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The pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has highlighted
the need for simple, low-cost, and scalable diagnostics that can be widely deployed for rapid testing.
Clustered regularly interspaced short palindromic repeats (CRISPR)ebased diagnostics have emerged as
a promising technology, but its implementation in clinical laboratories has been limited by the
requirement of a separate amplification step prior to CRISPR-associated (Cas) enzymeebased detection.
This article reports the discovery of two novel Cas12 enzymes (SLK9 and SLK5-2) that exhibit enzymatic
activity at 60�C, which, when combined with loop-mediated isothermal amplification (LAMP), enable a
real-time, single-step nucleic acid detection method [real-time SHERLOCK (real-time SLK)]. Real-time
SLK was demonstrated to provide accurate results comparable to those from real-time quantitative
RT-PCR in clinical samples, with 100% positive and 100% negative percent agreement. The method is
further demonstrated to be compatible with direct testing (real-time SLK Direct) of samples from
anterior nasal swabs, without the need for standard nucleic acid extraction. Lastly, SLK9 was combined
with either Alicyclobacillus acidoterrestris AacCas12b or with SLK5-2 to generate a real-time, multiplexed
CRISPR-based diagnostic assay for the simultaneous detection of SARS-CoV-2 and a human-based
control in a single reaction, with sensitivity down to 5 copies/mL and a time to result of under
30 minutes. (J Mol Diagn 2023, 25: 428e437; https://doi.org/10.1016/j.jmoldx.2023.03.009)
Supported by Good Venture Fund (GVF).
Disclosures: All authors are employees of Sherlock Biosciences, Inc.
Clustered regularly interspaced short palindromic repeats
(CRISPR)ebased diagnostics such as SHERLOCK (real-
time SLK) and DETECTR have emerged as technologies
promising for simple, point-of-need detection of target
nucleic acids.1e5 These methods typically leverage the high
specificity of programmable CRISPR-associated (Cas)
enzymes, which, when combined with isothermal nucleic
acid amplification, achieve approximately PCR-level (aM)
sensitivity. To date, only two methods have demonstrated the
robust performance required for Emergency Use Authoriza-
tion by the US Food and Drug Administration, one being
the SHERLOCK CRISPR severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) kit, the first CRISPR-based
diagnostics system with Emergency Use Authorization
[SHERLOCK CRISPR SARS-CoV-2 Kit instructions for
use; Sherlock Biosciences, Watertown, MA; and SARS-
CoV-2 DETECTR Reagent Kit instructions for use;
Mammoth Biosciences, Brisbane, CA (revoked)]. Both
Pathology and American Society for Investiga
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methods, SHERLOCK and DETECTR, require nucleic acid
extraction, independent reactions for all targets, and a
reverse-transcription loop-mediated isothermal amplification
(RT-LAMP) step that is separate from the CRISPR-Cas
detection step. Although a simplified, high-throughput
method has been established for use in clinical labora-
tories,6 this requirement of separate amplification and
detection reactions is not suitable for at-home testing.
Several studies have demonstrated simplified processes in

which amplification and detection are combined into a sin-
gle step.3,7e9 Several methods use lower-temperature
isothermal amplification methods (eg, recombinase poly-
merase amplification) to allow for one-pot detection by
previously identified mesophilic Cas enzymes, but these
methods are typically less sensitive, resulting in a dramatic
tive Pathology. Published by Elsevier Inc.

/licenses/by-nc-nd/4.0).
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Real-Time Multiplexed CRISPR Diagnostics
decrease of up to sixfold in the lower limit of detection
(LoD).10 Other studies have achieved one-pot CRISPR-
based detection with LAMP by leveraging Cas enzymes
with greater thermostability, but these enzymes lose activity
at temperatures optimal for LAMP, resulting in reduced
sensitivity and/or increased time to result (TTR).1,3 Histor-
ically, these challenges have been overcome with an in-
crease in the target concentration via sample concentration
and enzyme stabilization reagents, resulting in a greater
overall sensitivity, with a LoD of 100 copies (cp) per re-
action in testing for SARS-CoV-2, which is still 20-fold less
sensitive compared to the CDC’s real-time quantitative RT-
PCR (RT-qPCR) assay.3

Given the diversity of CRISPR-Cas systems, this study
sought to identify novel, thermostable Cas enzymes that
would enable robust performance at higher temperatures
that are optimal for LAMP (>60�C). Candidate Cas en-
zymes were identified computationally and screened
experimentally for thermostability. A novel Cas12a enzyme
was discovered, SLK-9, from an unidentified spirochete
species that has been shown to have various degrees of
functionality at 60�C to 75�C. A novel Cas12b enzyme
(SLK5-2) was also identified from an uncharacterized met-
agenome isolated from a hot spring; this enzyme is also able
to function at 60�C. Previously, four Cas12b enzymes have
been shown to be active at >55�C, with one of them
demonstrating functionality in a one-pot RT-LAMP Cas
reaction at 60�C to 62�C.3,7,11,12 During the preparation of
the present article, two novel Cas12a enzymes with similar
thermostability were described; with one of these enzymes,
Yellowstone metagenome YmeCas12a, nuclease activity
was reported at 62�C.13

SLK9 was used to develop a real-time SLK assay in
which Cas-based detection occurs simultaneously with RT-
LAMP. Due to reverse transcription, amplification, and
detection occurring simultaneously, real-time SLK produces
results in 10 to 30 minutes, threefold faster than conven-
tional RT-qPCR. In the present study, the analytical LoD of
real-time SLK was 0.5 cp/mL with the use of extracted
RNA. Real-time SLK was evaluated using 26 positive and
30 negative clinical samples and demonstrated 100% posi-
tive and 100% negative percent agreement with RT-qPCR
results.

Also, a simple thermal treatment of nasal swab samples
was compatible with real-time SLK, eliminating the need
for RNA extraction of samples. The real-time SLK assay
was combined with a direct method for sample nucleic acid
processing to generate an assay, hereafter referred to as real-
time SLK Direct (SLK Direct). Analytical sensitivity with
this method was demonstrated to be 5 and 20 cp/mL in
samples of anterior nasal swabs in saline (ANS/saline). The
present study also demonstrated 100% positive and 100%
negative percent agreement with results from RT-qPCR
using 36 clinical samples. A further advancement of
CRISPR-based diagnostics was shown by demonstrating a
real-time, multiplexed SLK assay, combining the isothermal
The Journal of Molecular Diagnostics - jmdjournal.org
amplification and Cas-based detection of SARS-CoV-2 and
human-based internal control in a single reaction using
extracted clinical samples. Lastly, by combining the two
novel Cas enzymes described in this study, a LoD of 5 cp/
mL was determined using nonextracted clinical samples, and
by increasing the reaction temperature to 60�C, a TTR of
under 30 minutes was achieved. The advancements
described in this publication resulted in a robust, high-
sensitivity, high-specificity, and simple CRISPR-based
diagnostic platform.
Materials and Methods

Clinical and Contrived Samples

Remnant nasopharyngeal (NP) swab samples in saline and
in viral and universal transport media were purchased from
Boca Biolistics (Boca Raton, FL) and BioIVT (Westbury,
NY) and stored at �80�C. All samples were purchased with
a clinical result from SARS-CoV-2 assays from either
Panther (Hologic, Marlborough, MA), Cobas (Roche Di-
agnostics, Indianapolis, IN), or PerkinElmer (Waltham,
MA). Contrived samples were prepared for assay-
performance validation using SARS-CoV-2 viral particles
purchased from ZeptoMetrix (Buffalo, NY) and diluted to
concentrations in indicated matrices before use.
Oligos, Probes, Reporters, and Guides

All oligos, probes, reporters, and guides used in this study
were synthesized by Integrated DNA Technologies (Coral-
ville, IA). Sequences can be found in Table 1.
Plasmid Construction and Protein Purification

Open reading frames of candidate Cas enzymes were syn-
thesized (Twist Bioscience, South San Francisco, CA),
amplified, and cloned into pET28a vector using the re-
striction enzymes NdeI and XhoI. Expression was induced
in BL21(DE3) Escherichia coli through the addition of 200
mmol/L isopropyl b-D-1-thiogalactopyranoside, and pro-
teins were purified from culture lysates using a HisTrap HP
column (Cytiva, Marlborough, MA) in an AKTA pure fast
protein liquid chromatography system (Cytiva). For further
cation exchange, proteins were loaded onto a 5 mL HiTrap
Heparin HP column (Cytiva) using fast protein liquid
chromatography and eluted over a salt gradient from 500
mmol/L to 2 mol/L NaCl in elution buffer (20 mmol/L Tris-
HCl, 2 mol/L NaCl, 5% glycerol, 1 mmol/L dithiothreitol,
pH 8.0). Protein-of-interestecontaining fractions were
pooled and exchanged into 20 mmol/L Tris-HCl, 500 mmol/
L NaCl, 5% glycerol, and 1 mmol/L dithiothreitol (pH 8.0)
using PD10 (Cytiva). Protein concentration was measured
using a bicinchoninic acid assay, and activity was tested
using an in vitro Cas enzyme reaction assay.
429
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Table 1 Sequences

Target Primer type Sequence

N F3 50-GCTTCTACGCAGAAGGGA-30

B3 50-GTGACAGTTTGGCCTTGT-30

FIP 50-TACTGCTGCCTGGAGTTGAATTCCTCTTCTCGTTCCTCATC-30

BIP 50-GCTTTGCTGCTGCTTGACAGTGTTGTTGGCCTTTACCA-30

LF 50-CTTGAACTGTTGCGACTACGT-30

LB 50-ATTGAACCAGCTTGAGAGCAAA-30

Orf1ab F3 50-TGAAAATAGGACCTGAGCG-30

B3 50-ACACCTAGTCATGATTGCA-30

FIP 50-CCAATAGAATGATGCCAACAGGCGATAGACGTGCCACATGC-30

BIP 50-GATTGATGTTCAACAATGGGGTTTCATTACCATGGACTTGACAAT-30

LF 50-AAGTGTCTGAAGCAGTGGAAAA-30

LB 50-GGTAACCTACAAAGCAACCATGAT-30

RNaseP F3 50-TTGATGAGCTGGAGCCA-30

B3 50-CACCCTCAATGCAGAGTC-30

FIP 50-GTGTGACCCTGAAGACTCGGTTTTAGCCACTGACTCGGATC-30

BIP 50-CCTCCGTGATATGGCTCTTCGTTTTTTTCTTACATGGCTCTGGTC-30

LF 50-ATGTGGATGGCTGAGTTGTT-30

LB 50-GGCATGCTGAGTACTGGACCTC-30

Target Guide target sequence

N 50-GCCATTGCCAGCCATTCTAGCAGGAG-30

Orf1ab 50-ATCAATCATAAACGGATTATAGACG-30

RNaseP 50-CCAAGTAATTGAAAAGACACTCCTC-30

B3, backward outer primer; BIP, backward inner primer; F3, forward outer primer; FIP, forward inner primer; LB, loop backward primer; LF, loop forward
primer; Orf1ab, open reading frame (ORF)1a and ORF1b.

Pena et al
Protein Thermal Shift Assay

Protein thermal shift assay was performed following the
vendor’s recommended protocol (Thermo Fisher Scientific,
Waltham, MA). Briefly, 12.5 mL of each Cas enzyme (500
ng/mL) was mixed with equimolar amounts of specific
guide, 2.5 mL protein thermal shift dye (8�), and 5 mL of
protein thermal shift buffer. The mixture was placed in the
QuantStudio 5 qPCR instrument (Applied Biosciences,
Thermo Fisher Scientific) to track fluorescence changes
while slowly increasing the temperature. Data analysis to
extract melting temperature was performed by taking the
first derivative of raw fluorescence intensity collected in the
X4-M4 channel.

Alignment of the Primers and Guide RNAs (crRNAs)
Used to Known SARS-CoV-2 Genomes

A bioinformatics analysis was performed to determine the in
silico inclusivity against all recent SARS-CoV-2 genomes,
including variants denoted by the World Health Organiza-
tion as variants of interest and variants of concern (https://
www.who.int/publications/m/item/historical-working-definiti
ons-and-primary-actions-for-sars-cov-2-variants, last accessed
November 28, 2021) (Supplemental Table S1). The SARS-
CoV-2 sample sizes geographically representing the United
States and the rest of the world were 4284 and 4804,
respectively. Upon curation of viral genomes, a multiple
sequence alignment was constructed using the Wuhan
430
SARS-CoV-2 (NC_045512.2; https://www.ncbi.nlm.nih.
gov/nuccore, last accessed November 11, 2021) as the
reference anchor. All molecular components were
subsequently aligned to the multiple sequence alignment
in order to tabulate its homology. The inclusivity of a
target was defined on the basis of all components having
perfect homology to their intended target (Supplemental
Table S2).

Modified CDC RT-qPCR Assay

The CDC RT-qPCR protocol was followed except for use of
the QuantStudio 5 system instead of the 7500 Dx qPCR
machine (Thermo Fisher Scientific) [CDC 2019-Novel
Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic
Panel Instructions for Use; CDC, Atlanta GA]. In brief, the
QIAamp viral RNA kit (Qiagen, Germantown, MD) was
used to extract RNA from clinical samples, and CDC
primer/probe sequences (Integrated DNA Technologies)
were used for all assays. Three RT-qPCR reactions per
sample were performed to detect N1, N2, and RNaseP (RP)
targets. The means of the N1 and N2 CT values are reported
in data tables (Supplemental Tables S3 and S4). For RNA-
extracted samples, TaqPath 1-Step RT-qPCR Master Mix,
CG (Thermo Fisher Scientific) was used. For the reverse-
transcription stage, samples were heated at 25�C for 2 mi-
nutes, then at 50�C for 15 minutes and at 95�C for 2 mi-
nutes. The PCR stage followed 45 cycles at 95�C for 3
seconds then at 55�C for 30 seconds. For samples tested
jmdjournal.org - The Journal of Molecular Diagnostics
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using the CDC’s heat-inactivation protocol, the samples
were heated to 95�C for 1 minute followed by a 4�C hold.
The UltraPlex 1-Step ToughMix (4�) (Quantabio, Beverly,
MA) was used and heat-inactivated samples were run on the
QuantStudio 5 qPCR machine using the following steps:
reverse-transcription stage, 50�C for 10 minutes and at 95�C
for 3 minutes, followed by the PCR stage of 45 cycles at
95�C for 3 seconds, then at 55�C for 30 seconds.

Extraction Method

Samples were extracted and eluted in water using the
PureLink Viral RNA extraction kit (Thermo Fisher Scien-
tific) following the manufacturer’s recommended protocol,
with two additional steps: a 1-minute dry-spin step after the
wash step, followed by a 15-minute air-dry step at room
temperature before elution of RNA. Input sample volume
was 200 mL and elution volume was 30 to 50 mL. The
extracted material was stored at �80�C and thawed before
use.

Direct Method

For pretreatment of nasal swabs eluted in 0.9% saline, 10 mL
of clinical matrix was mixed with 1 mL of Proteinase K
(New England BioLabs, Ipswich, MA) and 0.4 mL RNA-
secure (InvitroGen, Waltham, MA). The mixture was heated
for 6 minutes at 65�C and for 3 minutes at 98�C and cooled
to 4�C to 10�C before direct addition to the SLK reaction.
Samples were heated using a hotplate or thermocycler.
Nonextracted materials were freshly pretreated before use.

Real-Time SLK Reaction

Real-time SLK was performed with 40 mL of total reaction
volume. Final concentrations of components in the real-time
SLK reaction mix were 1� Nereplicase polyprotein (Orf)-
1eRP primer mix, 1� WarmStart LAMP reaction mix
(New England BioLabs), 292 nmol/L SLK-9 enzyme, 112.5
nmol/L N/O/RP guide RNA, and 125 nmol/L poly-C re-
porter. A total of 14 mL of extracted RNA or 8 mL of direct
sample was added to the SLK reaction mix. Fluorescence
was measured every 1 minute for 90 minutes using the
QuantStudio 5 qPCR instrument set to 60�C.

Real-Time, Multiplexed SLK Reaction

Real-time SLK was performed with 40 mL of total reaction
volume as described in the previous paragraph, with the
addition of either 368 nmol/L Alicyclobacillus acid-
oterrestris AacCas12b or 292 nmol/L SLK5-2 and corre-
sponding guides at 520 nmol/L for Aac and 292 nmol/L for
SLK5-2.

Multiplex detection was performed by adding 10 or 5 mL
of pretreated clinical sample directly into the multiplexed
SLK reaction mix and then measured on the QuantStudio
The Journal of Molecular Diagnostics - jmdjournal.org
5 qPCR instrument for fluorescence readout at 56�C
(AacCas12b) or 60�C (SLK5-2).

RT-SLK Data Analysis

First derivative analysis was performed on the raw fluo-
rescence values recorded every minute of the assay for each
sample. The first derivative values indicate the slope of the
fluorescence signal. The maximal slope value for the
negative samples in an experiment was determined, and the
SD of the slopes for the negative samples was calculated.
The maximal slope value plus three SD values calculated
from the negative samples was set as the cutoff value. The
TTR (in minutes) was defined as the time at which the
fluorescence of a sample surpassed the cutoff value in three
consecutive recordings.

Data and Materials Availability

All data, code, and materials used in the analyses are
available upon request. Some materials require material
transfer agreements (MTAs). All data needed to evaluate the
conclusions in the study can be found in the study and in the
Supplemental Materials. Inquiries and requests for materials
should be addressed to the corresponding author.

Results

Cas Enzyme Discovery and Characterization

An initial computational metagenomic search for CRISPR
arrays to identify novel Cas enzymes yielded approximately
7000 potential candidates. Of these, 96 candidates were
selected based on phylogenetic analysis and deep-learning
models designed to predict thermal stability (Figure 1A). Of
the 96 candidates predicted to be thermostable, one Cas12a
enzyme, SLK9, had a melting temperature of >60�C
(Figure 1B and Supplemental Figure S1A). Notably, the
melting temperature of SLK9 was determined to be 61�C,
which is greater than that of the commonly used CRISPR
enzyme Leptotrichia wadei LwaCas13a14 and thermostable
AacCas12b1,11 (Figure 1B). A second round of enzyme
discovery was performed, resulting in the identification of
seven additional thermostable Cas12a/b enzymes. Thermal
shift assays revealed that two of the seven Cas enzymes,
SLK5-2 and SLK8-2, had melting temperatures of 65�C
(Figure 1B and Supplemental Figure S1B). The five Cas
enzymes that had the highest melting temperatures were
selected, and their functionality was evaluated further in an
RT-LAMP reaction performed at 60�C. The combination of
Cas detection of target in an RT-LAMP reaction was termed
real-time SHERLOCK (RT-SLK). All five enzymes tested
in the real-time SLK reaction demonstrated collateral
cleavage activity in the presence of target RNA (Figure 1C).
Two of the novel Cas enzymes, SLK9 and SLK5-2, showed
specific detection of target and generated a high
431
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Figure 1 Thermostable Cas enzyme discovery and characterization. A: High-throughput novel Cas12 enzyme discovery pipeline. B: Melting temperature
(Tm), as determined by thermal shift assay for 14 novel Cas12a/b enzymes, Leptotrichia wadei LwaCas13 and AacCas12. The horizontal line indicates the
preferred Tm of 60�C. C: Real-time SLK assay run at 60�C, testing five novel Cas12a/b enzymes and AacCas12b. The baseline-subtracted RFU signal (relative
fluorescence units) is a measure of collateral cleavage activity of each enzyme. SARS-CoV-2 genomic RNA at 200 cp/mL or 10 ng/mL human genomic RNA was
used as target, and water, as the no-template control (NTC). Data are expressed as means � SEM. n Z 3 per sample. crRNA, guide RNA; Pfam, database of
protein families.

Pena et al
fluorescence signal within 25 minutes. SLK9 was selected
to further optimize and validate the real-time SLK assay
using contrived and clinical samples, and both SLK9 and
SLK5-2 were evaluated in multiplexed Cas enzyme real-
time SLK reactions.

Real-Time SLK and Real-Time SLK Direct SARS-CoV-2
Assays

Previously developed RT-LAMP primer sets for the N,
Orf1ab, and RNaseP genes from the SLK CRISPR SARS-
CoV-2 kit (SHERLOCK CRISPR SARS-CoV-2 Kit in-
structions for use; Sherlock Biosciences, Watertown,
MA) were used to evaluate the performance of SLK9 in a
real-time SLK reaction. The assay consisted of commer-
cially available RT-LAMP mix, target-specific LAMP
primers, SLK9, amplicon-specific crispr RNA, and a
ssDNA fluorescence reporter. Primers and crispr RNAs
for the detection of two SARS-CoV-2 targets, the N and
Orf1ab genes, were combined in a single reaction to in-
crease inclusivity and detection of known variants of
SARS-CoV-2. In silico analysis showed that 97.1% and
100% of SARS-CoV-2 genomes had 100% homology
432
across all primer and guide sequences for either the
Orf1ab or N target in the assay for the Delta and Omicron
variants, respectively (Supplemental Tables S1 and S2).
Figure 2A illustrates the process wherein the initial
nucleic acid extraction was followed by a single reaction
combining RT-LAMP and Cas-based detection reagents.
Collateral cleavage of the ssDNA reporter occurs when
the crispr RNA complexed with SLK9 binds the dsDNA
target sequence.4

Initial evaluation of the real-time SLK method was per-
formed using titrated amounts of SARS-CoV-2 genomic
RNA ranging from 100,000 to 0.1 cp/mL (Figure 2B). After
an initial validation using genomic RNA, RNA purified
from ANS/saline that was spiked with ZeptoMetrix SARS-
CoV-2 viral particles ranging from 100 to 0.1 cp/mL was
evaluated (Supplemental Figure S2A). To confirm the LoD,
20 additional ANS/saline samples spiked with 0.5 cp/mL
SARS-CoV-2 viral particles were extracted and tested with
real-time SLK to assess analytical sensitivity. All 20
samples tested positive for SARS-CoV-2 and the
RNaseP control within 25 minutes (Figure 2C). This LoD of
0.5 cp/mL is comparable to those of the highest-sensitivity
SARS-CoV-2 assays currently available, with LoDs from
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 2 Real-timeSHERLOCK (RT-SLK).A: The real-timeSLKDirectprocess.BeF: Time to result (TTR, inminutes) in eachsample. Samples not detected are labeled
ND (not determined).B: Titration of extracted SARS-CoV-2 genomic RNA, ranging from 100,000 to 0.1 cp/mL. Each concentration was tested in triplicate. C andD: TTR
of RNaseP control signal (RP) versus SARS-CoV-2 N/Orf1ab target (NO) in ANS/saline samples spiked with indicated concentrations of SARS-CoV-2 viral particles. C:
ANS/saline samples were purified using the PureLink viral DNA/RNA kit (Thermo Fisher Scientific, Waltham, MA) then added to real-time SLK reaction. D: ANS/saline
sampleswere treatedwithProteinaseK (NewEnglandBioLabs, Ipswich,MA), RNAsecure (InvitroGen,Waltham,MA), andheat anddirectly added to real-timeSLKDirect
reaction. E and F: Positive and negative clinical sampleswere tested using real-time SLK and the CDC’s RT-qPCR assay; results are reported as TTR.Dotted lines indicate
cutoff values for either assay, and samples that were not detected are labeled ND and considered negative. E: Clinical samplesd36 NP/saline, 10 NP/viral transport
medium, and10NP/universal transportmediumdwerepurifiedusing the PureLink viral DNA/RNAkit and added to the real-time SLK reaction. F:A total of 36NP/saline
clinical samples were treated with Proteinase K, RNAsecure, and heat and directly added to a real-time SLK Direct reaction. gRNA, genomic RNA.

Real-Time Multiplexed CRISPR Diagnostics
0.18 to 1 NAAT-detectable units per microliter (https://
www.fda.gov/medical-devices/coronavirus-covid-19-and-
medical-devices/sars-cov-2-reference-panel-comparative-
data, last accessed January 17, 2020).
The Journal of Molecular Diagnostics - jmdjournal.org
After it was demonstrated that real-time SLK could be
used to reliably detect purified RNA from samples, the po-
tential of the real-time SLK assay to be performed directly on
a nasal swab eluted in saline after a simple thermal treatment
433
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of the specimen was evaluated. The approach to detecting
SARS-CoV-2 directly from a sample was termed real-time
SLK Direct. ANS/saline samples spiked with ZeptoMetrix
SARS-CoV-2 viral particles at concentrations ranging from
100 to 2.5 cp/mL were treated with a mixture of Proteinase K
(1.6 U/20-mL reaction) and the commercially available
RNase-inhibition reagent RNAsecure (1:25 v/v), and heated
for 6 minutes at 65�C, followed by a 3-minute incubation at
98�C. Proteinase K degrades nucleases and aids in the lysis
of the viral particle along with the 95�C heating step, while
RNAsecure inhibits RNases that can degrade the exposed
viral RNA.15 These treated samples were then directly added
to the real-time SLK Direct reaction mixture. All of three
replicates with 10 cp/mL of SARS-CoV-2 were positive by
real-time SLK Direct within 40 minutes (Supplemental
Figure S2B). The LoD was confirmed with 20 additional
samples at 5 cp/mL SARS-CoV-2, with all 20 testing positive
by real-time SLK Direct (Figure 2D).

Clinical Sample Testing

The performance of real-time SLK and real-time SLK Direct
was evaluated on clinical samples that were previously
determined as positive or negative for SARS-CoV-2 by an
external Clinical Laboratory Improvement Amendments
(CLIA)ecertified laboratory. The positive clinical samples
used had a wide range of CT values (16 to 36), as deter-
mined by using the CDC’s RT-qPCR assay protocol
(Supplemental Tables S3 and S4). In total, 56 NP clinical
samples (26 positive and 30 negative), consisting of swabs
eluted in saline or viral or universal transport media, were
purified using the PureLink viral RNA kit. Purified RNA
was tested using real-time SLK, demonstrating 100%
concordance with the results from the CLIA-certified labo-
ratory and the RT-qPCR results derived in-house (Figure 2E
and Supplemental Tables S3 and S4). TTR was less with all
positive samples than with standard RT-qPCR. Next, the
real-time SLK Direct method was clinically evaluated using
16 positive and 20 negative NP/saline clinical samples. All
16 positive samples were positive by real-time SLK Direct.
Again, TTR was faster in all 16 positive clinical samples
with real-time SLK Direct than with RT-qPCR (Figure 2F
and Supplemental Table S3). Overall, it was demonstrated
that the real-time SLK Direct method provided fast results,
with no loss of clinical sensitivity or specificity.

Real-Time, Multiplexed SLK Direct

The discovery of thermostable Cas enzymes with orthogonal
trans-cleavage preferences enabled the development of real-
time, multiplexed, CRISPR-based diagnostics. After real-
time SLK with SLK9 was established, a real-time, multi-
plexed method was developed by incorporating a second Cas
enzyme that can be independently programed to detect a
separate target sequence. AacCas12b has previously been
shown to be compatible with LAMP reaction run at
434
temperatures of up to 56�C and was combined with SLK9 to
generate a real-time, multiplexed method.1 Although both
SLK9 and AacCas12b have the capacity to cleave poly-T
reporter molecules, only SLK9 was found to cleave poly-C
reporters, allowing for the determination of which enzyme
was activated (Figure 3). The real-time, multiplexed detection
system contains, in a single reaction, RT-LAMP components
for duplexed LAMP of the SARS-CoV-2 N gene and the
human RP control, SLK9 enzyme with crispr RNA targeting
the N gene, AacCas12b enzyme with crispr RNA targeting
the human RP gene, a carboxyfluoresceineblack hole
quencher 1 (FAM-BHQ-1)emodified poly-T reporter, and
Texas RedeBHQ-2emodified poly-C reporter.
This real-time, multiplexed CRISPR diagnostic platform

requires only a single transfer step in which a heat-lysed
sample is added to the reaction; the only instrument re-
quirements after sample addition are fluorescence-
detection capability and temperature control to maintain
56�C. After sample addition, the N and RP targets are
amplified by corresponding LAMP primer sets, followed
by the activation of corresponding Cas enzymes. When
SLK9 is activated, it will cleave both poly-C and poly-T
reporters, enabling detection in both the FAM (green)
and Texas Red (red) fluorescence channels. When Aac-
Cas12b is activated, it will cleave only poly-T reporters,
enabling detection in the FAM fluorescence channel only.
For results interpretation, positive samples show on signal
in the Texas Red channel or on in both the FAM and
Texas Red channels, and negative samples show on signal
in the FAM channel and off signal in the Texas Red
channel (Figure 3A). The assay is invalid if off signals are
seen in both the FAM and Texas Red channels. Real-time,
multiplexed SLK was validated using 41 extracted clinical
samples, demonstrating 100% positive and 100% negative
percent agreement with RT-qPCR results. Multiplexed
real-time SLK Direct was validated with 10 NP/saline
swab samples, demonstrating 100% positive and 100%
negative percent agreement with RT-qPCR results
(Supplemental Figure S3).
Also, SLK9 was paired with another novel Cas12 enzyme

that was identified in this study, SLK5-2. Here, RNaseAlert
(InvitroGen) was used in the FAM (green) channel to indi-
cate activated SLK5-2 enzyme detecting SARS-CoV-2 and
cleavage of poly-CeTexas Red in the red channel for the
activation of SLK9 and the detection of the internal control
gene human RP. Within the SLK5-2/SLK9 system, a positive
sample is indicated by an on signal in the green channel,
regardless of the red channel status, whereas a negative
sample shows on only in the red channel. In the absence of an
on signal in either a green or red channel, the sample is
invalid. Due to the greater thermostability of both enzymes,
multiplex detection using SLK5-2/SLK9 was performed at
60�C. Both multiplex approaches were compared side-by-
side with the present novel real-time SLK Direct approach
using heat/Proteinase Ketreated ANS samples spiked with
SARS-CoV-2 ZeptoMetrix particles ranging from 100 to
jmdjournal.org - The Journal of Molecular Diagnostics
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Figure 3 Multiplexed, real-time SLK. A: Multiplexed, real-time SLK reaction components using SLK9 with AacCas12b (left) and SLK9 with SLK5-2 (right). B
and C: Samples of ANS/saline (B) or ANS/Tris-EDTA (C) spiked with indicated concentrations of SARS-CoV-2 viral particles were treated with Proteinase K (New
England BioLabs, Ipswich, MA), RNAsecure (InvitroGen, Waltham, MA), and heat and directly added to multiplexed, real-time SLK Direct reaction. B: ANS/
saline samples tested with multiplexed, real-time SLK SLK9/Aac assay. Fluorescence values greater than background values are reported in time to result (TTR)
and were determined for red channel fluorescence (SARS-CoV-2) and green channel fluorescence (control). Samples that do not show increased fluorescence
above the cutoff value are plotted in the gray zone in the ND (not determined) section. C: ANS/TE samples tested with multiplexed, real-time SLK SLK9/SLK5-2
assay. Increased fluorescence values greater than the background were determined for red channel fluorescence (SARS-CoV-2) and green channel fluorescence
(RNaseP control). Samples that do not show increased fluorescence above the cutoff value are plotted in the gray zone in the ND section.

Real-Time Multiplexed CRISPR Diagnostics
3.75 cp/mL (Figure 3, B and C). In the SLK9/Aac system,
SARS-CoV-2 particles at 60 cp/mL were detected in three of
three replicates within 50 minutes using real-time SLK
Direct. The SLK5-2/SLK9 real-time SLK Direct approach
had a sensitivity of 5 cp/mL and a TTR of under 30 minutes.
Discussion

PCR-based diagnostics are currently the gold standard
method for nucleic acid detection of viruses and bacteria.
The global pandemic caused by SARS-CoV-2 spurred
increased efforts to develop alternative molecular di-
agnostics that do not require specialized thermocyclers.16

Isothermal amplification methods hold great potential for
low-resource molecular diagnostics; however, a problem
common to all isothermal amplification technologies is
nonspecific amplification, which can result in false-positive
reactions in systems that rely on nonesequence-specific
detection methods.3,17e19 Many groups have developed
strategies to overcome rates of false positivity by either
The Journal of Molecular Diagnostics - jmdjournal.org
optimizing the addition of components, reducing the read
time to better discriminate real amplification from back-
ground amplification, using indirect detection strategies, or
using probes to increase assay specificity and reduce non-
templated amplification.20e23 Other groups have added a
CRISPR-based detection step to increase the specificity of
isothermal amplification. Recombinase polymerase ampli-
fication and LAMP have both been demonstrated to be
compatible with Cas13 and Cas12 enzymes.1e3 RT-LAMP
was chosen for nucleic acid amplification given that
LAMP has been shown to be more tolerant than PCR to
inhibitors present in clinical samples, which enables the
detection of nucleic acids from lysates without nucleic acid
isolation and concentration.24,25 Unfortunately, LAMP re-
quires incubation at 56�C to 65�C, and only three
commercially available Cas12 enzymes have been charac-
terized to function at that temperature (Alicyclobacillus
acidiphilus AapCas12b, AacCas12b, and Brevibacillus
BrCas12b).3,11,12 Therefore, the present study aimed to
identify novel Cas enzymes that could function within the
temperatures used in a LAMP reaction.
435
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This article presents the discovery of two thermostable
Cas12 enzymes, SLK9 and SLK5-2. SLK9 was used to
develop a rapid, sensitive, real-time, one-pot, CRISPR-
based assay for the detection of SARS-CoV-2. The perfor-
mance of SLK9 in a real-time SLK assay was validated
using contrived, extracted ANS samples; a LoD of 0.5 viral
particles per microliter was demonstrated, which is com-
parable to that of the gold standard method for SARS-CoV-
2 detection, RT-qPCR [CDC 2019-Novel Coronavirus
(2019-nCoV) Real-Time RT-PCR Diagnostic Panel In-
structions for Use; CDC, Atlanta GA]. It was then demon-
strated that real-time SLK can be used without extraction by
treating samples with Proteinase K, RNAsecure, and heat.
The LoD for the direct detection of viral particles in
contrived ANS samples was 5 cp/mL. Both methods were
then used to detect SARS-CoV-2 from archived clinical
specimens. Positive and negative percent agreement with
RT-qPCR results were 100% in both the extracted (real-time
SLK) and nonextracted samples (real-time SLK Direct).

The discovery of thermostable Cas12 enzymes was
essential for developing a multiplexed real-time SLK assay.
Previously, only Cas12b enzymes had demonstrated ther-
mostability at 60�C and were not compatible with multi-
plexing because they all utilized the same single-guide RNA
sequences.3 The novel Cas12a enzyme, SLK9, was com-
bined with either AacCas12b or SLK5-2 (a novel Cas12b)
to develop a multiplexed real-time SLK assay, and perfor-
mance was validated with the simultaneous detection of
SARS-CoV-2 and the human RP internal control within a
single reaction. Due to the presence of the less thermostable
AacCas12b enzyme, these reactions were run at 56�C,
slowing amplification and therefore increasing the overall
TTR. Because of the greater thermostability of both en-
zymes and therefore more efficient LAMP, multiplexing of
SLK9 and SLK5-2 resulted in a LoD of 5 cp/mL in contrived
ANS/Tris-EDTA samples, with a TTR of under 30 minutes.

This method for SARS-CoV-2 detection is sensitive and
rapid, omits expensive and time-consuming sample prepa-
ration, and, when combined with a second Cas enzyme,
enables real-time, multiplexed detection, as demonstrated by
the detection of the SARS-CoV-2 Orf1ab gene and internal
control RP gene within a single reaction. Additional studies
to identify more thermostable Cas enzymes can further in-
crease multiplexing capabilities, increasing the value of this
method for at-home and point-of-care diagnostics.
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