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LbuCasl3adirectly targets DNA and elicits
strong trans-cleavage activity
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% Check for updates Traditionally perceived as an RNA-specific nuclease, Cas13a has been used

primarily for RNA detection. We discover the ability of Leptotrichia buccalis
Casl3a(LbuCasl3a) to directly target DNA without the restrictions of
protospacer flanking sequence and protospacer adjacent motif sequences,
coupled with robust trans-cleavage activity. Contrary to conventional
understanding, LbuCasl3a does not degrade DNA targets. Our study reveals
anenhancement in the single-nucleotide specificity of LbuCasl3a against
DNA compared to RNA. This heightened specificity is attributed to the

lower affinity of CRISPR RNA (crRNA) towards DNA, raising the crRNA-DNA
binding energy barrier. We introduce a molecular diagnostic platform called
superior universal rapid enhanced specificity test with LbuCas13a (SUREST)

for high-resolution genotyping. SUREST is capable of detecting DNA
concentrations of CYP2C19 (rs4986893) as minute as 0.3 aM (0.18 cps pl™).
We also apply SUREST to human genotyping scenarios, indicating that
SUREST performs well across a broad range of mutations and sequence
contexts. SUREST represents an advancement in real-time nucleic acid
detection, makingit a useful tool for pathogen identification and mutation
analysisin clinical diagnostics.

Therealm of CRISPR and Cas systems’” has been abeacon ofinnovation
ingene editing and diagnostics, with Cas13aand Casl2aspearheading
advancements because of their trans-cleavage activities™*. Historically,
these systems have been constrained to RNA or DNA substrates, with
Casl3a predominantly recognized as an RNA-targeting nuclease’ and
Casl2aasaDNA-targeting® counterpart. This specialization has under-
pinned the development of CRISPR-based diagnostics (CRISPR-Dx),
leveraging their sequence-specific nuclease activity. Notable platforms
like SHERLOCK’, HOLMES® and DETECTR® have harnessed these proper-
ties, offering rapid and highly sensitive detection of nucleic acids even
atthe attomolar (aM) level.

Notwithstanding these advancements, the specificity of
CRISPR-Dx in single-nucleotide polymorphism (SNP) discrimination

remains ascientific challenge. In the investigation of single-nucleotide
specificity in Cas12anucleases, theintroduction of a protospacer adja-
cent motif (PAM) sequenceinto the target DNA through amplification
is essential because of PAM sequence dependency. However, eveninthe
presence of asuitable PAM sequence, itis often necessary to decrease
the affinity between the mismatch target and CRISPR DNA (crRNA) to
improve specificity by designing a ‘suboptimal crRNA". Efforts to refine
this specificity often involve introducing ‘synthetic mismatches™*",
such as the RatioCRISPR" and cARMS" platforms, yet this approach
can be plagued by increased off-target effects and reduced reaction
efficiency because of the low match between crRNA and target RNA.
More importantly, determining the optimal placement of synthetic
mismatches is not intuitive and requires experimental evaluation for
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each crRNA-target pairing'. Alternative strategies, such as chemi-
cally modified crRNA'®, have been explored to enhance specificity,
but chemically modified crRNA is hardly used in CRISPR-Dx because
of its high cost. Other studies reported that hairpin crRNA* showed
improved CRISPR-Cas specificity, but these fall short of meeting the
stringent requirements for robust genotyping. On the other hand,
Casl3a shows tolerance to single-nucleotide mismatches in most
cases””?° and the crRNA-target RNA duplex structure is so stable”
that a ‘mismatch’is not enough to damage the stability between the
RNAtargetand crRNA, resulting in Cas13a’s very unstable performance
insingle-nucleotide-specific studies. We infer that a viable strategy to
improve the specificity of the Cas13a system without extra design is
to replace the RNA duplex with an RNA-DNA duplex to decrease the
affinity between crRNA and its targets.

In this study, we demonstrate the ability of Leptotrichia buc-
calis Casl3a (LbuCasl3a) to directly target DNA and elicit strong
trans-cleavage activity. This finding sets LbuCasl13a apart from its
conventional role as an RNA-targeting nuclease. We find that the recog-
nition target DNA of LbuCasl13ais not affected by protospacer flanking
sequence (PFS)’ sequences (compared to the Cas13a-RNA system);
even the restriction of PAM? sequences is not present in studies of
single-nucleotide specificity compared to Cas12a-DNA. Targeting
DNA with LbuCas13a demonstrated high single-nucleotide specific-
ity without the need for synthetic mismatches. The results indicate
that the LbuCas13a-DNA complex showcases a 19-fold increase in
single-nucleotide specificity compared to its RNA-targeting counter-
part. Themainreasonis that the affinity of crRNA to DNA is weaker than
that of crRNA to RNA?, which increases the reaction energy barrier
for crRNA binding to its targets. LbuCasl13a, functioning as an RNase,
distinguishes itself by not causing damage to the target DNA.

Leveraging these insights, we propose the superior universal
rapid enhanced specificity test with LbuCas13a (SUREST) platform.
SUREST outperforms conventional CRISPR-Dx systems by offering
single-nucleotide specificity and the capability of retesting without
damaging the target nucleic acid. Compared with the traditional
CRISPR-Dx system based on Cas13a, SUREST offers the advantage of
detecting nucleic acids without the necessity of a redundant RNA tar-
get conversion process. Compared to the CRISPR-Dx system based
on Casl2a, SUREST can specifically target DNA without the restric-
tions imposed by the PAM sequence. This platform holds potential in
molecular diagnostics, particularly in pathogen detection and mutation
analysis.

Result

DNA-targeting and trans-cleavage activity of LbuCas13a
Casl3ais traditionally recognized as an RNA-targeting ribonuclease.
The standard LbuCasl13aexperimental processisshowninFig.1a.The
crRNA was produced throughinvitro T7 transcription and then bonded
to LbuCasl3atoinitiate RNA targeting. Once the ternary complex had
formed, the trans-cleavage activity was activated and started to digest
the RNA reporter, which cangenerate astrong signal. At the same time,
the RNA target would be cleaved by cis-cleavage activity. Upon metic-
ulous investigation, we confirmed that LbuCasl13a exhibits evident
trans-cleavage activity on DNA (Fig. 1b and Supplementary Fig. 1). To
be specific, our experimental design methodically omitted one of the
four critical components (LbuCas13a, crRNA, reporter gene, synthetic
DNA targets) at a time, confirming that the absence of any element
led to assay failure. This substantiated that the potent trans-cleavage
activity of LbuCasl3ais DNA-activated.

Notably, the target DNAin our experiments lacked the typical PAM
sequence (TTTN) associated with the Casl12a system, suggesting that
the activation of the LbuCas13a-DNA system is not constrained by a
specificPAM sequence. Furthermore, the gelimaging results revealed
intact target DNA, indicating that the LbuCasl3a nuclease does not
cleave the DNA target through cis-cleavage (Supplementary Fig. 2).

Next, to confirm the nuclease substrate specificity of LbuCasl3a acti-
vated by DNA, the RNA (6U) and DNA (6T) reporters were tested. As
shown in Supplementary Fig. 3, a high signal was only observed by
using RNA reporters, showing specificity towards RNA substrates,
which is similar to previous research on LbuCasl3a RNase structure
domain specificity?. Our further experiment, recycling the origi-
nal test sample to activate LbuCasl3a, also confirmed this property
(Supplementary Fig. 4). These characteristics stand in contrast to the
standard Cas13a-RNA system.

The binding of single-stranded DNA (ssDNA) to Casl3ais due
to the single-stranded binding interaction. However, the binding of
Casl3a to double-stranded DNA (dsDNA) is very surprising given the
absence of helicase domains in Casl3a and its known preference for
single-stranded RNA other than dsRNA. To confirm the interaction
between the LbuCas13a-crRNA complex and dsDNA, we designed a
dsDNA probe, which labelled carboxyfluorescein (FAM) on the target
strand and Black Hole Quencher (BHQ) on the non-target strand (Sup-
plementary Fig. 5). As shown in Fig. 1c, asignal increase was observed
when we added LbuCas13a and crRNA to the reaction containing the
dsDNA probe, while there was aslight signal response when we added
crRNA or water. This shows dsDNA unwinding under the help of the Lbu-
Casl3a-crRNA complex, which supports the activation of LbuCasl3a by
DNA. Also, we conducted an electrophoretic mobility shift assay (EMSA)
withincreasing concentrations of LbuCas13a-crRNA complexedribo-
nucleoprotein (RNP) and a fixed concentration of 25-nM non-target
strand 5’ FAM-labelled dsDNA target. As expected, we observed a slow
mobility species representing the dsDNA-bound LbuCas13a-crRNA
complex when the RNP concentration increased to 12.5 nM (Fig. 1c).
Notably, when the RNP concentration increased to 50 nM, we did not
observe the dsDNA band, suggesting that all dsDNA substrates bound
with RNP to formulate the LbuCas13a-crRNA-dsDNA complex. Next,
we compared the capability for binding to dsDNA between LbuCas13a
and Lachnospiraceaebacterium Casl2a (LbCasl2a). The EMSAresults
suggest that LbuCas13a has a similar capability in targeting dsDNA
with LbCas12a (Supplementary Fig. 6). These results demonstrate that
LbuCasl13a can be used as a DNA-binding module.

Furthermore, comparing several Casl3a variants, LbuCas13a
emerged as the most effective in DNA-targeted trans-cleavage activ-
ity, as depicted in Supplementary Fig. 7. Moreover, to validate the
reproducibility of LbuCasl13a’s activity across different sources, we
compared proteins from several suppliers (Supplementary Fig. 8),
observing only minor variations, thereby corroborating our findings.
Inour comparative analysis of LbuCasl3aactivated by DNA versus RNA,
we noted that while both activations resulted in robust signal genera-
tionevenatlow concentrations (1nM), there was a distinct differencein
specificity (Fig.1d and Supplementary Fig. 9). Particularly, LbuCas13a
targeting DNA exhibited higher single-nucleotide specificity compared
to RNA, with a distinguishing factor (DF) markedly higher for DNA.
Specifically, when LbuCas13a targets RNA, both wild-type (WT) and
single-nucleotide variant (SNV) targets generated a high signal, and the
DF was nearly onefold; this is similar to a previous study®. However,
dsDNA and ssDNA exhibited stronger single-nucleotide specificity; the
DF was 12-fold and 98-fold, respectively. Notably, the signal strength
of the RNA target ranked first, followed by dsDNA and ssDNA, while
the single-nucleotide specificity was the opposite. This is because
DNA-RNA strand affinity is weaker than RNA-RNA strand affinity***,
affecting signal strength and specificity.

Leveraging this specificity and efficiency, we developed SUREST
for nucleic acid detection. To amplify the clinical diagnostic sensitiv-
ity, we integrated recombinase polymerase amplification (RPA) or
PCRinto SUREST, generating abundant ssDNA or dsDNA (Fig. 1b). The
LbuCasl13a RNP complex, upon encountering its DNA target, triggers
the trans-cleavage of an RNA reporter, yielding a fluorescent signal.
Insummary, LbuCas13a, traditionally an RNA-targeting enzyme, now
demonstrates DNA targeting. This opens avenues for its application
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Fig.1|DNA-targeting and trans-cleavage activity of LbuCasl3a. a, The
conventional CRISPR-Dx framework using Cas13a for RNA targeting.

b, The SUREST system. ¢, Non-target strand 5’ FAM-labelled dSDNA EMSA
withincreasing concentrations of LbuCas13a-crRNA-complexed RNP. The
dsDNA target concentration was 25 nM; the LbuCas13a concentration was
0, 62.5nM,125nM, 250 nM and 500 nM for lanes 1-5, respectively; and the

crRNA concentration was 0, 6.25nM, 12.5 nM, 25 nM and 50 nM for lanes 1-5,
respectively. d, Comparison of single-nucleotide specificity between RNA,
dsDNA and ssDNA targets. The RNA target concentration was 100 pM while the
dsDNA and ssDNA target concentration was 1 nM. n =3 technical replicates; the
barsrepresent the mean +s.d. a.u., arbitrary unit.

in molecular diagnostics, with SUREST exemplifying its potential to
achieve high specificity and sensitivity in nucleic acid detection.

Influence of DNA sequence on LbuCasl3a trans-cleavage

To determine the activation requirements of LbuCas13a for DNA tar-
gets, we conducted experiments with dsDNA and ssDNA targets of
varying lengths complementary to the spacer region. Truncations
from both the 5" and 3’ ends of these targets were performed, with
Fig. 2aillustrating the 5’ truncation scheme. Our initial findings with
dsDNA targets (human papillomavirus type 16 (HPV16); Supplemen-
tary Table 4) showed no significant changes in fluorescence signals
with 5” end truncations until a 6-bp reduction, leading to a marked
decreaseinsignal intensity (Fig. 2b). This trend was mirrored in ssDNA
targets (Fig. 2c) and corroborated by kinetic analysis (Supplementary
Fig.10). Further tests using a different crRNA system (targetingthe N
gene of coronavirus disease 19 (COVID-19); Supplementary Tables 1
and 2) confirmed these observations (Supplementary Fig. 11). These
results align with previous studies, suggesting that a minimum of
24 bp is necessary to effectively activate the trans-cleavage activity
of LbuCasl3a, as base pairs 25-28 are found outside the interaction
channel with the LbuCasl3a protein®. Truncations of 2-6 bp from the
3’end (Fig.2d) showed noincreasein fluorescence with dsDNA targets
(Fig. 2e), a finding that is consistent with ssDNA targets (Fig. 2f), as
confirmed by kinetic curves (Supplementary Fig. 12). Interestingly,
anoverhang ssDNA (50 nt) accelerated the trans-cleavage activity of
LbuCasl13a (Supplementary Fig. 13), supporting the ‘RESET’ effect?,
which is beneficial in detection because of the long-chain nature of

natural DNA and amplification products. These insights will inform
the spacer region design in diagnostic systems using LbuCas13a for
DNA targeting.

Furthermore, we examined if the trans-cleavage activity of Lbu-
Casl3a on DNA was influenced by the PFS. We designed four dsDNA
(224 bp; Supplementary Table 4) and ssDNA (50 nt; Supplementary
Table 2) targets with identical spacer complementary sequences but
varying —1sites (Fig. 2g). Our data indicated no significant PFS prefer-
ence when targeting dsDNA, as signal generation was similar across
A, T, Cor G variations (Fig. 2h). This mirrors the behaviour of Lbu-
Cas13awithRNA targets”**. While ssDNA targets showed similar trends
(Fig. 2i), aslight delay was observed with G PFS, although not enough
to affect detection. These findings are pivotal in guiding the design of
LbuCasl3a-based DNA-targeting diagnostic systems.

Detecting human parvovirus B19 with SUREST

To optimize direct DNA detection using LbuCas13a on the SUREST
platform, we adjusted the reaction parameters. Initially, we evalu-
ated the DNA-targeting signal response of LbuCasl3a across a range
of temperatures. As depicted in Fig. 3a, LbuCasl13a exhibited peak
activity at 33 °C, yielding the highest signal-to-noise ratio (SNR) of
256. Activity decreased at temperatures beyond this point, establish-
ing 33 °C as the optimal temperature. Further evaluation across nine
standard CRISPR-Cas buffers (Tolo Cas13a, NEBuffer 1.0, NEBuffer 2.0,
NEBuffer 2.1, NEBuffer r1.1, NEBuffer r2.1, NEBuffer r3.1, NEBuffer r4.1
and Bio-Lifesci) identified the Bio-Lifesci buffer (no. 9) as providing
the strongest fluorescence and highest SNR (196), as shown in Fig. 3b.
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Fig. 2| DNA sequence influence on trans-cleavage of LbuCasl3a. a, Illlustration
of DNA target truncation from the 5’ end, showcasing crRNA (black) and the
targeted DNA sequence (sky blue). b, Results from truncating the 5’ end of
dsDNA. ¢, Results from truncating the 5’ end of ssDNA. d, Depiction of DNA target
truncation from the 3’ end, with crRNA (black) and DNA target (cyan).

e, Outcomes of truncating the 3’ end of dsDNA. f, Outcomes of truncating the

3’end of ssDNA. g, Diagram for examining several PFS sequences, highlighting
crRNA (black), DNA target (green) and PFS (cyan). h, Effects of different PFS
sequences on LbuCasl13a targeting dsDNA. i, Effects of different PFS sequences on
LbuCasl3atargeting ssDNA. b,c,e,fh,i, The target concentrationwas1nM.n=3
technical replicates; the bars represent the mean + s.d. Fl, fluorescence intensity.

Consequently, we determined 33 °C and Bio-Lifescibuffer (no. 9) as the
optimal conditions for subsequent SUREST applications.

Next, we assessed the sensitivity of LbuCas13ausing RNA, dsDNA
and ssDNA substrates. LbuCasl13a exhibited signal responses at 0.01 pM
for RNA, 0.5 pMfor dsDNA and 0.1 pM for ssDNA, respectively (Fig. 3c—
e). Comparative analysis with LbCas12a, using ssDNA targets as shown
inSupplementary Fig.14, showed that LbCas12a exhibited a detectable
signal response only at 1 pM, underscoring the sensitivity and signal
strength of LbuCas13a. However, inreal detection, we oftenintroduce
nucleic acid amplification systems such as RPA and loop-mediated
isothermal amplification to achieve aM-level molecular detection.
Therefore, SUREST can achieve comparative sensitivity with other
CRISPR-Dx systems, such as SHERLOCK.

Given the performance in DNA detection, we applied SUREST to
detect human parvovirus B19 (B19)%, an ssDNA virus implicated in
several diseases, including chronic anaemia. Supplementary Fig. 15
confirms the successful detection of a1-nM B19 mimic using a specially
designed crRNA targeting a 50-nt DNA fragment derived from B19 (Sup-
plementary Table 2). We then developed alateral flow readout assay for
point-of-care testing (POCT) using FAM-biotin reporter cleavage. As
showninFig.3f,g, theaccumulation of reporters at the streptavidin line
onthe strip inhibited the binding of the anti-FAM antibody gold nano-
particle conjugatesto the protein onthe antibody captureline; cleavage

of the reporter reduced accumulation at the first line and resulted in
asignal on the second line. This assay enabled naked-eye detection
within 35 min (30 min for the CRISPR-Cas13a reaction and 5 min for
the lateral flow readout), as demonstrated with a1-nM B19 mimic in
Fig. 3h. Sensitivity tests, illustrated in Supplementary Fig. 16, further
confirmed the capacity of the lateral flow readout assay to detect B19
mimicsatconcentrationsaslowas10 pM. These results demonstrate the
robustness and sensitivity of the SUREST-based lateral flow readout for
rapid, amplification-free and equipment-free detection of viruses'**°,

SUREST for rapid HPV and hepatitis B virus detection

Tovalidate the virus detection capability of SUREST, we targeted HPV16.
HPV16is a high-risk type of HPV infection associated with genital can-
cers and cervical cancer epithelial lesions*. By targeting dsDNA and
integrating RPA, we established a rapid and sensitive detection plat-
form, as showninFig.4a. Theresultsin Supplementary Fig.17 demon-
strate that the trans-cleavage activity of LbuCas13a can be activated
using asynthetic HPV16 gene constructed ona pUC57-Simple plasmid
(Supplementary Table 3). The integrated system, combining the RPA
amplification and CRISPR-Casl13a reaction, reduced detection time
to 21 min (15 min for RPA, 1 min for heating and 5 min for the CRISPR-
Casl3areaction), effectively detecting HPV16 targets as low as 1aM
(0.6 copies pl™), asdemonstratedin Fig. 4b. Compared to SHERLOCK,
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Fig.3|Detecting B19 using SUREST. a, Temperature optimization of SUREST.
The target concentration was 1 nM. n =4 technical replicates; the bars represent
the mean + s.d. b, Buffer optimization of SUREST. The target concentration was
1nM. n=3technical replicates; the bars represent the mean + s.d. c-e, Sensitivity
analysis for RNA (c), dsDNA (d) and ssDNA (e) detection using LbuCas13a, with
concentrations ranging from 0.005t01,000 pM. n = 3 technical replicates; two-

tailed Student’s t-test. **P < 0.01, ***P < 0.001, ***P < 0.0001; the bars represent
the mean + s.d. f, Depiction of B19 virus detection using SUREST integrated with
thelateral flow methodology. g, The lateral flow readout. h, Evaluation of mimic
B19 virus samples using lateral flow dipstick strips. Images were captured 5 min
afterloading the CRISPR reaction mixture.

SUREST offers advantagesin reagent use and fidelity due to the absence
of a T7 transcription step.

To target dsDNA, high temperatures are typically required to
suppress interference from the RPA system, which complicates
the development of POCT equipment. To overcome this limitation
and establish an isothermal detection system, we used RPA with
phosphorothioate-containing primers to protect one strand from
exonuclease degradation. Upon addition of T7 exonuclease, the
unmodified strand was degraded, leaving ssDNA substrates that could
be detected by LbuCas13a (Fig. 4c). We chose HBV*, which causes cir-
rhosis, liver failure and hepatocellular carcinoma, to test our design.
SUREST successfully detected HBV mimic targets as low as 10 aM within
25 min under isothermal conditions (37 °C) (Fig. 4d).

To validate our method, we collected 17 clinical samples. Using
athreshold set at four times the non-target control (NTC) signal vari-
ation, we identified 13 samples as positive and four samples as nega-
tive (Fig. 4e), corresponding with the results from quantitative PCR
(qPCR) (Fig. 4f). These results demonstrate SUREST’s capability for

field-deployable detection.

Single-nucleotide specificity of SUREST

To evaluate SUREST’s capability in distinguishing single-nucleotide
mismatches, we tested fully complementary RNA, dsDNA and ssDNA
targets (Supplementary Tables1, 2 and 4) with single-nucleotide mis-
matches at several positions (4-28) at a concentration of 1 nM (Fig. 5a).
Notably, LbuCasl3a targeting RNA (Supplementary Fig. 18a) showed
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Fig.4 | SUREST for rapid HPV and hepatitis B virus (HBV) detection.

a, Schematic representation of the SUREST methodology for mimicking

HPV16 (dsDNA) detection, highlighting crRNA (black) and the DNA target

site (cyan). b, Sensitivity analysis for mimicking HPV16 (dsDNA) detection via
LbuCasl13a, augmented with RPA. n =4 technical replicates; two-tailed Student’s
t-test.**P< 0.01, **P< 0.001; the bars represent the mean + s.d. ¢, Schematic
representation of SUREST for isothermal HBV detection, highlighting the DNA
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target site (cyan).d, Sensitivity analysis for mimicking HBV (dAsDNA) detection
viaLbuCasl3a, augmented with RPA. n =3 technical replicates; two-tailed
Student’s t-test. *P < 0.05; the bars represent the mean + s.d. e, HBV clinical
sample detection using SUREST. The threshold was set with a fourfold NTC signal
variation. n =3 technical replicates; the bars represent the mean + s.d.

f, Detection in the HBV clinical samples using qPCR.

little differencein signalbetween WT and single-nucleotide mismatch,
suggestingalack of single-nucleotide specificity, whichis slightly diver-
gent from previous studies indicating minor signal variations between
WT andsingle-nucleotide mismatch’. Akinetic analysis (Supplementary
Fig. 18b) suggested that the rapid reaction rate in RNA targeting pre-
cludessingle-nucleotide mismatch specificity. Uponreducing the RNA
target concentration to 100 pM, LbuCasl13a displayed single-nucleotide
specificity predominantly within the seed region (positions 12-20),
with peak specificity at position 16 (Fig. 5b). Intriguingly, certain posi-
tions (24 and 28) unexpectedly enhanced the trans-cleavage activity
of complementary RNA, aligning with prior research®. Anticipating
enhanced specificity in DNA targeting because of weaker crRNA-DNA
affinity compared to crRNA-RNAZ, our results confirmed this hypoth-
esis. LbuCasl3atargeting DNA exhibited single-nucleotide mismatch
specificity, especially for positions 4-20, extending the seed region
range relative to RNA targeting, with peak specificity shifting from
position16 to 8 (Fig. 5¢,d). Thismay be attributed to LbuCas13aresidues
interacting directly only with the base pair at position 8 (ref. 25) and

the DNA-RNA duplex reducing this interaction. Additionally, dsSDNA
targeting revealed high specificity from positions 4 to 20, except for
position12. Closer inspection from positions 8 to 16 indicated higher
tolerance for single-nucleotide mismatches at positions 12 and 14 (Sup-
plementary Fig.19), possibly because of fewer interacting residues at
these positions®. The highest DF was 12 for dsDNA and 98 for ssDNA,
compared to just 5.2 for RNA. Structural studies of LbuCas13a sug-
gested two influential factors: the weaker binding of crRNA to DNA
than to RNA* and RNA’s superior binding to LbuCas13a protein com-
pared to DNA targets™. This leads to a weaker affinity between ssDNA
targets and the LbuCas13a-crRNA complex, resulting in enhanced
single-nucleotide specificity?. Insummary, these findings demonstrate
that single-nucleotide specificity of LbuCasl3a in DNA detection is
substantially higher compared to RNA detection.

In a comparative analysis, we examined the single-nucleotide
specificity of LbuCasl3a in ssDNA detection against LbCasl2a.
While LbCas12a exhibited high specificity for dsDNA, it showed lim-
ited capacity for ssDNA detection®*®. A slight decrease in signal was
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Fig. 5| Exploring the single-nucleotide specificity of SUREST. a, Schematic
diagram of the single-nucleotide mismatched position, highlighting mismatched
nucleotides. The crRNA sequence is depicted in black, the DNA targetin cyan

and the mismatched nucleotide in red. b, Analysis of the single-nucleotide
specificity of LbuCas13a when targeting RNA. The target concentration was

100 pM. ¢, Evaluation of single-nucleotide specificity in the context of LbuCas13a

targeting dsDNA. The target concentration was1nM. d, Assessment of single-
nucleotide specificity during the interaction of LbuCas13a with ssDNA. The
target concentration was 1 nM. e, Schematic detailing SUREST’s applicationin
SNP discrimination, with the SNP locus highlighted in red. f, Results of CPY2C19
(rs4986893) using SUREST. n = 3 technical replicates; the bars represent the
mean +s.d.

observed for single-nucleotide mismatches between positions 12
and 16 (Supplementary Fig. 20), indicating insufficient specificity for
single-nucleotide mismatch detection. In contrast, LbuCasl3atarget-
ing ssDNA demonstrated approximately tenfold higher specificity than
LbCas12a (Supplementary Fig. 21).

The high single-nucleotide specificity makes SUREST a suitable
tool for rapid human genotyping. In this study, we choose CPY2C19
(rs4986893) asamodel to test the genotyping ability of SUREST. Com-
bined with asymmetric PCR, SUREST can detect rs4986893 as low as
0.3aM (0.18 cps pl™) and reliably discriminate between WT, heterozy-
gous mutant type and mutant type (Supplementary Fig.22). Asshown
inFig. 5e, two different crRNAs were used: WT crRNA, which was fully
complementary to the WT sequence, and SNP crRNA, which was fully
complementary to the SNP sequence. To determine the genotypes of

individuals, we conducted experiments using template plasmid sam-
ples. The three genotypes observed in the population included WT,
heterozygous mutant type and homozygous mutant type. First, we opti-
mized the asymmetric PCR by screening the primer and primer ratio
(Supplementary Fig. 23); then, we selected the best efficiency primer
for the following detection (Supplementary Table 2). By using the two
crRNAs, we successfully distinguished between the three genotypes,
asdemonstrated in Fig. 5f. The detection kinetic curves of the different
genotypes are shownin Supplementary Fig.24; G/G, A/Aand G/Awere
easily discriminated once the CRISPR-Cas reaction started. Moreover,
we collected kinetic curve dataat 5 min to calculate the WT:SNP signal
ratio for genotyping rs4986893 (Supplementary Fig. 25). This ratio
allowed for a clearer differentiation between the three genotypes,
further enhancing the accuracy of the genotyping analysis. Overall,
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Fig. 6 | SUREST can discriminate SNPs for human genotyping. a, Circos plot
showing the location of human SNPs detected using SUREST. b, The SUREST
mechanism for human genotyping. We used DF to discriminate between WT
(DF > 4), heterozygous mutant type (0.25 < DF < 4) and mutant type (DF < 0.25).
¢, SUREST correctly genotyped three different individuals at three different SNP
sitesin the human genome. d, Detection of three different individuals at three

different SNP sites in the human genome using SHERLOCK, with one and two
mismatch crRNAs. e, Detection of three different individuals at three different
SNPssites in the human genome using DETECTR. n = 3 technical replicates; the
barsrepresent the mean +s.d. The mutant nucleotide is shownin red; the ticks
and crosses indicate the detection results and their correspondence with Sanger
sequencing.
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the SUREST assay, combined with specific crRNAs, was effective in
accurately genotyping rs4986893, enabling the distinction of different
genotypes with clarity and precision.

SUREST for human genotyping

Tovalidate the practical application of SUREST in human genotyping,
weselected CYP1A1(rs1048943), CYP2C9 (rs1057910) and rs12248560
representing arange of health-related SNPs (Fig. 6a and Supplementary
Table 5). Webenchmarked SUREST detection against genotyping data
obtained from Sanger sequencing, which served as the gold standard
for these SNPs.

Asymmetric PCR demonstrated stable performance (Fig. 5f);
however, it requires athermocycling-capable instrument andisincom-
patible with one-pot CRISPR-Cas systems because of temperature
conflicts. To simplify the detection process for rapid human genotyp-
ing, we used RPA with T7 exonucleases instead of asymmetric PCR to
generate ssDNA, enabling high single-nucleotide specificity recogni-
tion (Fig. 6b). This approach completes human genotypingin 25 min.
Additionally, we established astandard for discriminating WT (DF > 4),
heterozygous mutant type (0.25 < DF <4) and mutant type (DF < 0.25)
using DF values.

We collected whole-blood samples fromtenindividuals (two WT,
two heterozygous mutant type and six mutant type for rs1048943;
nine WT and one heterozygous mutant type for rs1057910; and ten
WT for rs12248560, as confirmed by Sanger sequencing) to test SUR-
EST. SUREST demonstrated more than a fivefold signal difference
between WT and mutant type, and a within twofold difference for
heterozygous mutant type, allowing clear genotype classification
(Fig. 6¢, Supplementary Fig. 26 and Supplementary Table 6). SUREST
accurately identified two WT, two heterozygous mutant type and six
mutant type for rs1048943; nine WT and one heterozygous mutant
type for rs1057910; and ten WT for rs12248560 among the samples,
showing 100% consistency with Sanger sequencing.

We then selected three typical whole-blood samples (sample 01
contained two WT and amutant type; sample 02 contained three WT;
and sample 03 contained two heterozygous mutant types and one
WT) to test SHERLOCK and DETECTR. SHERLOCK failed to distinguish
WT, heterozygous mutant type and mutant type at these loci without
introducing synthetic mismatches in crRNA (Fig. 6d); DF values for
all genotypes ranged from 0.3 to 1.5, making identification difficult.
Furthermore, SHERLOCK only performed well for rs12248560 and
could not genotype rs1048943 and rs1057910, even with synthetic
mismatches in crRNA. Similarly, DETECTR only performed well for
rs12248560 and showed almost no signal response for rs1048943 and
rs1057910 because of the lack of an efficient PAM sequence (Fig. 6e).
Detailed detection results from Sanger sequencing, SUREST, SHER-
LOCK and DETECTR are shown in Supplementary Table 6.

To assess SUREST’s ability to detect low-frequency variants, we
tested a series of mixture samples (WT and SNV) of rs4986893, which
contained SNVs ranging from 0.01% to 100%, with a total concentra-
tion of 20 fM. The results, shown in Supplementary Fig. 27, indicate
that SUREST demonstrated asignal response with just 0.1% mutations,
showingits potential in diagnosing low-frequency mutation samples.
The entire SUREST process can be completed in 40 min (30 min for RPA
and 10 min for T7 exonuclease degradation with CRISPR-Cas), which
is obviously faster than SHERLOCK (over 2 h).

SUREST for genotyping severe acute respiratory syndrome
coronavirus?2

Toimprove genotyping specificity, RNA substrates were amplified using
a phosphorothioate-containing primer, while protecting one strand
from degradation by exonucleases. The addition of T7 exonuclease
degraded the unmodified strand, leaving ssDNA substrates detectable
using LbuCasl13a (Fig. 7a). To assess the ability of SUREST in RNA virus
genotyping, we first used a crRNA targeting the conserved sequence

ofthe N gene to confirm the presence of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). Then, three specific mutation sites
inthe S gene were selected to identify the SARS-CoV-2 variant: K417N
for Beta; S477N and T478K for Delta; and Q498R, N501Y and Y505H
for Omicron (Fig. 7b). Notably, Omicron also has the K417N mutation,
resultingin three signal responses (N gene, K417N, and Q498R, N501Y
and Y505H) compared to only two for Beta (N gene and K417N).

We evaluated detection with SUREST using RNA samples from
17 SARS-CoV-2" and three SARS-CoV-2™ patients (Fig. 7c). Our assay
reliably detected SARS-CoV-2in 20 clinical samples: 17 positive and
three negative, as confirmed using qPCR with reverse transcription
(RT-qPCR) (Fig. 7g). Furthermore, SUREST accurately distinguished
thevirus genotypes by using three crRNAs targeting specific mutation
sites: six WT; five Beta; three Delta; and three Omicron (Fig. 7d-f), which
were confirmed using Sanger sequencing (Supplementary Table 7).

To streamline and reduce the cost of viral extraction and purifica-
tion, we tested the interference of lysis buffer compositionin SUREST.
Clinical samples were heated at 95 °C for 5 min with an equal volume
of lysis buffer. The results in Supplementary Fig. 28 indicate that lysis
buffer composition barely influenced the reaction. Thus, SUREST
can reliably distinguish virus genotypes within 30 min. These results
indicate that SUREST, with a 30-min workflow from raw sample to
virus genotyping, offers a simplified process compared to minimally
instrumented SHERLOCK (60 min)*, SHINE (50 min)** and STOPCovid
(67 min)*, and provides a comparable detection time to ITP-CRISPR
(30 min)** and CRISPR-SPADE (30 min)*,

Discussion

In the realm of CRISPR-Dx methodologies, Cas13a-based nucleic acid
detection platforms stand out for their high sensitivity and rapid
response capabilities. Using techniques like RPA**, loop-mediated
isothermal amplification® or rolling circle transcription*®, innova-
tive platforms such as CARMEN-Casl13 (ref. 47), DISCOVER*® and
EXTRA-CRISPR* have been developed, proving instrumental in diag-
nosing pathogenic and genetic diseases. This has spurred a surge in
researchaimed at unravelling the properties and mechanisms of Cas13a
through structuralbiology, paving the way for its broader applicationin
RNA detection and imaging. Traditionally recognized as an RNA-guided
and RNA-targeting CRISPR effector, further studies have shed light on
the mechanisms of Cas13a in target RNA recognition and cleavage.
Dual activation mode responsive to both DNA and RNA targets has
been found in Cas12a®, Casl4al (ref. 51) and Cas3 (ref. 52), yet certain
aspects of the functionality of Cas13a remain elusive.

Our study uncovered the ability of LbuCasl3a to directly target
DNA. Supplementary Fig. 29 shows that NTC generates a high signal
when a crRNA of LbuCasl3a is synthesized through T7 transcription
butforgetting toremove the DNA template. Intrigued by thisanomaly,
we hypothesized that LbuCasl3a could directly engage with ssDNA and
initiate the trans-cleavage activity. To test this, we designed another
crRNA (targeting the N gene of COVID-19) produced using chemical
synthesis and the corresponding target ssDNA to confirm our hypoth-
esis (Supplementary Fig.30). As hypothesized, the LbuCas13a-crRNA-
ssDNA ternary complex exhibited significant trans-cleavage activity
upon DNA targeting. This DNA-activated trans-cleavage activity was
predominantly observed with LbuCas13a, in contrast to the commonly
used Leptotrichia wadei Cas13a, which exhibited minimal activity (Sup-
plementary Fig. 6). This finding potentially explains why Casl3a has
long been categorized solely as an RNA-targeting protein.

Previous studies indicated that Cas9 and Casl12a rely on PAM
recognition to initiate unwinding of the protospacer segment in the
dsDNA target, thus facilitating subsequent guide RNA invasion and
R-loop formation®**. Recently, researchers revealed that DNA topology
regulates the interaction between AtCas9 and target DNA, enabling
near-PAM-less cleavage®. This may provide a possible explanation
for LbuCasl3atargeting dsDNA. This versatility not only enhances our
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Fig.7|SUREST and the genotyping of SARS-CoV-2. a, Schematic of SUREST for
the POCT detection of SARS-CoV-2. b, Sequences of the N gene, and the K417N,
S477N, T478K, Q498R, N501Y and Y505H mutations. ¢, SARS-CoV-2 clinical
sample detection using SUREST with N gene crRNA. The threshold was set with
afourfold NTC signal variation. d, SARS-CoV-2 clinical sample detection using
SUREST with K417N crRNA. The threshold was set with a fourfold WT signal

variation. e, SARS-CoV-2 clinical sample detection using SUREST with S477N and
T478K crRNA. The threshold was set with a fourfold WT signal variation. f, SARS-
CoV-2clinical sample detection using SUREST with Q498R, N501Y and Y505H
crRNA. The threshold was set with a fourfold WT signal variation. g, Detection
results of SARS-CoV-2 with RT-qPCR and SUREST. n = 3 technical replicates; the
barsrepresent the mean +s.d. ORF, open reading frame.

grasp of the regulatory mechanisms of the CRISPR-Cas13 system, but
also broadens its applicability in molecular diagnostics and imaging.
Anotherintriguing observation pertains to the signal disparity between
DNA targets synthesized via T7 transcription, which is entirely com-
plementary to crRNA, and shorter targets matching only the spacer
region of crRNA. The anti-tag pairing complementarity effect® sheds
light on this phenomenon, which was corroborated by our subsequent
experiments (Supplementary Fig. 31).

Furthermore, we observed that while DNA targets generate weaker
signals compared to RNA targets, their single-nucleotide specificity
is remarkably higher. This discrepancy is possibly due to the inher-
ent structural differences between the LbuCasl3a-crRNA-RNA
and LbuCas13a-crRNA-DNA complexes. Previous studies showed

that Casl13a has two conserved higher eukaryotes and prokaryotes
nucleotide-binding (HEPN) domains®, which catalyse crRNA maturation
and RNA-guided RNA degradation interdependently using two sepa-
rated catalytic sites. They observed notable conformational changes
that occur upontarget RNA binding: the helical-2domain rotates away
from the HEPN2 domain, while the HEPN1 domain rotates towards the
HEPN2 domain. Inaddition, the conformation of crRNA and targetis also
akey factor inthe activation of trans-cleavage activity ina CRISPR sys-
tem?. Consequently, and analogous with Cas9, we hypothesize that the
difference in conformationbetween crRNA-RNA (A form) and crRNA-
DNA (nearly A form) leads to the different trans-cleavage activity”. In
other words, the conformation of crRNA-DNA enables the helical-2
and HEPN1domainsto rotate, but not completely, which decreases the
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trans-cleavage activity of LbuCas13a. Onthe other hand, whenitcomes
to DNA targets, an incompletely matched crRNA-DNA conformation
makes the LbuCas13a-crRNA-DNA ternary complex unstable. There-
fore, single-nucleotide mismatch tolerability is decreased, decreasing
the trans-cleavage activity. Thus, the single-nucleotide sensitivity of the
CRISPR-Dx system based on LbuCasl13aimproved. This provides a pos-
sible explanation why the signal strength generated by the DNA target
is inferior to the RNA target, but the single-nucleotide sensitivity is
noticeably different. Another abnormal phenomenonis that LbuCas13a
displayed higher single-nucleotide specificity when targeting ssDNA
thandsDNA. This may be because after binding with dsDNA, LbuCas13a
does not damage dsDNA, so the effect of the duplex structure on both
sides of the spacer converts the conformation of crRNA-DNA to one
similarto crRNA-RNA. It makes the single-nucleotide specificity of Lbu-
Casl3atargeting dsDNA behave more closely to that of targeting RNA.

Because of limited resources and methodology, the molecular
mechanism of LbuCasl3a targeting DNA is unclear. The interaction
between the LbuCasl3a protein, crRNA and DNA target is complex
because they are bioactive biomacromolecules. Further exploration
should reveal the molecular recognition mechanism of LbuCasl3a
targeting DNA or its application beyond CRISPR-Dx. Because of limited
resources and methodology, the molecular mechanism underlying
the ability of LbuCasl3a to target DNA is largely unclear. The inter-
actions between LbuCasl3a protein, crRNA and DNA are complex
because these are large biomacromolecules withintrinsic bioactivity.
While our findings suggest that LbuCas13a can bind DNA and release
trans-cleavage activity, the exact structural and biochemical bases
for this activity need to be investigated further. Understanding the
molecular recognition mechanisms, including how LbuCas13a unwinds
dsDNA, will be crucial. Additionally, further research could explore the
potential of LbuCasl13a in applications beyond CRISPR-Dx, such as in
gene editing, nucleic acid imaging and other molecular diagnostics.
These insights could open up new avenues for using Cas13ain varied
biotechnology and therapeutic contexts.

In conclusion, our study introduces the SUREST platform, char-
acterized by higher single-nucleotide specificity, high sensitivity
(0.18 cps pl™) and retesting capability. Such single-nucleotide speci-
ficity positions LbuCasl3a as a tool in nucleic acid detection, par-
ticularly in genotyping scenarios. Unlike conventional CRISPR-Dx
systems based on Casl3a, such as SHERLOCK’, SUREST has the added
benefit of detecting nucleic acids without the need for a redundant
RNA target conversion process. Compared to the CRISPR-Dx systems
based on Casl12a, such as DETECTR®, SUREST can precisely target DNA
withoutbeing constrained by the PAM sequence. Its ability to continu-
ously output signals without damaging the target holds promise for
applications in living cell imaging, virus tracing and beyond. Future
exploration into whether other Cas proteins share the properties of
LbuCasl3aare anticipated.

Methods

Materials and instruments

The LbuCasl3aprotein was sourced from Bio-Lifesci. The Leptotrichia
wadei Casl3a protein was obtained from Novoprotein. The LbCas12a
protein was obtained from Tolo Biosciences. The TwistAmp Basic Kit
was obtained from TwistDx Limited. The Universal DNA Purification Kit
was from obtained from BioMed. The Whole Genome DNA Extraction
Kit was obtained from LNJNBIO. The Universal Lateral Flow Assay Kit
was obtained from Milenia Biotec. The Cas13a buffer was obtained from
ToloBiosciences. NEBuffer1.0, NEBuffer 2.0, NEBuffer 2.1, NEBufferrl.1,
NEBuffer r2.1, NEBuffer r3.1and NEBuffer r4.1 were obtained from New
England Biolabs. The Bio-Lifesci buffer was obtained from Bio-Lifesci.
The RNA sequences (Supplementary Table 1) were obtained from Gen-
Script Biotech Corporation. The ssDNA sequences (Supplementary
Table 2) and RNase inhibitors were obtained from Sangon Biotech.
The target gene was built on apUC57-Simple plasmid (Supplementary

Table 3) from Tsingke Biotechnology. The 2x Tsingke Master Mix and
ArtiCanCEO SYBR gPCR Mix were obtained from Tsingke Biotechnol-
ogy.The SYBR Green I dye was obtained from Thermo Fisher Scientific.
dsDNA (Supplementary Table 4) was produced using PCR and recycled
using polyacrylamide gel electrophoresis (PAGE), then purified using
the Universal DNA Purification Kit and quantified through the ultravio-
let absorption spectrum. We conducted three independent replicate
experiments using a single sample.

DNA extraction was carried out using a PEX48 Nucleic Acid plat-
form (Shenzhen living water POCT). Electrophoresis was carried out
using a Bio-Rad Laboratories electrophoresis system. Electrophero-
grams were acquired using a Tanon gel imaging system. Nucleic acid
quantification was carried out using a microplate reader (BioTek).
Real-time fluorescence was measured using a SLAN-96P Real-Time
qPCRsystem or a LineGene 9600 qPCR system (Bioer).

The mutation datafor the SARS-CoV-2 virus are readily accessible
through the Global Initiative on Sharing Avian Influenza Data reposi-
tory. Statistical analysis was performed using Microsoft Excel v.2016.
Gen5was used for the statistical analysis of nucleic acid quantification
(Agilent Technologies). Sanger sequencing data were provided by
Tsingke Biotech. SLAN v.8.2.2 and LineGene 9660 (Bioer) were used
for real-time fluorescence. Gel Imaging System v.4.00 (Tanon) and
the Image Lab Touch Software (Bio-Rad Laboratories) were used for
the electropherograms.

The SARS-CoV-2 samples that the RNA was extracted from were
obtained fromthe Third People’s Hospital of Shenzhen. Whole-blood
samples and serum samples from patients infected with HBV were
obtained from the Shenzhen University Affiliated South China Hospital
(approved by the Ethics Review Committee of Shenzhen University
Affiliated South China Hospital, approval no. HNLS20240709001-A).

Preparation for the RPA and RPA reaction with reverse
transcription

In the RPA reaction, a 50-pl RPA reaction mixture contained 29.5 pl of
primer-free rehydration buffer, 2.4 pl of the forward primer (10 pM),
2.4 plof the reverse primer (10 uM), 5 pl of the sample, 2.5 pl of MgOAc
(280 mM) and 12.2 pl of DNase-free or RNase-free water.

In the RPA reaction with reverse transcription (RT-RPA), the
50-pl RPA reaction mixture contained 29.5 pl of primer-free rehydra-
tion buffer, 2.4 pl of forward primer (10 pM), 2.4 pl of reverse primer
(10 puM), 5 pl of the sample, 2.5 pl of MgOAc (280 mM), 1 pl of RevertAid
Reverse Transcriptase (200 U pl™), 1 pl of RNase inhibitors and 10.2 pl
of DNase-free and RNase-free water.

Preparation for the asymmetric PCRreaction

An optimized 25-pl asymmetric PCR reaction was prepared; it con-
tained 200 nM of restrictive primer, 400 nM of non-restrictive primer,
1fM of DNA template and 1x Tsingke Master Mix. An initial denaturation
step of 2 min at 94 °C was followed by 40 cycles of 94 °Cfor15s, 52 °C
(or other specified annealing temperature) for 15 s with fluorescence
acquisition,and 72 °Cfor15s.

Preparation for CRISPR-Casl3areaction

Amplification-free detection or combined with PCR. An optimized
20-pl CRISPR-Casl13a reaction was prepared; it contained 10 nM of
Casl3a, 500 nM of the RNA reporter, 1x buffer and 10 nM of crRNA.
Then, 18 pl of CRISPR-Cas13awas loaded into the bottom of the tubes;
2 pl of the target (DNA, RNA or PCR product) was loaded on the lids.
Thetarget was centrifuged to the bottom of the tubes. Reactions were
allowed to proceed for 30 min at 33 °C (unless otherwise indicated) on
aqPCR system, with fluorescence kinetics measured every 30 s.

Combined with RPA or RT-RPA. An optimized 20-ul CRISPR-Cas13a
reactionwas prepared; it contained 10 nM of Cas13a, 500 nM of the RNA
reporter, 1x buffer and 10 nM of crRNA. Then, 16 pl of CRISPR-Cas13a
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was loaded into the bottom of the tubes and 3 pl of the RPA product
wasloaded onthelids. The target was centrifuged to the bottom of the
tubes. Reactions were allowed to proceed for 30 min at 33 °C (unless
otherwise indicated) on a qPCR system, with fluorescence kinetics
measured every 30 s.

Preparing the CRISPR-Casl2areaction

Amplification-free detection. An optimized 20-pl CRISPR-Cas12a
reaction was prepared; it contained 10 nM of Casl12a, 500 nM of the
RNA reporter, 1x buffer and 10 nM of crRNA. Then, 18 pl of CRISPR-
Casl2a was loaded into the bottom of the tubes and 2 pl of the target
was loaded on the lids. The target was centrifuged to the bottom of
the tubes.

RPA/RT-RPA, T7 exonuclease and LbuCas13a one-pot reaction

A 20-pl one-pot reaction contained 1 pl of Cas13a (200 nM), 1 ul of
crRNA (200 nM), 1 pl of the RNA reporter (10 pM), 2 pul of Bio-Lifesci
buffer (10x), 1 pul of T7 exonuclease (10 U pl™), 0.5 pl of RNase inhibi-
tors (50 U ul™®) and 10.5 pl of DNase-free or RNase-free water. The 17-pl
mixture was loaded into the bottom of the tubes. The RPA/RT-RPA
reaction was prepared as described above; 3 pl of the RPA/RT-RPA
mixture was loaded on the lids of the tube at 39 °C for 15 min (RPA)
or 42 °C for 20 min (RT-RPA). Then, the target was centrifuged to the
bottom of the tubes. Reactions were allowed to proceed for 30 min at
33 °C (unless otherwiseindicated) ona qPCR system, with fluorescence
kinetics measured every 30 s.

DETECTR

An optimized 20-pl CRISPR-LbCas12a reaction was prepared; it con-
tained 50 nM of LbCas12a, 500 nM of the RNA reporter, 1x buffer and
62.5 nM of crRNA. The 17-pl CRISPR-LbCas12a was loaded into the
bottom of the tubes and 3 pl of the RPA product was loaded on the lids.
The target was centrifuged to the bottom of the tubes.

SHERLOCK

Anoptimized 20-pl CRISPR-Casl3areaction was prepared; it contained
45 nM of LbuCas13a, 500 nM of the RNA reporter, 1x buffer, 22.5 nM
of crRNA, 0.5 U pl™ of RNase inhibitor, 0.6 U pl™ of T7 polymerase,
1 mM of ATP, 1 mM of uridine-5’-triphosphate, 1 mM of guanosine-
5’-triphosphate and1 mM of cytidine triphosphate. The 17-pl CRISPR-
LbuCasl3a was loaded into the bottom of the tubes and 3 pl of the
RPA product was loaded on the lids. The target was centrifuged to the
bottom of the tubes.

PAGE

The PAGE experiments were performed using 15% polyacrylamide gel
inTris-borate-EDTA buffer at 110 Vfor 2 h. Then, the gel wasimmersed
intothe Tris-borate-EDTA buffer containing SYBR Green IIRNA Gel Stain
or SYBR Green I DNA Gel Stain for 3 min. The image was captured with
astandard ultraviolet radiometer.

EMSA

Anoptimized 20-pl CRISPR-Casl12areaction was prepared; it contained
500 nM of LbuCasl13a or LbCas12a, 50 nM of crRNA, 25 nM of dsDNA
target, 1.25 U pl™ of RNase inhibitors and 1x EMSA buffer (100 mM
NaCl, 50 mM Tris-HCI, 100 pg ml™ BSA, pH 7.9, at 25 °C). The crRNA
and 5’ FAM-labelled target RNA were incubated with the LbuCas13aor
LbCasl12afor45 minat37 °C.Samples were then resolved by 2% agarose
gel (1x Tris base, acetic acid and EDTA buffer). Electrophoresis was run
for 20 min at 100 V. Then, electropherograms were acquired using a
ChemiDoc MP Imaging System (Bio-Rad Laboratories).

Lateral flow assay
Quenchers modified on reporters were replaced by biotin molecules
(FAM-UUUUUU-Biotin). To detect B19, the reporter concentration

was decreased to 200 nM to avoid strong background signals; other
reagents were unchanged.

The SUREST reactions (20 pl) for the lateral flow assay were first
incubated at 33 °C for 25 min and then mixed with 20 pl of HybriDe-
tect assay buffer. After mixing, the reaction liquid was applied to the
HybriDetect dipstick and incubated for 5 min. Then, the dipstick was
observed with the naked eye.

Magnetic bead extraction and target recycling

After the Casl3areaction, 200 pl of lysate and a100-pl suspension of
10 pl magnetic beads were added into the centrifuge tube to extract
thesamples, vortexed and mixed for 5 s, and stored at room tempera-
ture for 15 min (vortexed and mixed three times). Magnetic beads
were adsorbed with amagnetic separation frame and the supernatant
was discarded. Then, 500 pl of washing solution I was added, the
tube was vortexed and the contents were mixed for 5s. The mag-
netic beads were adsorbed using a magnetic separation frame for
instant centrifugation and the supernatant was discarded. Then,
200 pl of washing solution Il was added, the tube was vortexed and
the contents were mixed for 5s. The magnetic beads were adsorbed
using a magnetic separation frame for instant centrifugation and
the supernatant was discarded. Then, 200 pl of washing solution Il
was added, the tube was vortexed and the contents were mixed for
5s. The magnetic beads were adsorbed with a magnetic separator
using instant centrifugation; all the liquid was carefully absorbed and
dried at room temperature for 3 min to remove any ethanol residue.
Finally, 20 pl of eluate was added, gently mixed for 15 s, left at room
temperature for 2-3 min and centrifuged immediately. Magnetic
beads were adsorbed using a magnetic separator, and the eluate
containing nucleic acids was recovered into RNase-free centrifuge
tubes for subsequent detection.

SARS-CoV-2 clinical sample collection

Extraction-free viral inactivation and lysis were used to release the
nucleic acids in the samples to minimize and streamline the costly
experimental steps of viral extraction and purification. In this study,
RNA extracted from the SARS-CoV-2 samples was mixed withanequal
volume of lysis buffer containing 1 U pl™ of RNase inhibitor, 250 uM of
tris(2-chloroethyl) phosphate and 0.02 pg pl™ of Chelex 100 at 95 °C
for 5 min to achieve rapid detection. Sanger sequencing was carried
by Guangzhou IGE Biotechnology.

HBV clinical sample collection

Serum samples from patientsinfected with HBV were obtained from the
South China Hospital Affiliated to Shenzhen University. DNA extraction
was carried by the Shanghai Shenggong Health Medical Laboratory.
The extracted DNA sample was analysed using SUREST.

Whole-blood sample collection

Whole-blood samples were obtained from the South China Hospital
Affiliated to Shenzhen University. DNA was extracted using the PEX48
Nucleic Acid platform using a Whole Genome DNA ExtractionKit. Then,
the extracted DNA was analysed using SUREST. Sanger sequencing was
carried by Guangzhou IGE Biotechnology.

Statistical analysis
Two-tailed Student’s t-tests were calculated as follows:

X=X
(1 —DS2+(n,~1)S3 (l " l)
n+n,—2 n ny

where X, and X, are the mean value, S?and S2are the sample variance,
and n; and n, are the sample size.

t=
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DFis calculated as:

Fwr — F
DF = _WT = fwT,
Fsny — Fsny,

Where Fg,, and F,; are the fluorescence signals generated by the SNV
and WT targets, respectively. Fyr, and Fgyy, represent the initial fluo-
rescence signals generated by the SNVand WT targets.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the results of this study are available in the
paper and its Supplementary Information. The sequencing raw data
are available from the Sequence Read Archive under accession nos.
PRJNA1242167 and PRJNA1242195.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection  Sanger sequencing data were provided by Tsingke Biotech.
Gen5 was used for Statistical analysis of Nucleic acid quantification (Agilent, California, USA).
SLAN v8.2.2 (SLAN, Shanghai, China) and Gene-9660 (Bioer, Hangzhou, China) was used for the real-time fluorescence .
Gel Image System v4.00 (Tanon, Shanghai, China) and Image Lab Touch Software (Bio-Rad, Hercules, USA) was used for Electropherograms.

Data analysis Gen5 was used for Statistical analysis of Nucleic acid quantification (Agilent, California, USA). Excel version 2016 was used for Statistical
analysis .The cutoff values were determined by computing the negative samples and subsequently adding three times the standard deviation.
Additionally, the error bars were computed based on the standard deviation of the mean over triplicate measurements.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data supporting the results in this study are available within the paper and its Supplementary Information. The sequencing raw data are available from the
Sequence Read Archive (SRA) of NCBI under accession number PRINA1242167 and PRINA1242195. Source data are provided with this paper.

Research involving human participants, their data, or biological material
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Whole blood and HBV samples used in this experiment were provided by the South China Hospital Affiliated to Shenzhen
University, and have passed safety ethics. The gender of patients was randomly selected during sample selection.

Reporting on race, ethnicity, or We didn't classify people into different categories.And the samples obtained in this experiment were all provided by the

other socially relevant South China Hospital Affiliated to Shenzhen University, and most of them were from Chinese patients.
groupings
Population characteristics The samples obtained in this experiment were all provided by the South China Hospital Affiliated to Shenzhen University,

and most of them were from Chinese patients.All clinical samples were obtained from the Shenzhen Third People's Hospital
(Shenzhen, China). Although age and sex information was meticulously recorded, the information was not used in the data
analysis included in this work. On the basis of results obtained via gPCR, 13 samples tested positive for HBV, whereas 4
samples tested negative.On the basis of results obtained via RT-gPCR, 17 samples tested positive for SARS-CoV-2, whereas 3
samples tested negative.

Recruitment This experiment has signed relevant cooperation agreements with the South China Hospital Affiliated to Shenzhen University,
and Approved by the Ethics Review Committee of Shenzhen University Affiliated South China Hospital, Approval. No.:
HNLS20240709001-A.

Ethics oversight Human samples from patients with SARS-CoV-2, HBV were obtained from the South China Hospital Affiliated to Shenzhen

University, Approved by the Ethics Review Committee of Shenzhen University Affiliated South China Hospital, Approval. No.:
HNLS20240709001-A.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Experiments with synthetic targets had 2-4 technical replicates. Experiments with patient samples had 1 replicate, owing to sample-
volumeconstraints.

Data exclusions  The positive samples should have a signal-to-noise ratio three times higher than that of the negative samples. Otherwise, they will be
regarded as invalid.

Replication Each experiment was done with at least 3 replicates to ensure that the results are reproducible. All attempts at replication were successful,
and standard deviations were within the expected ranges.

Randomization  We conducted randomization of experimental replicates by assigning each synthetic simulated sample to a detection group in a random
order, ensuring unbiased allocation of detections among the samples utilized in this study.

Blinding Calling a sample positive or negative is determined mathematically (an over-3-fold standard deviation change in 5 minutes), so blinding was
not necessary, as user bias does not affect the determination of sample-positivity calling.




Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Dual use research of concern

Plants
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Antibodies

Antibodies used Antibodies used in the lateral-flow strips include polyclonal (rabbit) anti-FITC antibody labelled with gold particles. The antibodies
were included asparts of the lateral-flow assay kit by Milenia Biotec.

Validation Validation was performed by the supplier (Milenia Biotec).
Plants
Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If

plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atthentication-procedures foreach seed stock tised-ornovel-genotype-generated.Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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