1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nat Microbiol. Author manuscript; available in PMC 2022 June 29.

-, HHS Public Access
«

Published in final edited form as:
Nat Microbiol. 2020 October ; 5(10): 1299-1305. doi:10.1038/s41564-020-0761-6.

Analytical sensitivity and efficiency comparisons of SARS-CoV-2
RT-gPCR primer-probe sets

Chantal B.F. Vogels!”
Anderson F. Brito?,
Anne L. Wylliel,
Joseph R. Fauver?,
Isabel M. Ott2,

Chaney C. Kalinich?,
Mary E. Petronel,
Arnau Casanovas-Massanal,
M. Catherine Muenker?,
Adam J. Moorel,
Jonathan Klein3,
Peiwen Lu?3,

Alice Lu-Culligan3,
Xiaodong Jiang?3,
Daniel J. Kim3,

Eriko Kudo3,

Tianyang Mao3,

Miyu Moriyamas3,

Ji Eun Oh3,

Annsea Park?,

Julio Silva3,

Eric Song?3,

Takehiro Takahashi?,
Manabu Taura3,

Maria Tokuyamas3,
Arvind Venkataraman3,
Orr-El Weizman3,
Patrick Wong3,

"Correspondence: Correspondence to Chantal B.F. Vogels or Nathan D. Grubaugh. chantal.vogels@yale.edu (CBFV);
nathan.grubaugh@yale.edu (NDG).

Contributions

CBFV, AFB, JRF, and NDG designed the study, NRC and EFF collected pre-COVID-19 nasopharyngeal swabs, CBFV, ALW, IMO,
CCK, MEP, AC-M, MCM, AJM, JK, PL, AL-C, XJ, DJK, EEK, TM, MM, JEO, AP, JS, ES, TT, MT, MT, AV, O-EW, PW, YY,
EBW, SL, RE, BG, PV, CO, JF, SB, SF, CSDC, Al, AIK, MLL, and NDG contributed to collection of clinical data, CBFV performed
experiments, CBFV, AFB, and NDG analyzed the data and wrote the first draft. All authors read and approved the manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vogels et al. Page 2

Yexin Yang3,
Nagarjuna R. Cheemarla?,
Elizabeth B. Whitel,
Sarah Lapidus?,
Rebecca Earnest?,
Bertie Geng?®,

Pavithra Vijayakumar®,
Camila Odio®,

John Fournier?,
Santos Bermejo8,
Shelli Farhadian’,
Charles S. Dela Cruz®,
Akiko lwasaki39,
Albert I. Kol,

Marie L. Landry47:10,
Ellen F. Foxman34,
Nathan D. Grubaugh®*

1Department of Epidemiology of Microbial Diseases, Yale School of Public Health, New Haven,
CT 06510, USA

2Department of Ecology and Evolutionary Biology, Yale University, New Haven, CT 06520, USA
3Department of Immunobiology, Yale University School of Medicine, New Haven, CT, 06510, USA

“Department of Laboratory Medicine, Yale University School of Medicine, New Haven, CT, 06510,
USA

SDepartment of Obstetrics, Gynecology, and Reproductive Sciences, Yale University School of
Medicine, New Haven, CT, 06510, USA

5Department of Medicine, Northeast Medical Group, Yale-New Haven Health, New Haven, CT
06510, USA

"Department of Medicine, Section of Infectious Diseases, Yale University School of Medicine,
New Haven, CT, 06510, USA

8Department of Internal Medicine, Section of Pulmonary, Critical Care, and Sleep Medicine, Yale
University School of Medicine, New Haven, CT, 06510, USA

°Howard Hughes Medical Institute, Chevy Chase, Maryland 20815, USA

10Clinical Virology Laboratory, Yale-New Haven Hospital, New Haven, CT, 06510, USA

Abstract

The recent spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) exemplifies
the critical need for accurate and rapid diagnostic assays to prompt clinical and public health
interventions. Currently, several quantitative reverse-transcription polymerase chain reaction (RT-
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gPCR) assays are being used by clinical, research, and public health laboratories. However, it is
currently unclear if results from different tests are comparable. Our goal was to make independent
evaluations of primer-probe sets used in four common SARS-CoV-2 diagnostic assays. From our
comparisons of RT-qPCR analytical efficiency and sensitivity, we show that all primer-probe sets

can be used to detect SARS-CoV-2 at 500 viral RNA copies per reaction. The exception for

this is the RARp-SARST (Charité) confirmatory primer-probe set which has low sensitivity, likely

due to a mismatch to circulating SARS-CoV-2 in the reverse primer. We did not find evidence
for background amplification with pre-COVID-19 samples or recent SARS-CoV-2 evolution

decreasing sensitivity. Our recommendation for SARS-CoV-2 diagnostic testing is to select an
assay with high sensitivity and that is regionally used to ease comparability between outcomes.

Results

SARS-CoV-2 was first identified as the cause of an outbreak of pneumonia in Wuhan,
China, in December 2019, and rapidly spread around the world!~3, which exemplifies the
critical need for accurate and rapid diagnostic assays to prompt clinical and public health
interventions. In response, several molecular assays (i.e. RT-qgPCR) were developed to detect
COVID-19 cases*; however, it is not clear to many clinical, research, and public health
laboratories which assay they should adopt or if the data are comparable. Independent
evaluations of the designed primer-probe sets used in the primary SARS-CoV-2 RT-qPCR
detection assays are necessary to compare findings across studies and select appropriate
assays for in-house testing. Our goal was to compare the analytical efficiencies and
sensitivities of the primer-probe sets used in four commonly used SARS-CoV-2 RT-qPCR
assays developed by the China Center for Disease Control (China CDC)’, United States
CDC (US CDC)5, Charité Institute of Virology, Universitatsmedizin Berlin (Charité)®, and
Hong Kong University (HKU)* (Supplementary Table 1). Importantly, we did not directly
compare the assays per se, as that would involve many different variables. Here, we used
the same (1) primer-probe concentrations (500 nM of forward and reverse primer, and 250
nM of probe); (2) PCR reagents (New England Biolabs Luna Universal Probe One-step
RT-gPCR kit); and (3) thermocycler conditions (10 minutes at 55°C, 1 minute at 95°C,
followed by 40 cycles [45 for clinical samples] of 10 seconds at 95°C and 30 seconds at
55°C) in all reactions.

Generation of RNA transcript standards for RT-qPCR validation

A barrier to implementing and validating RT-gPCR molecular assays for SARS-CoV-2
detection was the availability of virus RNA standards. Using RNA from a SARS-CoV-2
isolate derived from an early COVID-19 case in the US8, we generated small RNA
transcripts (704-1363 nt) from the non-structural protein 10 (nsp10), RNA-dependent RNA
polymerase (RdRp), non-structural protein 14 (nsp14), envelope (E), and nucleocapsid

(N) genes spanning the primer and probe sets of each assay (Extended Data Fig. 1;
Supplementary Tables 2—-3). By measuring PCR amplification using 10-fold serial dilutions
of our RNA transcript standards, we found the efficiencies of each of the nine primer-probe
sets to be above 90% (Extended Data Fig. 1), which match the criteria for an efficient RT-
gPCR assay®. Our RNA transcripts can thus be used for assay validation, positive controls,
and standards to quantify viral loads: critical steps for a diagnostic assay. Our protocol to
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generate the RNA transcripts is openly availablel?, and any clinical or research diagnostic
lab can directly request them for free through our lab website (www.grubaughlab.com).

Analytical comparisons of RT-qPCR primer-probe sets

By testing each of the nine primer-probe sets using 10-fold dilutions of SARS-CoV-2

RNA derived from cell culture® (Fig. 1a) or 10-fold dilutions of SARS-CoV-2 RNA spiked
into RNA extracted from pooled nasopharyngeal swabs taken from patients in 2017 (SARS-
CoV-2 RNA-spiked mocks; Fig. 1b), we again found that the PCR amplification efficiencies
were near or above 90% (Fig. 1c). Our measured PCR efficiencies corresponded to an
average of 3.5 cycle threshold (Ct) values between the 10-fold SARS-CoV-2 RNA dilutions
(i.e. slope), with a range of 3.1-3.7 corresponding to the highest and lowest efficiencies,
respectively (Fig. 1c; See Source Data for Ct values). These again match the criteria for
efficient RT-qPCR®. To measure the analytical sensitivity of virus detection, we used the

Ct value in which the expected linear dilution series would cross the y-intercept when
tested with 1 viral RNA copy per pL of RNA. Our measured sensitivities (y-intercept Ct
values) were similar among most of the primer-probe sets, except for the RdARp-SARSr
(Charité) set (Fig. 1d). We found that the Ct values from the RdRp-SARSr set (using only
RdRp_SARSr-P2 [probe 2]) were usually 6-10 Cts higher (lower virus detection) than the
other primer-probe sets.

To determine the lower limit of detection and the occurrence of false positive or inconclusive
detections, we tested the primer-probe sets using SARS-CoV-2 RNA spiked into RNA
extracted from pooled nasopharyngeal swabs from respiratory disease patients during 2017
(pre-COVID-19). We made four independent pools of viral transport media from four
nasopharyngeal swabs, and tested six technical replicates of each without virus (24 total
replicates) or two replicates of each with 10, 101, or 102 viral RNA copies/pL of extracted
nucleic acid concentrations (8 total replicates each). From the pooled nasopharyngeal
swabs without viral RNA, we did not detect RT-gPCR amplification for any of the tested
primer-probe sets (Fig. 2). These findings suggest that there is no cross-reactivity between
the tested primer-probe sets and host or possible other microbial nucleic acid present in
nasopharyngeal swabs from non-COVID-19 patients. At 100 and 101 viral RNA copies/pL,
our results show that all primer-probe sets, except RARp-SARSr and 2019-nCoV_N2, were
able to partially detect (Ct values <40) SARS-CoV-2 from clinical sample (Fig. 2). At 102
viral RNA copies/pL, we could detect viral RNA and differentiate between the negative
samples for all primer-probe sets, except for the RARp-SARSr (Charité) set, which was
negative (Ct values >40) for all 109-102 viral RNA copies/uL concentrations (Fig. 2).

Our mock clinical samples demonstrated that all primer-probe sets, except RARp-SARSr
(Charité), are 100% sensitive to SARS-CoV-2 detection at 100 viral RNA copies/uL of
extracted nucleic acid (500 copies/reaction), and between 0-50% sensitive at 1-10 viral
RNA copies/uL (5-50 copies/reaction).

Clinical evaluation of US CDC primer-probe sets

For the US CDC assay, we found that the 2019-nCoV_N1 (N1) primer-probe set was more
sensitive than the 2019-nCoV_N2 (N2) primer-probe set (Fig. 2). To investigate if the
differences in analytical sensitivity between N1 and N2 would cause inconclusive results, we
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compared results from 172 clinical samples taken during the COVID-19 pandemic (Fig. 3).
We tested RNA from nasopharyngeal swabs, saliva, urine, and rectal swabs from COVID-19
patients and healthcare workers enrolled in our research protocol at the Yale-New Haven
Hospital. We found that more samples had lower Ct values (more efficient virus detection)
using the N1 primer-probe set as compared to N2, again showing the N1 is more sensitive
for SARS-CoV-2 detection (Fig. 3a). When the N2 set had lower Ct values, each instance
was paired with N1 not detected (>45 Ct), indicating that the N1 set had a more distinct
separation between positive and negative values (Fig. 3b). When we look at the US CDC
assay outcomes, which take into account both the N1 and N2 results, only 1 out of 172 tests
was deemed inconclusive due to N1 being negative (>40 Ct) and N2 being positive (<40 Ct;
Table 1). We found more inconclusive results where N1 was the only positive set at both

40 Ct (3/172) and 38 Ct (5/172) cut-offs (Table 1), likely because the N1 primer-probe set

is more sensitive. Overall, we found inconclusive results from less than 3% of the tested
clinical samples that had low (35-40 Ct) or no (>40 Ct) virus detection using the US CDC
primer-probe sets, indicating that the US CDC N1 and N2 primer-probe sets are consistent at
differentiating between true negatives and positives.

Lower sensitivity of RARp-SARSr (Charité) primer-probe set

To further investigate the relatively low sensitivity of the RARp-SARSr (Charité)
primer-probe set, we compared our standardized primer-probe concentrations with the
recommended concentrations in the confirmatory (containing both RdRp_SARSr-P1 [probe
1] and RdRp_SARSr-P2 [probe 2]) and discriminatory (probe 2 only, as performed in Figs.
1-2) RdRp-SARSr (Charité) assays. We deviated from the recommended concentrations in
the original assays to make a fair comparison across primer-probe sets, using 500 nM of
each primer and 250 nM of probe 2. To investigate the effect of primer-probe concentration
on the ability to detect SARS-CoV-2, we made a direct comparison between (1) our
standardized primer (500 nM) and probe 2 (250 nM) concentrations, (2) the recommended
concentrations of 600 nM of forward primer, 800 nM of reverse primer, and 100 nM of
probe 1 and 2 (confirmatory assay), and (3) the recommended concentrations of 600 nM of
forward primer, 800 nM of reverse primer, and 200 nM of probe 2 (discriminatory assay) per
reaction®. We found that adjusting the primer-probe concentrations or using the combination
of probes 1 and 2 did not increase SARS-CoV-2 RNA detection when using 10-fold serial
dilutions of our RdRp RNA transcripts, or full-length SARS-CoV-2 RNA from cell culture
(Extended Data Fig. 2). The Charité Institute of Virology Universitatsmedizin Berlin assay
is designed to use the E-Sarbeco primer-probes as an initial screening assay, and the RdRp-
SARSTr primer-probes as a confirmatory test®. Our data suggest that the RARp-SARSTr assay
is not a reliable confirmatory assay at <1000 viral RNA copies/uL of extracted nucleic acid.

Mismatches in primer and probe binding regions

As viruses evolve during outbreaks, nucleotide substitutions can emerge in primer or probe
binding regions and alter the sensitivity of PCR assays. To investigate whether this had
already occurred during the early COVID-19 pandemic, we calculated the accumulated
genetic diversity from 992 available SARS-CoV-2 genomes (released as of 22 March 2020;
Fig. 4) and compared that to the primer and probe binding regions (Table 2). Thus far,

we detected 12 primer-probe nucleotide mismatches that have occurred in at least two
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of the 992 SARS-CoV-2 genomes. The most potentially problematic mismatch is in the
RdARp-SARST reverse primer (Table 2), which likely explains the sensitivity issues with this
set (Figs. 1-2). Oddly, the mismatch is not derived from a new variant that has arisen, but
rather that the primer contains a degenerate nucleotide (S, binds with G or C) at position 12,
and 990 of the 992 SARS-CoV-2 genomes encode for a T at this genome position (Table
2). This degenerate nucleotide appears to have been added to help the primer anneal to
SARS-CoV and bat-SARS-related CoV genomes®, seemingly to the detriment of consistent
SARS-CoV-2 detection. Earlier in the outbreak, before hundreds of SARS-CoV-2 genomes
became available, non-SARS-CoV-2 data were used to infer genetic diversity that could

be anticipated during the outbreak. As a result, several of the primers contain degenerate
nucleotides (Supplementary Table 4). For RARp-SARSt, adjusting the primer (S—A) may
resolve its low sensitivity.

Of the variants that we detected in the primer-probe regions, we only found four in more
than 30 of the 992 SARS-CoV-2 genomes (>3%, Table 2). Most notable was a stretch of
three nucleotide substitutions (GGG—AAC) at genome positions 28,881-28,883, which
occur in the three first positions of the CCDC-N forward primer binding site. While

these substitutions define a large clade that includes ~13% of the available SARS-CoV-2
genomes released as of 22 March 2020, and has been detected in numerous countries!, their
position on the 5’ location of the primer may not be detrimental to sequence annealing and
amplification. The other high frequency variant that we detected was T—C substitution at
the 8t position of the binding region of the 2019-nCoV_N3 forward primer, a substitution
found in 39 genomes (position 28,688). While this primer could be problematic for detecting
viruses with this variant, the CDC revised their assay on March 15, 2020, by removing the
2019-nCoV_N3 primer-probe set!2. We found another seven variants in only five or fewer
genomes (<0.5%, Table 2), and their minor frequency at present does not pose a major
concern for viral detection. This scenario may change if those variants increase in frequency:
most of them lie in the second half of the primer binding region, and may decrease primer
sensitivity3. The WA1_USA strain® (GenBank: MN985325) that we used as a reference for
our comparisons only contains the mismatch with the RdRp reverse primer (T at position
15,519), and therefore we cannot directly assess the impact of the other variants. Continued
monitoring of SARS-CoV-2 evolution (e.g. gisaid.org), and how arising variants may alter
PCR detection, is needed.

Discussion

Our study provides a comprehensive and independent comparison of analytical performance
of primer-probe sets for SARS-CoV-2 testing in various parts of the world. Our findings
show a high similarity in the analytical sensitivities for SARS-CoV-2 detection, which
indicates that outcomes of different assays are comparable. The primary exception to this

is the RARp-SARST (Charité) primer-probe set which had the lowest sensitivity, as also
shown by an independent study4, likely stemming from a mismatch in the reverse primer.
In the US, we recommend using the US CDC SARS-CoV-2 assay as: () we found similar
analytical sensitivity as compared to the other three assays; (2) we detected a low rate

of inconclusive results with low-virus clinical samples; (3) it includes a human RNase P
primer-probe set (RP) that allows for quality control of RNA extraction methods; and (4) its
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wide-spread use in the US makes it easier to compare results. In other regions of the world,
however, a different test may be preferable based on existing usage.

Our study has limitations to consider. We standardized the concentration of primers and
probes, PCR kits, and thermocycler conditions to directly compare primer-probes sets used
in four common RT-gPCR assays for detection of SARS-CoV-2. By standardizing the PCRs,
we deviated from some of the recommended conditions, which means that not all of our
results can be directly transferable to how the assays were intended in clinical diagnostic
settings. For instance, we selected an annealing temperature of 55°C which was lower

than recommended for the assays developed by Charité (58°C)° and HKU (60°C)#, but
similar to the assay developed by US CDC (55°C)8. No specific PCR conditions were
reported for the assay developed by the China CDC’. We found that the two assays with
higher annealing temperatures (Charité and HKU) had high analytical sensitivity and no
background amplification, which suggests that our standardized annealing temperature likely
did not have a large effect on our findings. In addition, we selected one RT-gPCR kit (Luna
Universal Probe One-step RT-gPCR) for all comparisons. We selected this kit specifically
because it was not approved by the US Federal Drug Administration for SARS-CoV-2
diagnostics and thus our research would not compete with clinical diagnostic laboratories
for resources. In doing so, we provide an alternative protocol for SARS-CoV-2 RT-gPCR
for research testing (Supplementary File 1), which is especially helpful as more resources
are required to expand testing around the world. Finally, we performed all of our RT-qgPCR
tests on one thermocycler (BioRad CFX). It is possible that our standardization methods
may have influenced analytical performance of the tested primer-probe sets, and our results
may not directly apply to other PCR kits or thermocyclers®. Thus, we strongly urge that
each laboratory should locally validate analytical sensitivities and positive-negative cut-off
values when establishing these assays, which can be performed using our RNA transcripts
and study framework.

Residual de-identified nasopharyngeal samples collected during 2017 (pre-COVID-19) were
obtained from the Yale-New Haven Hospital Clinical Virology Laboratory. In accordance
with the guidelines of the Yale Human Investigations Committee (HIC), this work with de-
identified samples is considered non-human subjects research. These samples were used to
create the mock substrate for the SARS-CoV-2 spike-in experiments. Collection of clinical
samples from COVID-19 patients and healthcare workers at the Yale New Haven Hospital
was approved by the Institutional Review Board of the Yale Human Research Protection
Program (FWA00002571, Protocol ID. 2000027690). Written consent was obtained from
all patients and healthcare workers. These samples were used to test the US CDC 2019-
nCoV_N1 and 2019-nCoV_N2 primer-probe sets.

Generation of RNA transcript standards

We generated RNA transcript standards for each of the five genes targeted by the diagnostic
RT-gPCR assays using T7 transcription. A detailed protocol can be found herel0, Briefly,
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cDNA was synthesized from full-length SARS-CoV-2 RNA (WAZL1_USA strain from
UTMB; GenBank: MN985325). Using PCR, we amplified the nsp10, RdRp, nsp14, E,

and N genes with specifically designed primers (Supplementary Table 2). We purified

PCR products using the Mag-Bind TotalPure NGS kit (Omega Bio-tek, Norcross, GA,
USA) and quantified products using the Qubit High Sensitivity DNA kit (ThermoFisher
Scientific, Waltham, MA, USA). We determined fragment sizes using the DNA 1000 kit
on the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). After quantification, we
transcribed 100-200 ng of each purified PCR product into RNA using the Megascript T7
kit (ThermoFisher Scientific). Although RNA transcripts were DNase treated with TURBO
DNase, low concentrations of residual DNA may still be present. We quantified RNA
transcripts using the Qubit High sensitivity RNA kit (ThermoFisher Scientific) and checked
quality using the Bioanalyzer RNA pico 6000 kit. For each of the RNA transcript standards
(Supplementary Table 3), we calculated the number of viral RNA copies per uL using
Avogadro’s number. We generated a genomic annotation plot with all newly generated
RNA transcript standards and the nine tested primer-probe sets based on the NC_045512
reference genome using the DNA Features Viewer 3.0.1 in Python version 3.7 (Extended
Data Fig. 1)1°. We generated standard curves for each combination of primer-probe set
with its corresponding RNA transcript standard, using standardized RT-qPCR conditions as
described below.

RT-gPCR conditions

To make a fair comparison between nine primer-probe sets (Supplementary Table 1), we
used the same RT-qPCR reagents and conditions for all comparisons. We used the Luna
Universal Probe One-step RT-qPCR kit (New England Biolabs, Ipswich, MA, USA) with
5 uL of RNA and standardized primer and probe concentrations of 500 nM of forward
and reverse primer, and 250 nM of probe for all comparisons. PCR cycler conditions were
reverse transcription for 10 minutes at 55°C, initial denaturation for 1 min at 95°C, followed
by 40 cycles (45 cycles for clinical samples) of 10 seconds at 95°C and 30 seconds at
55°C on the Biorad CFX96 gPCR machine (Biorad, Hercules, CA, USA). We applied the
fluorescence drift correction for plates with autofluorescence and refrained from manual
adjustment of the threshold. A detailed protocol can be found in Supplementary File 1.
We calculated analytical efficiency of RT-qPCR assays tested with corresponding RNA
transcript standards using the following formulal6.17:

E =100 x (10‘”5101’9 - 1)

Validation with SARS-CoV-2 RNA and pre-COVID-19 samples

We prepared mock samples by extracting RNA from de-identified nasopharyngeal swabs
collected in 2017 (pre-COVID-19) from hospital patients with respiratory disease using the
MagMAX Viral/Pathogen Nucleic Acid Isolation kit (ThermoFisher Scientific) following
manufacturer’s protocol. We used 300 pL of sample and eluted in 75 pL. We compared
analytical efficiency and sensitivity of primer-probe sets by testing 10-fold dilutions (106
109 viral RNA copies/uL) of SARS-CoV-2 RNA as well as the SARS-CoV-2 mock samples
spiked with RNA after extraction (eluates pooled from 12 individuals), in duplicate. In
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addition, we pooled eluates from 4 patients to create 4 independent pools (16 individuals
total) and spiked these mock samples with 10-fold dilutions of SARS-CoV-2 RNA (10°-102
viral RNA copies/uL) to determine the lower detection limit of each primer-probe set. We
tested RNA-spiked mock samples from each of the four independent pools in duplicate

(in total 8 reps). Lastly, we tested mock samples (no spiked-in virus) from each pool

for six replicates (in total 24 reps per primer-probe set) to test for potential background
amplification.

Clinical samples

Clinical samples from COVID-19 diagnosed patients and healthcare workers were obtained
from the Yale New Haven Hospital. We extracted nucleic acid from nasopharyngeal swabs,
saliva, urine, and rectal swabs using the MagMax Viral/Pathogen Nucleic Acid Isolation kit
following manufacturer’s protocol. We used 300 uL of each sample and eluted in 75 pL.
We used the Luna Universal Probe One-step RT-gPCR kit with standardized primer and
probe concentrations of 500 nM of forward and reverse primer, and 250 nM of probe for
the 2019-nCoV_N1, 2019-nCoV_N2, and RP (human control) primer-probe sets to detect
SARS-CoV-2 in each sample. PCR cycler conditions were reverse transcription for 10
minutes at 55°C, initial denaturation for 1 min at 95°C, followed by 45 cycles of 10 seconds
at 95°C and 30 seconds at 55°C on the Biorad CFX96 gPCR machine (Biorad, Hercules,
CA, USA). All figures were made with GraphPad Prism 8.3.0.

Mismatches in primer and probe binding regions

We investigated mismatches in primer binding regions by calculating pairwise identities (%)
for each nucleotide position in binding sites of assay primers and probes. Ignoring gaps

and ambiguous bases, we compared all possible pairs of nucleotides in all columns of a
multiple sequence alignment including all available SARS-CoV-2 genomes from GISAID
(as of 22 March 2020; Source Data Fig. 4). We assigned a score of 1 for each identical pair
of bases, and divided the final score by the total number of valid nucleotide pairs, to finally
express pairwise identities as percentages. Pairwise identity of less than 100% indicates
mismatches between primers or probes and some SARS-CoV-2 genomes. We calculated
mismatch frequencies and reported absolute and relative frequencies for mismatches with
frequency higher than 0.1%. The DNA Features Viewer 3.0.1 package in Python version 3.7
was used to generate the diversity plot (Fig. 4)1°.
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Extended Data
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Extended Data Fig. 1. Generation of RNA transcript standards for validation of SARS-CoV-2
RT-gPCR assays.

a, SARS-CoV-2 genome locations of generated RNA transcript standards for the non-
structural protein 10 (nsp10), RNA-dependent RNA polymerase (RdRp), non-structural
protein 14 (nsp14), envelope (E), and nucleocapsid (N) genes and the nine primer-probe sets
used RT-gPCR assays. b, The slope, intercept, R2, and efficiency of RT-gPCR using tenfold
dilutions (109-106 viral RNA copies/uL) of RNA transcript standards with the corresponding
primer-probe sets. Shown are mean Ct values based on 2 technical replicates. The primer-
probe sets are numbered as shown in panel A. The RNA transcript primers and sequences
can be found in Supplementary Table 2 and Supplementary Table 3, respectively. Data used
to make this figure can be found in Source Data Extended Data Fig. 1.

Source data
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Extended Data Fig. 2. No effect of different concentrations of RARp-SARSr primers and probes
on analytical sensitivity.

Low performance of the standardized RdRp-SARSr primer-probe set triggered us to further
investigate the effect of primer concentrations. We compared our standardized primer-probe
concentrations (500 nM of forward and reverse primers, and 250 nM of probe) with the
recommended concentrations in the confirmatory assay (600 nM of forward primer, 800 nM
of reverse primer, 100 nM of probe 1, and 100 nM of probe 2), and the discriminatory assay
(600 nM of forward primer, 800 nM of reverse primer, and 200 nM of probe 2) as developed
by the Charité Institute of Virology Universitatsmedizin Berlin. Standard curves for both
RdRp-transcript standard and full-length SARS-CoV-2 RNA are similar, which indicates
that higher primer concentrations did not improve the performance of the RARp-SARST set.
Symbol indicates tested sample type (circles = RdRp transcript standard, and squares =
full-length SARS-CoV-2 RNA from cell culture) and colors indicate the different primer and
probe concentrations. Data used to make this figure can be found in Source Data Extended
Data Fig 2.

Source data
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Analytical efficiency and sensitivity of the nine primer-probe sets used in SARS-CoV-2

gRT-gPCR assays.

a,b, Mean Ct values for nine primer-probe sets and a human control primer-probe set

targeting the human RNase P gene tested for 2 technical replicates with 10-fold dilutions
of (a) full-length SARS-CoV-2 RNA and (b) pre-COVID-19 nasopharyngeal swabs spiked
with known concentrations of SARS-CoV-2 RNA (SARS-CoV-2 RNA-spiked mocks). The

CDC human RNase P (RP) assay was included as an extraction control. ¢,d, From the

dilution curves in panels a and b, (c) PCR efficiency and (d) y-intercept Ct values (measured
analytical sensitivity) were calculated for each of nine primer-probe sets. Symbols depict

sample types: squares represent tests with SARS-CoV-2 RNA and diamonds represent

SARS-CoV-2 RNA-spiked mock samples. Colors depict the nine tested primer-probe sets.
The primer and probe sequences can be found in Supplementary Table 1. Data used to make

this figure can be found in Source Data Fig. 1.
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Fig. 2. Comparison of analytical sensitivity of SARS-CoV-2 primer-probe sets using pre-
COVID-19 nasopharyngeal swabs.

The lower detection limit of nine primer-probe sets as well as the human RNase P control
from RNA extracted from nasopharyngeal swabs collected in 2017 spiked with known
concentrations of SARS-CoV-2 RNA. Each primer-probe set was performed using 24
technical replicates of pooled swab RNA without spiking SARS-CoV-2 RNA (“no virus’;
6 replicates with 4 independent pools of 4 swabs) and 8 replicates (2 replicates with

4 independent pools of each 4 nasopharyngeal swabs) spiked with 10°-102 viral RNA
copies/uL of SARS-CoV-2 RNA. ND = not detected. Black lines indicate the median and
the dashed line indicates the detection limit. Data used to make this figure can be found in
Source Data Fig. 2.
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Fig. 3. Low rate of inconclusive testing outcomes using the US CDC N1 and N2 primer-probe
sets.

Clinical samples negative or low positive for SARS-CoV-2 were used to determine if
differences between the analytical sensitivities of the US CDC N1 and N2 primers produced
inconclusive results. a, Cycle threshold (Ct) values for the same 172 clinical samples testing
using the N1 and N2 primer probe sets. b, We compared Ct values obtained with the two
primer-probe sets for clinical samples with Ct values higher than 35. N1 = 2019-nCoV_N1,
N2 =2019-nCoV_N2, ND = not detected. Solid black line indicates the median, and dashed
line indicates the detection limit. Data used to make this figure can be found in Source Data
Fig. 3.
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Fig. 4. Genetic diversity of available SARS-CoV-2 genomes.
992 SARS-CoV-2 genomes available as of 22 March 2020 (listed in Source Data Fig. 4)

were aligned to calculate nucleotide diversity and investigate mismatches with the nine
primer-probe sets. Genetic diversity was measured using pairwise identity (%) at each
position, disregarding gaps and ambiguous nucleotides. Asterisks (*) at the top indicate
primers (green) and probes (red) targeting regions with one or more mismatches. Genomic
plots were designed using DNA Features Viewer 3.0.1 in Python version 3.715.
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Table 1:
Differences in sensitivity between N1 and N2 primer-probe sets do not affect performance

of the US CDC assay.

We evaluated outcomes of the US CDC assay based on N1 and N2 at two different cut-off levels (Ct = 40 or
38). We found that N2 has a broader range of Ct values between 40-45, whereas N1 only detected Ct values
just above 40. We conclude that these differences do not affect the overall performance of the US CDC assay
as the percentage of inconclusive samples is below 3% for cut-off values of 40 or more strictly 38 Ct. N1 =
2019-nCoV_N1, N2 = 2019-nCoV_N2.

Outcome Cut-off 40 Ct Cut-off 38 Ct
Positive 61/172 (39.0%) 58/172 (33.7%)
Negative 101/172 (58.7%)  109/172 (63.4%)
Inconclusive

N1 positive  3/172 (1.7%) 5/172 (2.9%)

N2 positive  1/172 (0.6%)
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Table 2:
High frequency primer and probe mismatches may result in decreased sensitivity for

SARS-CoV-2 detection.

Listed mismatched nucleotides with primers and probes with frequencies above 0.1% in 992 genomes
inspected in this analysis. The last column highlights the various frequencies of mismatches, which would
represent a mispairing upon binding of the primers listed above. A list of degenerate nucleotides incorporated
into the primer and probe sequences can be found in Supplementary Table 4. Data used to make this Table can
be found in Source Data Fig. 4.

Institute Primer/probe Primer/ Genome Primer/ Nucleotide in Expected Mismatch target
probe position probenucleotide f 1 target . 2
position 5-3’ ret genome nucleotide In genomes
5.3’ (RC) (frequency)

China CCDC-N-F 1 28,881 G G (C) Cc TRC

CDC (126/992; 12.7%)

CCDC-N-F 2 28,882 G G (C) C TRC
(126/992; 12.7%)
CCDC-N-F 3 28,883 G G (C) C GRC
(126/992; 12.7%)
CCDC-ORF1-F 17 13,358 C C(G) G ARC
(2/992; 0.2%)
CCDC-ORF1-P 26 13,402 T T(A) A CRC
(4/992; 0.4%)
Charité E_Sarbeco_R 12 26,370 G C(G) C T
(4/992; 0.4%)
RdRp-SARSr_R 12 15,519 S T(A) CorG T
(990/992; 99.8%)
HKU HKU-N-F 4 29,148 T T(A) A GRC
(5/992; 0.5%)
USCDC  2019-nCoV_N1-P 3 28,311 Cc C(G) G ARC
(2/992; 0.2%)
2019-nCoV_N1-R 15 28,344 G C(G) C A
(4/992; 0.4%)
2019-nCoV_N3-F 8 28,688 T T(A) A GRC
(39/992; 3.9%)
2019-nCoV_N3-R 14 28,739 C G (C) G

-
(41992; 0.4%)

RC Reverse Complement
'ZNucIeotide (DNA form) found in the reference genome (NC_045512) and its reverse complement (RC)

2 . . . . -
Mismatch target is the disagreement between the expected target nucleotide and the nucleotide in the genome
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