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Abstract

The coronavirus disease 2019 (COVID‐19) pandemic has created a precipitous increase in

the need for molecular diagnostics. Unfortunately, access to RNA extraction reagents can

represent a bottleneck for quantitative real‐time reverse transcriptase‐polymerase chain

reaction (qRT‐PCR)‐based methodologies, stemming from both extraordinary supply‐
chain stresses and the global reach of the virus into resource‐limited settings. To provide

flexible diagnostic options for such environments, we report here an “unextracted

modification” for qRT‐PCR using the Centers for Disease Control's (CDC's) widely utilized

primers/probe sets for severe acute respiratory syndrome coronavirus 2 (N1/N2/N3

targeting viral nucleocapsid and RP‐control targeting human RNase P). This approach

replaces RNA extraction/purification with a heat‐inactivation step of viral transport media

(VTM), followed by direct inoculation—with or without VTM spin concentration—into

PCR master mixes. Using derivatives of care from our clinical workflow, we compared

traditional and unextracted CDC methodologies. Although some decrease in analytic

sensitivity was evident (by higher Ct values) without extraction, in particular for the N2

primer/probe‐set, we observed high categorical positive agreement between extracted

and unextracted results for N1 (unconcentrated VTM‐38/40; concentrated VTM‐39/41),
N3 (unconcentrated VTM‐38/40; concentrated VTM‐41/41), and RP (unconcentrated

and concentrated VTM‐81/81). The negative categorical agreement for N1/N2/N3 was

likewise high. Overall, these results suggest that laboratories could adapt and validate

unextracted qRT‐PCR protocols as a contingency to overcome supply limitations, with

minimal impact on categorical results.
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1 | INTRODUCTION

The coronavirus disease 2019 (COVID‐19) pandemic, caused by the

severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) cor-

onavirus, has created an unprecedented upsurge in the need for mole-

cular diagnostic testing.1 Many stakeholders—including government

organizations, commercial entities, and individual diagnostic laboratories

—have been forced to develop molecular assays rapidly and en masse.2

This reality has created analytic, regulatory, and logistical issues, including

the need to balance rigorous methodologies with real‐time dissemination

of testing.3 One notable challenge involves the ability of laboratories to

obtain the necessary reagents, either premanufactured diagnostic kits or
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individual components to formulate their own assays. Nationally and

internationally, diagnostic demand has outstripped supply and con-

tributed to variable availability of local testing.4

A number of emergent COVID‐19 diagnostics are based upon real‐
time reverse transcriptase‐polymerase chain reaction (qRT‐PCR).5 While

potentially quantitative, these assays have been deployed predominantly

in a qualitative/categorical manner, with a cycle‐threshold value (Ct)

indicating the presence of the virus.6 qRT‐PCR allows laboratories to

flexibly customize primers and probes with other reagents and instru-

ments, validating their local combination for acceptable clinical perfor-

mance and to meet regulatory requirements.7 One common approach for

SARS‐CoV‐2 has involved TaqMan‐based assays, with nucleocapsid‐
targeting oligonucleotides developed by the Centers for Disease Control

(CDC).6 These primers/probes have been implemented with various

reagents/instruments, including a number of combinations with FDA

Emergency Use Authorization in the United States.8 Initially promulgated

with three locus‐targets (N1, N2, N3), this “CDC‐approach” has also been

adapted by many labs to exclude N3, due to potential cross‐reactivity
with other betacoronaviruses.3

To implement this (or any) qRT‐PCR assay for SARS‐CoV‐2, viral
RNA is first typically extracted from respiratory samples, often swab‐
derived specimens in liquid viral transport media (VTM).9 This extraction

step serves two overarching purposes: (a) lysing viral particles to free

genomic RNA and (b) removing potential PCR inhibitors. Various com-

mercial products are available for this purpose, including automated and

manual methods, although these reagents have experienced a massive

surge in demand with widespread shortfalls in recent availability.4

A potential solution to this bottleneck could direct inoculation of re-

spiratory specimens into the qRT‐PCR master mix, as has been recently

proposed for COVID‐19.10 In theory, heat denaturation (before reverse

transcription) could provide the necessary degree of virion denaturation

and RNA access, while thoroughly inactivating the viable virus.11 While

this strategy does not attempt to remove inhibitors, similar methods have

proven successful for other pathogens and specimen types.12‐14 In this

context, we sought to evaluate this approach for the CDC primers/probes

for SARS‐CoV‐2—both with and without additional viral preconcentration

—to provide a contingency against supply‐chain insecurities. We describe

these results here, which may prove valuable to laboratories with

resource limitations, either at baseline or due to the pandemic.

2 | METHODS

For routine clinical care, our CLIA‐accredited laboratory performs

COVID‐19 testing using a variation of the CDC assay. Swab specimens

are submitted in VTM: Hanks balanced salt solution (HBSS), pH 6.8,

11 μg/mL phenol red, without Ca/Mg; 0.5% gelatin; 100 μg/mL gentami-

cin; 200U/mL penicillin; 2 μg/mL amphotericin. RNA is extracted on the

Biomerieux easyMAG NUCLISENS platform (200 μL VTM input, 60 μL

H2O eluate). Five microlitres extract is added to each of three master

mixes (15 μL each), as described in the EUA product insert15: N1, N2, and

RP (an internal control targeting human RNase P). Primers/probes are

provided by Integrated DNA Technologies, together with TaqPath 1‐Step

qRT‐PCR enzyme mixture (Life Technologies). Note that while the N3

primer/probe‐set is excluded from our routine clinical testing, it was in-

corporated into the study activities here. Thermocycling was performed

on a 7500 Fast DX real‐time platform (Applied Biosystems), with FAM‐
signal normalized against ROX: 25°C for 2minutes, 50°C for 15minutes,

95°C for 2minutes, (95°C for 3 seconds, 55°C for 30 seconds) × 45. For

all analyses conducted here, positivity was considered individually for

each primer/probe‐set (0.1 ΔRn within 45 cycles). This differs from our

clinical‐use protocols for the CDC assay, in which only a composite de-

tection is reported, requiring positivity of all tested targets at Ct < 40

(extremely rare diagnostic specimens with repeatable single‐component

detections, but not at EUA‐defined standards, are considered in-

determinate, none of which arose during the performance of this study).

For the concentration of VTM, 500 μL specimen was centrifuged to

approximately 20 μL using an Amicon Ultra 0.5‐mL filter and a standard

Thermo benchtop microcentrifuge (50 000Da MWCO, 30minutes at

14000g) and reconstituted with 30 μL H2O. For all experiments (con-

centrated and unconcentrated), VTM specimens were first heat‐
inactivated by placing the specimen in a preheated heat‐block (95°C,

10minutes) before further manipulation within a biological safety cabi-

net. Specimens/data were permanently deidentified of patient informa-

tion and blinded to the performing technologist, as approved by the

Vanderbilt Human Subjects Protection Program. In evaluating percent

agreement between different methodologies, proportional confidence

intervals were calculated by Wilson's method.

Two sets of experiments were conducted to evaluate the perfor-

mance of CDC's primers/probes for detecting SARS‐CoV‐2 when omit-

ting a dedicated extraction step. Fresh extracts from nasopharyngeal

swab specimens—residuals from clinical testing—were analyzed, paired

with two variations of unextracted VTM: (a) 5 μL of VTM added directly

to each master mix; and (b) 5 μL of spin‐concentrated VTM added to each

master mix. We conducted both concentrated and unconcentrated ex-

periments to determine the impact of VTM concentration on analytic

sensitivity (with a potentially greater concentration of both virus and PCR

inhibitors). In both experiments, extracted VTM comparators were not

preconcentrated, ensuring a direct comparison with clinical‐use protocols.

To assess positive agreement for each experiment, we utilized all speci-

mens from our clinical workflow with a “detected” result over a ∼24 hour

period. At the time, COVID‐19 testing at our institution covered ex-

clusively symptomatic individuals from both outpatient and hospital/

emergency department settings (ie, no asymptomatic screens or tests‐of‐
cure). To assess negative agreement, we employed a commensurate

number of “not detected” specimens from clinical testing, randomly se-

lected from the same times. Different specimen cohorts (positive and

negative) were employed for experiments with unconcentrated and

concentrated VTM.

3 | RESULTS

For unextracted/unconcentrated VTM, the categorical agreement

with extracted VTM (detected/undetected) is summarized in Table 1A

for each primer/probe‐set. The positive agreement was high for

560 | ADAMS ET AL.



N1 (95%), N3 (95%), and RP (100%), although increased pairwise Ct

values were still observed, unextracted versus extracted (ΔCt = 5.2 ±

4.0, 5.2 ± 3.5, and 6.9 ± 3.3, respectively). Ct discrepancies were even

more pronounced for N2 (>15 ΔCt for 37/40 specimens), with a low

resultant positive agreement (33%, 13/40). False positives in the un-

extracted/unconcentrated samples occurred at a low frequency (2/41

for N1, 0/41 for N2, and 1/41 for N3). Figure 1A summarizes, for each

primer/probe, the range of Ct values for extracted specimens that

were also detected when unextracted, along with all discordant ex-

amples. Not surprisingly, discordant results for N1/N3 reflect speci-

mens with higher extracted Ct values, while discordant results for N2

occurred broadly. On a per‐specimen basis, 40 of 41 positive extracted

specimens were detected by at least one nucleocapsid primer/probe

when unextracted/unconcentrated. The observed negative agreement

was likewise ≥95% for each target.

For unextracted/concentrated VTM versus extracted VTM, cor-

responding data are summarized in Table 1B and Figure 1B. Cate-

gorical positive agreement remained high for N1 (95.1%, 39/41), N3

(100%, 41/41), and RP (100%, 81/81). Preconcentration of VTM

mitigated the pairwise Ct differences, although the added benefit was

modest (ΔCt = 2.6 ± 2.5, 2.4 ± 1.9, and 4.2 ± 2.7, respectively), poten-

tially reflecting co‐concentration of both virus and PCR‐interfering
substances. For N2, the Ct‐differential was not as pronounced as

with concentrated VTM (ΔCt = 8.7 ± 2.5), although categorical agre-

ement (85%, 35/41) was still the lowest among primer/probe sets.

False positives in the unextracted/concentrated samples occurred at

a low frequency (1/41 for N1, 0/41 for N2, and 2/41 for N3). On a

per‐specimen basis, all positive extracted specimens were detected

by at least one nucleocapsid primer/probe when unextracted/

concentrated; negative agreement remained ≥95% for each target.

4 | DISCUSSION

In summary, the current study addresses a potential (and very

practical) solution for a challenging workflow scenario—extraction

reagent shortages—confronting many clinical laboratories during the

COVID‐19 pandemic. Although we observed a decrease in analytic

sensitivity for all CDC primer/probe sets with unextracted VTM,

indicated by higher pairwise Ct values, categorical agreement between

unextracted and extracted specimens was high for N1, N3, and RP,

both with and without VTM concentration. These findings reflect the

assay's qualitative nature—with any amplification categorized as

“detected”—along with the high viral burden within most positive

specimens (ie, far above the assay's limit of detection). As a result,

the assay tolerated a loss of analytic sensitivity without a commen-

surate loss of diagnostic sensitivity. The N2 primer/probe‐set re-

presents a notable exception, as the prominent loss of sensitivity

also compromised categorical results. In additional experiments

(not shown), we determined that N2‐inhibition was due to the

TABLE 1 Categorical and Ct value agreement between extracted/unextracted specimens

Primer/probe
Positive percent
agreement ΔCt

Negative percent
agreement

(A) Extracted versus unextracted/

unconcentrated

N1 95.0% (38/40)

95% CI: 83.5%‐98.6%
5.2 ± 4.0 95.1% (39/41)

95% CI: 83.4%‐98.7%
N2 32.5% (13/40)

95% CI: 20.0%‐48.0%
>15 Ct—37/40 specimensa 100% (41/41)

95% CI: 91.4%‐100%
N3 95.0% (38/40)

95% CI: 83.5%‐98.6%
5.2 ± 3.5 97.6% (40/41)

95% CI: 87.4%‐99.6%
RP 100% (81/81)

95% CI: 95.5%‐100%
6.9 ± 3.3 NA*

(B) Extracted versus unextracted/

concentrated

N1 95.1% (39/41)

95% CI: 83.4%‐98.7%
2.6 ± 2.5 97.5% (39/40)

95% CI: 87.1%‐99.6%
N2 85.4% (35/41)

95% CI: 85.4%‐93.1%
8.7 ± 2.5 100% (40/40)

95% CI: 91.2%‐100%
N3 100% (41/41)

95% CI: 91.4%‐100%
2.4 ± 1.9 95.0% (38/40)

95% CI: 83.5%‐98.6%
RP 100% (81/81)

95% CI: 95.5%‐100%
4.2 ± 2.7 NA*

Note: Summarized here are the observed categorical positive and negative agreement (detected/nondetected) for each CDC primer/probe‐set, between

extracted and unextracted specimens (percentage agreement with 95% CI). Data are summarized for comparisons between (a) extracted VTM versus

unextracted/unconcentrated VTM and (b) extracted VTM versus unextracted/concentrated VTM. For each evaluation of positive agreement, the table

also includes the pairwise Ct‐value difference between extracted and unextracted specimens (ΔCt = Ct‐unextracted − Ct‐extracted, mean ± standard deviation).

Abbreviations: CDC, Centers for Disease Control; CI, confidence interval; Ct, cycle‐threshold value; SARS‐CoV‐2, severe acute respiratory syndrome

coronavirus 2; VTM, viral transport media.
aA standard deviation could not be meaningfully calculated for N2‐unextracted/unconcentrated, given the preponderance of specimens generated an

undetected (>45) Ct value.

*Negative percent agreement for the RP primer/probe‐set was not applicable (NA), as these SARS‐CoV‐2‐negative specimens still appropriately

demonstrate positivity for the RP internal control.
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salt‐solution base of the VTM itself. The addition of either HBSS

(without Mg/Ca/phenol red) or saline alone to master mix drastically

inhibited N2‐amplification of defined positive specimens, but only

marginally impacted N1/N3/RP. Accordingly, the reduced N2‐
inhibition for the unextracted but concentrated VTM may be attri-

butable (at least in part) to the aqueous dilution of VTM after spin

concentration (see Section 2). It remains unclear why N2, among the

CDC primer/probe sets, was particularly compromised by these salt

conditions, although we hypothesize that it may due to its run of five

consecutive cytosine residues.4

Overall, this study suggests that laboratories might employ un-

extracted modifications of qRT‐PCR assays for symptomatic COVID‐19
testing, with only minimal diagnostic impact. Of note, however, we

are not advocating for this approach when sufficient extraction

reagents remain available to an institution (and we have not yet nee-

ded to implement it ourselves). Nevertheless, the pandemic highlights

how the diagnostic supply‐chain can be stretched beyond its capacity,

and the global scope of COVID‐19 threatens regions where molecular

resources are already limited. Affected supplies include both reagents

for laboratory‐developed assays, as well as kits for (more expensive)

all‐in‐one molecular platforms. Our protocols might provide labora-

tories with a cost‐effective and rapid alternative when extraction

supplies are scarce. Moreover, after heat denaturation and (if em-

ployed) spin concentration, all molecular steps of the procedure occur

within a single vessel, simplifying the overall workflow.

If extraction resources were available, but in limited quantities,

one potential application of this strategy could involve a two‐step
protocol in which unextracted VTM (concentrated or unconcentrated)

is first screened with N1 and N3. Specimens demonstrating positivity

with either primer/probe‐set could then be reflexed to full extraction

and amplification with N1 and N2 for definitive analysis, greatly

reducing the total need for extraction reagents. Such screening

would have flagged 39 of 40 and 40 of 41 positive specimens, re-

spectively, for our unconcentrated and concentrated analyses, with

only minimal initial false positives. We surmise the latter due to

carry‐over contamination between specimens, given that false posi-

tives occurred with high Ct values—with a mean Ct of 36.2 across all

incidences—in wells neighboring true positives. Of note, this two‐step
approach would exploit the N3 primer but still mitigate the need to

rely upon it for the final adjudicating step, given its potential for

cross‐reactivity.3 In the event that extraction resources were com-

pletely unavailable, a single‐step unextracted protocol might instead

be envisioned. In the current study, this approach would have again

identified 39 of 40 unconcentrated positive specimens and 40 of 41

concentrated specimens. An intrinsic risk of this approach is that

positive results would not be confirmed through the N2 primer/

probe‐set, and given the reported cross‐reactivity of the N3 primer

set, the inclusion of an additional primer/probe‐set (within the N‐gene
or otherwise) might offset the theoretical risk.

With either strategy, false‐negative results are expected for oc-

casional specimens with low viral burdens, near the limit‐of‐detection
of the unmodified assay (the reason why our observed positive

agreement was not uniformly 100%). The exact proportion of such

low‐abundance specimens within a laboratory's workflow could vary

with the clinical circumstances of local testing—that is, inpatient

or outpatient, symptomatic evaluation, or asymptomatic screening,

test‐of‐diagnosis or test‐of‐cure. In implementing an “unextracted

protocol,” a laboratory would need to consider these factors as part of

their preimplementation validation, as well as any other variations in

VTM formulation, primers/probes (CDC‐developed or otherwise), re-

agents, and instrumentation. Again, we must note that the specimens

evaluated here were in the context of initial diagnostic testing of

symptomatic individuals. We could see the approach being particularly

unsuitable for test‐of‐cure scenarios where molecular positivity can

linger with high Ct values, although this practice (in general) is in-

creasingly coming under scrutiny due to the questionable clinical

F IGURE 1 Ct range of extracted VTM specimens with a positive

unextracted agreement. These box‐and‐whisker plots summarize—for
each primer/probe‐set (N1/N2/N3)—the range of extracted Ct values
(vertical axis) for SARS‐CoV‐2‐positive specimens that were also

detected by qRT‐PCR when unextracted. Pairwise data are shown for
(a) extracted VTM versus unextracted/unconcentrated VTM and
(b) extracted VTM versus unextracted/concentrated VTM. Also

depicted (X's) are the individual extracted Ct values for SARS‐CoV‐2‐
positive specimens where the corresponding unextracted specimen
was not detected. Ct, cycle‐threshold value; qRT‐PCR, quantitative real‐
time reverse transcriptase‐polymerase chain reaction; SARS‐CoV‐2,
severe acute respiratory syndrome coronavirus 2; VTM, viral transport
media
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significance of such results vis‐à‐vis infectivity.16 Overall, our data

suggest that high categorical agreement can be achieved under real‐
world scenarios where management is impacted.

In conclusion, the myriad challenges of the COVID‐19 pandemic

include widespread limitations in laboratory supplies, including RNA

extraction reagents and kits. Performing qRT‐PCR using unextracted

VTM, concentrated or unconcentrated, may serve as a contingency

for resource‐limited settings around the globe. Going forward, we

could envision such places benefiting from unextracted PCR strate-

gies (for COVID‐19 or more broadly), even after supply‐chain lim-

itations return to baseline in resource‐abundant locations.
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