 

The RNA extraction of SARS-CoV-2 was performed on the CyBio FeliX liquid handling robot (Analytik 112 

Jena), as previously described11, using the Maxwell HT Viral TNA Kit (Promega), or InnuPREP Virus 113 

DNA/RNA Kit (Analytik Jena). Manual RNA extractions were carried out using QIAamp Viral RNA mini 114 

kit (Qiagen) as per manufacturer’s protocol.  All samples were eluted into 50 l of kit buffer. 115 

 116 

In house RT-qPCR  117 

RNA was reverse transcribed and subjected to quantitative PCR in a 20 μL reaction containing 10 μL 118 

of RNA, 5 μL of 4× TaqMan Fast virus one step Master Mix (ThermoFisher). Primer and probe 119 

sequences, as well as optimized concentrations are shown in Table 1. Thermal cycling was 120 

performed at 55 °C for 10 min for reverse transcription, followed by 94 °C for 3 min and then 40 121 

cycles of 94 °C for 15s, 58 °C for 30s using a Bio-Rad CFX real time PCR system.  Where indicated, 122 

primers and a FAM-labelled hydrolysis probe for the E gene8 (supplied by TIB-Molbiol, Germany) 123 

were duplexed with primers and a HEX-labelled hydrolysis probe for RNase P9. The working 124 

concentration of the RNase P primers was deliberately restricted to avoid exhaustion of reagents 125 

preventing amplification of the E gene. A SARS-CoV-2 PCR positive control was included in each run 126 

to monitor assay performance. This consisted of purified viral RNA obtained from culture 127 

supernatant (Public Health England) or a stabilized synthetic RNA construct containing the E gene 128 

sequence (SARSCOV2, Exact Diagnostics, Bio-Rad). An ‘extraction’ positive control which consisted of 129 

a frozen (-80°C) aliquot of a high copy number patient sample diluted in VTM, was inactivated, 130 

extracted and amplified in every batch of samples processed. A PCR negative control (nuclease free 131 

water with or without 1 g/l Poly A carrier RNA (1017647, Qiagen)) was also included in all runs. 132 

 Sequence (5’ to 3’) Working 

concentration 

E_Sarbeco_F8 

E_Sarbeco_R8 

E_Sarbeco_P18 

5'-ACAGGTACGTTAATAGTTAATAGCGT-3' 

5'-ATATTGCAGCAGTACGCACACA-3' 

5’-FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ-3’ 

400 nM 

400 nM 

200 nM 

RNaseP_F9 5’-AGATTTGGACCTGCGAGCG-3’ 100 nM 



RNaseP_R9 5’-GAGCGGCTGTCTCCACAAGT-3’ 100 nM 

RNaseP_Pr9 5’-HEX-TTCTGACCTGAAGGCTCTGCGCG-BBQ-3’ 100 nM 

2019-nCoV_N1-F9 5’-GACCCCAAAATCAGCGAAAT-3’ 400 nM 

2019-nCoV_N1-R9 5’-TCTGGTTACTGCCAGTTGAATCTG-3’ 400 nM 

2019-nCoV_N1-P9 5’-FAM-ACCCCGCATTACGTTTGGTGGACC-BBQ-3’ 100 nM 

 133 

Table 1: Primers and probes used in this study 134 

Data processing 135 

On completion of thermal cycling, qPCR data was processed using Bio-Rad CFX maestro software 136 

(version 1.1). A fluorescence drift correction was applied, and the background was subtracted using 137 

the ‘curve fit’ option. The baseline was set manually to 800 for the required detectors (FAM alone or 138 

in combination with HEX).  139 

Data interpretation 140 

Samples in which amplified product was detected in the FAM channel (amplification curve crossed 141 

the threshold) before 36.5 cycles were called as ‘SARS-CoV-2 detected’. All other samples were 142 

called as ‘SARS-CoV-2 not detected’ provided RNase P was detected in the HEX channel before 37 143 

cycles. If RNase P was not detected before 37 cycles, the sample was called as ‘inadequate’, and a 144 

repeat sample was requested. Before releasing results, each run was checked for any evidence of 145 

product in the PCR negative control (before 36.5 cycles) and for any evidence of deviation from the 146 

acceptable range for the SARS-CoV-2 PCR positive control. To determine the acceptable 147 

quantification cycle (Cq) range for each batch of SARS-CoV-2 PCR positive control material, the 148 

material was assayed in 4 independent runs, and the average Cq was calculated. The acceptable 149 

range was set as the mean plus or minus 1 Cq of the mean. Results were released if the PCR negative 150 

control was classed as ‘not detected’, and the PCR positive control was in the acceptable range. 151 

When required (Results section 9), the 2^(-ΔΔCt) method was used to normalize E and RNase P Cq 152 

values in test samples to the Cq values of E and RNase P in the Exact positive control. As the ratio of 153 

both E to RNase P in the Exact positive control is known (200 copies E:75 copies RNase P), the 154 

resulting value was converted into copies of E per copy RNase P by multiplying by 200/75. Further 155 

details of the assay are included in Table 1- Minimum Information for Publication of Quantitative 156 

Real-Time PCR Experiments (MIQE)12. Probit analysis was performed by calculating detection 157 

probability units for each replicate sample set tested using the Excel function 5+NORMSINV(P), 158 

following which a linear regression line was plotted and used to calculate C95, the 95% detection 159 

rate, corresponding to a probit value of 6.64. 160 

Assay accreditation 161 

The assay was accredited by UKAS on the basis of validation data which included analysis of 251 162 

clinical specimens which had previously been characterized using the Coronavirus typing (8-well 163 

assay, ref 20619 V1, AusDiagnostics which detects ORF1ab) provided by Paul Randell and 164 

Pinglawathee Madona, Virology, North West London Pathology, Charing Cross Hospital.  165 



 166 

Results 167 

1. Efficiency and linear range of the duplex E/RNase P RT-qPCR assay 168 

As SARS-CoV-2 is an emerging pathogen, at the time this assay was established, there was no 169 

independently verified copy number controlled material available commercially. Thus, we were 170 

compelled to conduct the initial assay validation work using cellular RNA extracted from Vero cells 171 

which had been infected with SARS-CoV-2 in vitro, kindly provided by Prof. Wendy Barclay. Serial 172 

dilutions of this material were assayed with the E/RNase P duplex assay to evaluate PCR efficiency. E 173 

gene Cq values were linear over 7 log dilutions, with a nominal PCR efficiency of 100.9% (Fig. 1A). 174 

RNase P expression was not detected in RNA from infected Vero cells, thus, RNA extracted from 175 

human peripheral blood mononuclear cells (PBMCs) was also analyzed to evaluate the efficiency of 176 

RNAse P amplification. This revealed a nominal efficiency of 105% for RNase P (Fig. 1B).  To 177 

determine whether RNase P amplification was inhibited in the presence of SARS-CoV-2 RNA, PBMC 178 

RNA was mixed with RNA from infected Vero cells, the same dilution series of PBMC RNA shown in 179 

Fig 1B was prepared, and spiked with a uniform amount of RNA from SARS-Cov-2-infected Vero cells 180 

(Fig. 1C). As expected, the E gene Cq was consistent for all dilutions tested (average Cq 19.19, range 181 

19.07-19.39), RNase P Cq values were comparable to those observed in Fig. 1B, and were linear 182 

across the 4 log dilutions tested, with a nominal efficiency of 93% (96.4% if the lowest concentration 183 

sample which had a Cq of 38 is omitted).  184 

2. Estimation of viral copy number  185 

In April 2020, a known copy number product became available (EXACT standard, Bio-Rad, product 186 

code SARSCOV2), which consisted of RNA which had been tested by digital droplet PCR (SARS-CoV-2 187 

RNA Transcripts: Envelope (E) Gene, Nucleocapsid (N) Gene, ORF1ab Gene, RdRP Gene, and the 188 

Spike Protein (S) Gene each at 200,000 copies/mL). A standard curve which could be used to 189 

estimate the SARS-CoV-2 RNA copy number was established by plotting the E gene Cq values of 190 

serial dilutions of synthetic RNA on a log/linear scale, followed by linear regression analysis. In runs 191 

in which the positive control was within the acceptable range for the assay, the following calculation 192 

was performed to estimate the copy number:  193 

E gene copies/10 l RNA = 10^((Cq(E gene)-38.332)/(-3.114)) 194 

To estimate the copy number per ml of VTM, this value was multiplied by 25 to correct for the 195 

volume of VTM analyzed. This equation assumes a PCR efficiency of 109%, observed empirically in 196 

serial dilutions of synthetic RNA.  As the highest concentration of standardized material tested was 197 

2000 copies/10 µl RNA, higher copy numbers are extrapolated.  198 

3. Assay Reproducibility 199 

Data on assay reproducibility were collected from 171 runs (Fig. 2). For three separate batches of 200 

control material, the standard deviation was between 0.20-0.25. 201 



4. Sensitivity and limit of detection 202 

The synthetic RNA standard was diluted in nuclease free water with 1g/l PolyA carrier RNA 203 

(Qiagen) to a range of concentrations from 100 copies/10 l- 0.19 copies/10 l and assayed using 204 

the E/RNase P duplex assay (Fig. 3a). To determine the limit of detection samples were analyzed in 205 

replicate sets, to identify the copy number at which 95% of replicates were detected. At 12.25 206 

copies/10 l and above, products of which the E gene probe/primer set were detectable in 20/20 207 

wells. At a concentration of 6.25 copies/10 l, 32/33 wells had detectable E gene signal (97% 208 

detection rate), with a median Cq of 35.4 (range, 34.28-37.20; standard deviation, 0.67). At 3.125 209 

copies/10ul RNA, 34/36 wells had detectable E gene signal (94% detection rate). Probit analysis gave 210 

a similar result of 3.3 copies/10ul RNA.  To maximize assay specificity, 6 copies was taken to be the 211 

limit of detection of the assay, which equates to 150 copies/ml VTM. A cut off for calling a sample as 212 

“detected” was set a Cq = 36.5, and Cq values greater than 36.5 are called as “not detected”. 213 

5. Concordance of duplex E and RNase P RT-qPCR with E singleplex RT-qPCR using clinical 214 

specimens 215 

To compare the sensitivity of the E/RNase P duplex assay with the E singleplex assay, duplicate 216 

assays were run, testing 196 clinical samples in total (Fig. 4A). The duplex assay was highly 217 

concordant with the singleplex assay. Thirty samples had detectable SARS-CoV2 sequences (Cq 218 

<36.5) in the E singleplex assay and the E/RNase P duplex assay. One additional sample was classed 219 

as ‘SARS-CoV-2 detected’ by the E/RNase P duplex assay, with Cq of 34.7, close to the limit of 220 

detection for the E gene. Cq values recorded for E gene in the duplex assay were not significantly 221 

different from the singleplex assay (p=0.23, Wilcoxon matched pairs signed rank test) and displayed 222 

a strong linear correlation across Cq = 18 to Cq = 36, approximately 6 logs. Only samples which were 223 

close to the limit of detection were variably detected between the two assays. One hundred and 224 

sixty six samples were classed as “not detected” in the singleplex assay. Of these, 159 were also 225 

classed as “not detected”, in the duplex assay with six classed as “inadequate”. Thus, the duplex 226 

assay adds the additional benefit of classifying 3% of samples as inadequate, ensuring that these are 227 

reported correctly and are flagged for re-testing. 228 

 229 

6. Comparison of duplex E assay and CDC singleplex N1 assay using clinical specimens 230 

We also compared the sensitivity of the E/RNase P duplex assay with the widely used CDC N1 assay9, 231 

which is run in singleplex with a separate control well in which RNase P is run in singleplex as a 232 

sample sufficiency control. We tested 422 clinical samples (Fig. 4A) with the E/RNase P duplex assay 233 

or the N1 singleplex assay (Fig. 4B), and observed that the E/RNase P duplex assay was highly 234 

concordant with the N1 singleplex assay. Using the same limit of detection cut-off for N1 (Cq<36.5), 235 

one hundred and forty one samples had detectable SARS-CoV2 sequences in both assays. Eight 236 

samples had detectable SARS-CoV-2 sequences in the N1 assay but not the E/RNase P duplex assay 237 

(one of which was classed as inadequate), and five samples had detectable SARS-CoV-2 sequences in 238 

the E/RNase P duplex assay but were not detected by the N1 assay. Samples which were variably 239 

detected between the two assays had Cq values which were at the limit of detection: range 34.0-240 

36.4 for N1, and 34.7-36.1 for E in the duplex assay. Although the Cq values recorded for N1 were 241 

significantly lower than those recorded for the E gene in the duplex assay (p=0.0015, Wilcoxon 242 

matched pairs signed rank test), the difference was small (0.2 cycles).  There was also a strong linear 243 

correlation across Cq = 13 to Cq = 36, approximately 7 logs. In this cohort 2.1% of samples (9/422) 244 



were classified as inadequate by RNase P Cq, approximately reproducing the rate observed in the 245 

cohort above. 246 

7. Effect of sample storage on sensitivity of the duplex E/RNase P RT-qPCR 247 

RNA was extracted from three aliquots of clinical samples collected in VTM immediately on receipt 248 

or after 24 hours (n=16) or 72 hours (n=17) incubation at room temperature (Fig 3b). Three of 16 249 

samples extracted at 0 and 24h had detectable SARS-CoV-2 at both timepoints. One additional 250 

sample was classed as “not detected” when processed immediately, but had a Cq of 36.18 when 251 

extracted after 24h incubation, consistent with stochastic detection of low copy number samples. A 252 

24h delay in RNA extraction was associated with an average increase of 0.05 in Cq values for the E 253 

gene in positive samples and an increase of 0.89 the Cq values for RNase P.  When processed after 254 

72h incubation at room temperature, the same three samples were also classified as “detected”, 255 

and the mean Cq increased by 0.85 for the E gene in positive samples and by 1.13 for RNase P. 256 

8. Relationship between swabbing efficiency and viral copy number 257 

In order to determine how swabbing efficiency relates to the viral copy number detected, we 258 

analyzed 204 clinical specimens collected between April 16th to 29th 2020.  The viral copy numbers in 259 

these samples ranged from 1x102 copies/swab to 7 x107 copies/swab. Histograms of the Cq values 260 

for E gene and RNase P are plotted in Fig. 5. No correlation was observed between E and RNase P 261 

Cqs, indicating that, when detected, the copy number of E is likely to be representative of the viral 262 

burden in the tissue sampled, rather than a function of how much material is sampled by the swab 263 

(Fig. 5C). 264 

9. Normalization of E to RNase P 265 

To investigate the feasibility of normalizing viral copy number between swabs (i.e. correcting for 266 

sampling due to differences in the amount of material collected per swab) , we normalized the 267 

number of copies of E to the number of copies of RNase P using the 2^(-ΔΔCt) method. We observed 268 

a range of 0.002-1027 copies of E per copy of RNase P in samples with detectable SARS-CoV-2 in this 269 

cohort, and the normalized E copy number was significantly correlated with the per-swab copy 270 

number (Fig. 5D).  271 

Discussion 272 

In this paper we show that, with the appropriate controls, accurate assessment of viral burden of 273 

SARS-CoV-2 is achievable in a clinical setting using RT-qPCR. To our knowledge, there are no other 274 

reports in the literature which take the same approach we describe here, which builds on the 275 

strengths of the Corman protocol (the Charité E primers and probe are extremely sensitive and can 276 

detect >99.9% of variants deposited in GISAID at the time of writing) and the CDC protocol (an 277 

internal control to confirm swab efficiency). This will allow clinicians and public health officials to 278 

incorporate viral burden into their decision making process. In fact, although the results of most RT-279 

qPCR assays of SARS-CoV-2 are currently reported qualitatively (as “detected”/”not detected”), 280 

Cq/Ct values generated could be converted to viral copy numbers without needing to change the 281 

assay substantially.  282 



Our data demonstrates that a duplex assay which detects viral and human RNA targets has an 283 

efficiency approaching 100% over 7 logs, is highly reproducible over a broad dynamic range, and has 284 

a limit of detection comparable to other available assays1,8,9,13. We also show how storage affects 285 

quantification of viral copy number: as expected, sensitivity of detection in samples with low viral 286 

copy numbers is disproportionately negatively affected by storage. Although the clinical significance 287 

of these low viral burden carriers remains to be elucidated, assessment of low copy number samples 288 

must bear in mind the effect of storage on this subset of samples. 289 

In our assay the RNase P Cq values generated from nasopharyngeal swabs were normally 290 

distributed, and did not correlate with the viral copy number detected.  We conclude from these 291 

data that swabbing efficiency is robust enough to discriminate individuals with high viral burden 292 

from those with low viral burden with high confidence. It has been reported in the literature that 293 

infectious virus can only be recovered from swabs in which there are >1,000,000 viral copies per 294 

swab. In our assays this equates to a Cq of 24 for the E gene, when 10 ul RNA is analyzed (40 µl 295 

VTM).  In practice, a cut off of RNase P Cq >37 is sufficient to identify all individuals with a viral 296 

burden consistent with recovery of infectious virus. Further work would also be required to 297 

investigate whether the total viral copy number per swab or the normalized E copy number is a 298 

better predictor of the probability of recovering infectious virus, and an individual’s potential to 299 

transmit the virus. 300 

Our approach of measuring both E and RNase P revealed a sample inadequacy of 2-2.5% across our 301 

clinical samples from hospitalized patients swabbed by healthcare professionals. This information is 302 

critical, as otherwise these samples would be reported as ‘SARS-CoV-2 not detected’, and could be 303 

false negatives.  Measurement of RNase P in a replicate well is standard in the CDC protocols, 304 

however there are significant advantages to measuring both E and RNase P in the same PCR 305 

reaction: it provides an internal control for sample sufficiency (particularly important in the context 306 

of self-swabbing), and will reveal the presence of PCR inhibitors. In addition, setting up a single PCR 307 

reaction rather than two reduces the cost of enzymes and the workload, and perhaps most 308 

importantly in the current pandemic, allows greater capacity for testing without compromising on 309 

test quality.   310 
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Fig. 1 Linear range and PCR efficiency for E and RNase P  360 

RNA was extracted from SARS-CoV-2-infected Vero cells (A), serially diluted (10 fold) in nuclease-free 361 

water with carrier RNA and assayed in duplicate using the E/RNase P RT-qPCR assay. Relative 362 

fluorescence units (RFU) detected in the FAM channel for the E gene for samples containing viral 363 

RNA (blue) or carrier RNA alone (purple) are shown. (B) RNA was extracted from human peripheral 364 

blood mononuclear cells (PBMC), serially diluted (10 fold) in nuclease-free water with carrier RNA 365 

and assayed in duplicate using the E/RNase P RT-qPCR assay. RFU detected in the HEX channel for 366 

the RNase P for samples containing PBMC RNA (blue) or carrier RNA alone (purple) are shown. (C) 367 

RNA from SARS-CoV-2-infected Vero cells was spiked into serial dilutions of PBMC RNA. RFU from 368 

samples with PBMC and infected Vero cells RNA is shown in blue (FAM) and green (HEX) , and carrier 369 

RNA alone is shown in purple (FAM) and black (HEX). 370 

 371 

Fig. 2 Assay reproducibility 372 

Aliquots of viral RNA (A, B) extracted from culture supernatant or a commercial synthetic RNA 373 

construct (C) were assayed using the E/RNase P duplex PCR. Each dot represents the E Cq of an 374 

independent run. The solid line represents the mean Cq of four runs (not included in the graph), and 375 

the dotted lines indicate the mean plus or minus 1 cycle. 376 

 377 

Fig. 3 Limit of detection and effect of sample storage 378 

(A) The EXACT synthetic RNA standard was diluted in nuclease free water with 1g/l PolyA carrier 379 

RNA (Qiagen) to a range of concentrations from 100 copies/10 l- 0.19 copies/10 l. Replicates of 380 

each concentration were assayed using the E/RNase P duplex assay. Cqs for E are shown for each 381 

replicate within each concentration, and the number of replicates in which a signal was detected is 382 

indicated on the graph as a fraction. (B) RNA was extracted from clinical samples immediately on 383 

receipt or after 24h (n=16) or 72h (n=17) storage at room temperature. The difference in Cq values 384 

(ΔCq) was calculated by subtracting the E or RNase P Cq observed in the sample processed and 385 

assayed on receipt from the E/ RNase P Cq observed in the sample processed after storage. 386 

 387 

Fig. 4 Comparison of E and N1 Singleplex and Duplex E/RNase P assays.  388 

(A) Clinical samples (n= 196) were assayed using the E primers and FAM-labelled probe alone (E 389 

singleplex) or in combination with RNase P primers and HEX-labelled probe (E/RNase P Duplex) (B) 390 

Clinical samples (n= 422) were assayed using the CDC N1 primers and FAM-labelled probe alone (N1 391 

singleplex) or with a combination with E and RNase P primers and probes (E/RNase P Duplex). 392 

 393 

Fig. 5 Distribution of E and RNase P Cq in clinical samples. 394 

Clinical samples (n=204) were assayed using the E primers and FAM-labelled probe in combination 395 

with RNase P primers and HEX-labelled probe (Duplex). N=34 samples had detectable SARS-CoV-2, 6 396 

were classed as inadequate due to lack of amplification of RNAse P, and the remainder were 397 



classified as ‘SARS-CoV-2 not detected’.  Histograms of Cq values for E gene in samples with 398 

detectable SARS-CoV-2 (A) and Cq values for RNase P in all adequate samples (B). (C) E versus RNAse 399 

P Cq values in all samples with detectable SARS-CoV-2. (D) Normalised copy number of E versus per-400 

swab copy number. Dotted line indicates 1,000,000 copies/ml (Cq E gene= 24 in the duplex assay). 401 

 402 
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ITEM TO CHECK IMPORTANCE CHECKLIST
EXPERIMENTAL DESIGN
Definition of experimental and control  groups E Not Applicable
Number within each group E Results
Assay carried out by core lab or investigator's lab? D By investigators
Acknowledgement of authors' contributions D Author contributions section
SAMPLE
Description E Materials and Methods: Sample Collection
     Volume/mass of sample processed D Materials and Methods: Inactivation
    Microdissection or macrodissection E Not Applicable
Processing procedure E Materials and Methods: RNA extraction
     If frozen - how and how quickly? E Not Applicable
     If fixed - with what, how quickly? E Not Applicable
Sample storage conditions and duration (especially for FFPE samples) E Materials and Methods: Sample Collection
NUCLEIC ACID EXTRACTION
Procedure and/or instrumentation E Materials and Methods: RNA extraction
     Name of kit and details of any modifications E Materials and Methods: RNA extraction
     Source of additional reagents used D Not Applicable
Details of DNase or RNAse treatment E Not Applicable
Contamination assessment (DNA or RNA) E Not Done
Nucleic acid quantification E Not Applicable
     Instrument and method E Not Applicable
     Purity (A260/A280) D Not Applicable
     Yield D Not Applicable
RNA integrity method/instrument E Not Applicable
    RIN/RQI or Cq of 3' and 5' transcripts E Not Applicable
    Electrophoresis traces D Not Applicable
 Inhibition testing (Cq dilutions, spike or other) E Results: Efficiency and Linear Range, and Figure 1
REVERSE TRANSCRIPTION
Complete reaction conditions E Materials and Methods: In house RT-qPCR
     Amount of RNA and reaction volume E Materials and Methods: In house RT-qPCR
    Priming oligonucleotide (if using GSP) and concentration E Materials and Methods: In house RT-qPCR
     Reverse transcriptase and concentration E Commercial - TaqMan Fast Virus 1-Step Master Mix, Life Technologies 4444432
     Temperature and time E Materials and Methods: In house RT-qPCR
     Manufacturer of reagents and catalogue numbers D Materials and Methods: In house RT-qPCR
Cqs with and without RT D* Not Applicable
Storage conditions of cDNA D Not Applicable
qPCR TARGET INFORMATION
If multiplex, efficiency and LOD of each assay. E Results section
Sequence accession number E See Corman et al, Eurosurveillance, 2020
Location of amplicon D See Corman et al, Eurosurveillance, 2020
     Amplicon length E See Corman et al, Eurosurveillance, 2020
     In silico specificity screen (BLAST, etc) E See Corman et al, Eurosurveillance, 2020
     Pseudogenes, retropseudogenes or other homologs? D See Corman et al, Eurosurveillance, 2020
          Sequence alignment D See Corman et al, Eurosurveillance, 2020
     Secondary structure analysis of amplicon D Not Done
Location of each primer by exon or intron (if applicable) E Not Applicable
     What splice variants are targeted? E Not Applicable
qPCR OLIGONUCLEOTIDES
Primer sequences E Table 1
RTPrimerDB Identification Number D Not Applicable
Probe sequences D** Table 1
Location and identity of any modifications E Table 1
Manufacturer of oligonucleotides D Materials and Methods: In house RT-qPCR
Purification method D Primers - desalted; Probes - HPLC
qPCR PROTOCOL
Complete reaction conditions E Materials and Methods: In house RT-qPCR
     Reaction volume and amount of cDNA/DNA E Materials and Methods: In house RT-qPCR
     Primer, (probe), Mg++ and dNTP concentrations E Commercial - TaqMan Fast Virus 1-Step Master Mix, Life Technologies 4444432
     Polymerase identity and concentration E Commercial - TaqMan Fast Virus 1-Step Master Mix, Life Technologies 4444432
     Buffer/kit identity and manufacturer E Commercial - TaqMan Fast Virus 1-Step Master Mix, Life Technologies 4444432
     Exact chemical constitution of the buffer D Commercial - TaqMan Fast Virus 1-Step Master Mix, Life Technologies 4444432
     Additives (SYBR Green I, DMSO, etc.) E Commercial - TaqMan Fast Virus 1-Step Master Mix, Life Technologies 4444432
Manufacturer of plates/tubes and catalog number D Hard Shell Plates- Bio-Rad, HSP9655; Microseal B film, Bio-Rad, MSB1001
Complete thermocycling parameters E Materials and Methods: In house RT-qPCR
Reaction setup (manual/robotic) D Materials and Methods: In house RT-qPCR
Manufacturer of qPCR instrument E Materials and Methods: In house RT-qPCR
qPCR VALIDATION
Evidence of optimisation (from gradients) D Gradients not performed
Specificity (gel, sequence,  melt, or digest) E Not done in this work
For SYBR Green I, Cq of the NTC E Not Applicable
Standard curves with slope and y-intercept E Figure 1
     PCR efficiency calculated from slope E Figure 1
     Confidence interval for PCR efficiency or standard error D Not available
     r2 of standard curve E Figure 1
Linear dynamic range E Figure 1
     Cq variation at lower limit E Results- Sensitivity and Limit of Detection
     Confidence intervals throughout range D Not Applicable
Evidence for limit of detection E Results- Sensitivity and Limit of Detection
If multiplex, efficiency and LOD of each assay. E Results section
DATA ANALYSIS
qPCR analysis program (source, version) E Section 2.4

     Cq method determination E
Baseline - the same manual setting was used for all experiments- see Materials and 

Methods: Data Processing
     Outlier identification and disposition E Not Applicable
Results of NTCs E NTCs (Carrier RNA nuclease-free water) were all negative
Justification of number and choice of reference genes E Not Applicable
Description of normalisation method E Materials and Methods: Data Interpretation
Number and concordance of biological replicates D Not Applicable
Number and stage (RT or qPCR) of technical replicates E Not Applicable
Repeatability (intra-assay variation) E Not Applicable
Reproducibility (inter-assay variation, %CV) D Results: Reproduciblity of the assay, and Figure 2
Power analysis D Not Applicable
Statistical methods for result significance E Not Applicable
Software (source, version) E Materials and Methods: Data Processing
Cq or raw data submission using RDML D Not Applicable

Table 1. MIQE checklist for authors, reviewers and editors. All essential information (E) must be submitted with the manuscript.  Desirable
information (D) should be submitted if available. If using primers obtained from RTPrimerDB, information on qPCR target, oligonucleotides,
protocols and validation is available from that source.

*: Assessing the absence of DNA using a no RT assay is essential when first extracting RNA. Once the sample has been validated as
 RDNA-free, inclusion of a no-RT control is desirable, but no longer essential.

**: Disclosure of the probe sequence is highly desirable and strongly encouraged. However, since not all commercial pre-designed assay
 vendors provide this information, it cannot be an essential requirement. Use of such assays is advised against.


