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In recent decades, there have been many large-scale outbreaks 
of epidemic diseases caused by viruses such as severe acute 
respiratory syndrome coronavirus (SARS-CoV)1,2, Middle East 

respiratory syndrome coronavirus (MERS-CoV)3, human immu-
nodeficiency virus (HIV)4,5, Zika virus6 and Ebola virus7, as well as 
the current SARS-CoV-2 (coronavirus disease 2019 (COVID-19)) 
pandemic8,9. As of now, the world is facing a serious challenge in 
controlling the spread of SARS-CoV-2, which has caused several 
million deaths and tremendous economic losses8,9. The spread of 
SARS-CoV-2 has been rapid, in part due to the high prevalence 
of presymptomatic and asymptomatic transmission10–12. Exploring 
rapid, specific and sensitive diagnostic strategies is essential for 
combating the COVID-19 pandemic.

However, the availability of nucleic acid diagnostic tests has 
been unable to keep pace with the accelerated spread, as quantita-
tive real-time PCR with reverse transcription (RT–qPCR)-based 
tests, the gold standard for SARS-CoV-2 diagnosis, require skilled 
personnel and equipment infrastructure, and also have long 
sample-to-answer times13–16. Point-of-care nucleic acid tests that are 
sensitive enough to detect the virus in asymptomatic carriers and 
have turnaround times that are fast enough are critical to control 
the pandemic. Isothermal amplification assays, such as recombinase 
polymerase amplification (RPA)17,18 and loop-mediated isothermal 
amplification (LAMP)19,20, provide rapid and low-cost alternatives. 
Abbott’s ID NOW COVID-19 test, which utilizes isothermal ampli-
fication for unextracted samples, is able to report results in 13 min; 

however, this test showed negative results for a third to 45% of the 
samples that tested positive by RT–qPCR21. Moreover, isothermal 
amplification assays are often subject to nonspecific amplification, 
resulting in false-positive results22–25.

CRISPR–Cas (clustered regularly interspaced short palindromic 
repeats–CRISPR-associated proteins) are endonucleases guided by 
RNA to cleave specific nucleic acid sequences, the process being 
known as cis cleavage26–29. Upon recognizing sequences, Cas12 and 
Cas13 exhibit collateral activity to cleave non-target single-stranded 
(ss) DNA and ssRNA, respectively, the process being known as 
trans cleavage26–29. Amplification of target sequences and sequen-
tial cis cleavage by Cas12 or Cas13 family member proteins, fol-
lowed by trans cleavage of caged reporter molecules created 
Cas13a or Cas13b-based SHERLOCK (Specific High Sensitivity 
Enzymatic Reporter Unlocking) and Cas12a-based DETECTR 
(DNA Endonuclease-Targeted CRISPR Trans Reporter)26–28,30,31. 
Both SHERLOCK and DETECTR have been clinically validated to 
detect SARS-CoV-232,33. However, these approaches use a two-step 
process (amplification of target sequences followed by CRISPR 
detection), in addition to an RNA extraction step32,33. The mul-
tiple liquid-handling steps increase time of operation and risk of 
cross-contamination32,33. SHERLOCK has been further developed 
as STOPCovid.v1 (SHERLOCK Testing in One Pot, version 1)  
and SHINE (SHERLOCK and HUDSON Integration to Navigate 
Epidemics) to address this issue; in these assays, combined iso-
thermal amplification and CRISPR detection were used to test  
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unextracted samples in one step22,23. The simplicity of STOPCovid.
v1 and SHINE makes them attractive for point-of-care test-
ing22,23. However, they are much less sensitive than RT–qPCR, and 
require a total reaction time of approximately 1 h22,23. A method 
for amplification-free detection of SARS-CoV-2 using Cas13a was 
reported to get test results in 30 min, but it is at least 100-fold less 
sensitive than RT–qPCR34.

Here we develop a method based on Cas12a, which we named 
sPAMC (for suboptimal PAM (protospacer adjacent motifs) of 
Cas12a-based test with enhanced flexibility, speed, sensitivity and 
reproducibility). We found that in one-step CRISPR detection 
where isothermal amplification and cleavage of Cas12a occur simul-
taneously in the same tube, the use of CRISPR RNAs (crRNAs) tar-
geting substrates with suboptimal PAMs rather than the routinely 
used canonical PAMs could accelerate the reaction speed by 2- to 
3-fold. Moreover, extensive testing showed that sPAMC exhibited 
greater sensitivity and reliability than the one-pot test using canoni-
cal PAMs. The high abundance of suboptimal PAM sequences 
makes this method more flexible for optimization. sPAMC allows 
for the detection of a human cytomegalovirus (HCMV) DNA virus 
in 10 min and of the SARS-CoV-2 RNA virus in 15 min using unex-
tracted samples, with comparable detection limit as qPCR in both 
cases. sPAMC is a CRISPR-mediated detection method that exhib-
its the combined advantages of being simple, fast, sensitive, reliable 
and flexible. It is easy to use (unextracted samples in a one-pot reac-
tion) and fast (showing comparable speed as isothermal amplifica-
tion alone). Furthermore, it is as sensitive, reliable and flexible as 
RT–qPCR. We also provide a mechanistic understanding of how 
to improve the one-pot reaction, providing a path to continuously 
improve the performance of CRISPR detections using Cas12a and 
other effectors, and to apply CRISPR detection beyond lab use to 
point-of-care diagnostics.

Results
We designed a number of crRNAs targeting the replicase polyprotein 
1ab (Orf1ab) and envelope (E) genes of SARS-CoV-2 for a one-pot 
reaction where RPA-based amplification and Cas12a-mediated 
detection occurred simultaneously. We noticed that several crRNAs 
displayed faster kinetics of fluorescence signals than others in 
the one-pot reaction (Extended Data Fig. 1a,b). Detailed analysis 
revealed that those crRNAs with better performance are all designed 
to use a suboptimal PAM of Cas12a (NTTV and TTNT) rather than 
the canonical PAM (TTTV) (Extended Data Fig. 1c). To determine 
whether suboptimal PAM is the key to enhance Cas12a-mediated 
detection in a one-pot reaction, the substrates of spacers 4 and 5 
targeting the Orf1ab gene (named as spacers 4 and 5 hereafter) were 
mutated from suboptimal PAM to the canonical PAM. As expected, 
crRNAs using suboptimal PAM generated weaker and slower collat-
eral activity than those with the canonical PAM (Fig. 1a,b). We then 
compared these substrates in one-pot reactions. In contrast to the 
collateral activity assay, in the one-pot reaction, both spacers 4 and 
5 using suboptimal PAM exhibited faster kinetics than the canonical 
PAM (Fig. 1c,d).

To explore which types of suboptimal PAMs exhibited faster 
reactions in the one-pot reactions, substrates of spacers 4 and 5 
of the Orf1ab gene, spacer 2 of Spike (S) gene of SARS-CoV-2 and 
spacer 1 of the human papillomavirus type 18 (HPV18) L1 gene 
were point-mutated from TTTV to VTTV, TVTV or TTVV. A com-
parison of the collateral activity and one-pot reaction for 120 sub-
optimal PAMs of 4 spacers indicated that more than 80% of spacers 
with suboptimal PAMs showed a faster reaction than those with the 
canonical PAM in the one-pot reaction, and most of the subopti-
mal PAMs with better performance were VTTV, TCTV and TTVV 
(Fig. 1e–h, Extended Data Fig. 2a–d and Supplementary Figs. 1–4). 
The protein structure of Cas12a shows that the PAM-interacting 
domain mainly contacts the second nucleotide of the target strand; 

therefore, mutating the second nucleotide of PAM from pyrimi-
dine to purine is likely to dramatically impair the activity of Cas12a 
(Supplementary Fig. 5). Indeed, some TATV and TGTV PAMs, 
but not TCTV PAMs, showed slower kinetics with reduced fluo-
rescence signals in the one-pot reaction; and consistently, these 
suboptimal PAMs all demonstrated much lower collateral activity 
than the canonical PAMs (Supplementary Figs. 1–4). For spacers 4 
and 5, TTTT PAM exhibited faster kinetics than TTTV PAM in the 
one-pot reaction, indicating that the fourth nucleotide of the PAM 
may also be modified to tune the activity of Cas12a (Supplementary 
Fig. 6a–d). We then introduced two point mutations into the PAM. 
The introduction of two PAM point mutations (TTTV to TTVT) for 
spacer 4 and part of spacer 5, produced faster kinetics in the one-pot 
reaction (Supplementary Fig. 6a–d). We then examined other sub-
optimal PAMs bearing two point mutations. The VVTV and VTVV 
PAMs for spacers 4 and 5 showed reduced kinetics and signals in the 
one-pot reaction and collateral activity (Supplementary Fig. 6e–h). 
Interestingly, mutation of TTTV to TCCV produced a superior reac-
tion in the one-pot reaction (Supplementary Fig. 6h). This may be 
because the PAM of Cas12a can tolerate the T to C mutation; TCCV 
has been characterized as a functional suboptimal PAM35. CCCV, 
with three point mutations, was also recognized as a suboptimal 
PAM35 and indeed, CCCA was faster than the canonical PAM in the 
one-pot reaction (Supplementary Fig. 6i,j). As a negative control, 
another sequence with three point mutations of the PAM sequences, 
AGCA, showed minimal activity in the one-pot reaction. Together, 
these results suggest that a delicate level of collateral activity is asso-
ciated with the performance of one-pot reaction. Here we conclude 
that most VTTV, TCTV and TTVV, as well as some TRTV, TTNT 
and YYYN (except TTTV) PAMs, outperform the canonical PAM 
in the one-pot reaction.

To further demonstrate that the use of suboptimal PAM 
sequences could accelerate the one-pot reaction, we synthesized 
crRNAs targeting the E and S genes of SARS-CoV-2. These crRNAs 
demonstrated faster reactions on substrates with suboptimal PAMs 
than on those with canonical PAMs in the one-pot reaction, indi-
cating that the use of suboptimal PAM could be a general strategy 
to accelerate the speed of the Cas12a-based one-pot test (Extended 
Data Fig. 3a,b).

Previous studies indicate that although one-pot CRISPR diag-
nostics are simple to operate, their sensitivity is lower than that of 
two-step methods, in which target amplification and CRISPR detec-
tion are performed sequentially33. We therefore investigated whether 
the application of suboptimal PAM could improve the sensitivity 
of the one-pot test. The detection limit of spacer 4 using canonical 
PAM was 234 fM concentration of double-stranded DNA (dsDNA) 
in the one-pot reaction; in contrast, its detection limit using sub-
optimal PAM was 2.34 fM concentration of dsDNA (Fig. 2a,b). To 
compare the reliability of tests using suboptimal and canonical 
PAMs, we repeated the experiments under identical conditions 10 
times with 2 replicates each time. With substrates (2,340 fM con-
centration of dsDNA) and incubation times sufficient for both 
suboptimal and canonical PAMs, the fluorescence signal from the 
suboptimal PAM group was highly consistent across all replicates; 
in contrast, signals from the canonical PAM group varied more than 
10-fold across replicates (Fig. 2c). We then compared the detection 
limit and reliability of an additional 2 crRNAs using canonical or 
suboptimal PAMs. Both crRNAs using suboptimal PAMs exhibited 
a ~10- to 100-fold increase in sensitivity and much more consistent 
signal production compared with those with canonical PAMs, dem-
onstrating the improved sensitivity and reliability of suboptimal 
PAM in the one-pot reaction (Fig. 2d–i).

To investigate the dose effect of Cas12a/crRNA ribonucleopro-
tein (RNP) in the one-pot reaction, we tested RNP doses ranging 
from 5.5 nM to 132 nM with assays using suboptimal or canonical 
PAMs. Reactions with suboptimal PAM showed stable kinetic curves 

NATuRe BioMeDiCAL eNgiNeeRiNg | VOL 6 | MARCH 2022 | 286–297 | www.nature.com/natbiomedeng 287

http://www.nature.com/natbiomedeng


Articles Nature Biomedical eNgiNeeriNg

and consistent results with RNP dose ranging from 22–132 nM 
(Supplementary Fig. 7a), whereas reactions with canonical PAM 
displayed drastic fluctuations in kinetic curves and highly variable 
signals, with even a minor change in RNP dose (Supplementary Fig. 
7b). These data further elucidate that using a suboptimal PAM is 
key to reproducible results in the Cas12a-mediated one-pot test.

We next sought to understand the mechanism underlying the 
robust performance of suboptimal PAM-mediated one-pot detec-
tion. In the one-pot reaction, CRISPR detection and isothermal 
amplification might compete against each other, and the ultimate 
detection signal could rely on target amplification to generate ade-
quate substrates for CRISPR detection. It is possible that crRNA 
using suboptimal PAM has slower initial kinetics of CRISPR detec-
tion and thus biases the reaction towards isothermal amplification. 
To examine this possibility, we monitored amplicon generation in 

the one-pot reaction. For spacer 4, the target amplicon was first 
observed 2 min after a one-pot reaction using suboptimal PAM, 
whereas in the canonical PAM group, it took 8–10 min to identify 
the amplicon (Fig. 3a). In addition, the amounts of amplicons gen-
erated by one-pot reactions with suboptimal PAM or RPA alone 
were much greater than those generated by one-pot reactions with 
canonical PAM at each time point (Fig. 3a). Consistently, the gen-
eration of amplicons by spacer 5 and two additional spacers also 
displayed faster kinetics and higher amounts of amplicons in tests 
with suboptimal PAM than those with canonical PAM, indicat-
ing a stronger interference with the RPA amplification when using 
canonical PAM (Fig. 3b and Supplementary Fig. 8a,b). To further 
compare the ability of isothermal amplification under the surveil-
lance of Cas12a, one-pot reactions were carried out using mixed 
substrates composed of 50% suboptimal and 50% canonical PAMs. 
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Fig. 1 | Suboptimal PAMs mediated a faster one-pot reaction than canonical PAMs. a–d, The fluorescence signal of Orf1ab gene spacer 4 and spacer 5 
in collateral activity tests (a,b) and one-pot reactions (c,d) at 37 °C. Suboptimal PAMs for Orf1ab spacer 4 (GTTG) and spacer 5 (CTTA) were mutated 
to canonical PAMs for spacer 4 (TTTG) and spacer 5 (TTTA), respectively. e–h, Summary map of fluorescent kinetics for positions 1–3 point-mutated 
suboptimal PAMs and three canonical PAMs in collateral activity test (e,f) and the corresponding one-pot reaction of spacer 4 (g) and spacer 5 (h). Time 
to half-maximum fluorescence was determined. Fluorescence values were determined at 40 and 20 min for collateral activities and one-pot reactions, 
respectively. The concentrations of dsDNA substrates were 3.5 nM in collateral activity tests and 2,340 fM in one-pot reactions. a,c,e,g, Orf1ab spacer 4. 
b,d,f,h, Orf1ab spacer 5. Mean ± s.d. of n = 3 technical replicates for e–h. NC represents reactions without substrate in a–d.
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Amplicon sequencing analysis revealed that within the first min-
ute of reaction, the amplicons from the suboptimal PAM substrate 
accounted for more than ~90% of the amplification products, sup-
porting the perspective that the use of a suboptimal PAM is crucial 
in promoting RPA amplification under the pressure of competing 
Cas12a cleavage (Fig. 3c,d).

Cas12a-mediated substrate binding and subsequent cis cleavage 
may interfere with RPA amplification. A time course of cis-cleavage 
activity for a constant amount of DNA substrates showed that cleav-
age of the canonical PAM substrates was completed within 30 s, 
whereas it took 10–20 min to complete cleavage of the suboptimal 
PAM substrates (Fig. 3e,f). Cas12a was able to bind suboptimal 
PAM substrates with reduced affinity35. We reasoned that delayed 
cleavage was due to weak binding of Cas12a to the DNA substrate 
with suboptimal PAM. In agreement, the electrophoretic mobil-
ity shift assay (EMSA) analysis of Cas12a binding affinity showed 
reduced binding with suboptimal PAM substrates compared with 
canonical PAM for both spacers 4 and 5 (Fig. 3g,h).

To further clarify the mechanism involved, we evaluated 
cis-cleavage activities, collateral activities and one-pot reaction of 
120 PAMs (including suboptimal PAMs and canonical PAMs) for 4 
different spacers (HPV18 L1 gene spacer 1, Orf1ab spacer 4, Orf1ab 
spacer 5 and S gene spacer 2) (Supplementary Figs. 1–4 and 9). We 
identified that Kcleave and the performance of one-pot reactions had 
clear correlation (Fig. 4a and Supplementary Table 1). All 12 canoni-
cal PAMs of these 4 spacers and 1 suboptimal PAM of Orf1ab spacer 
4 had high Kcleave of 1.2–3.5 min−1. They performed well in collateral 

activity, but all had poor performance in one-pot reactions (Fig. 4a 
and Supplementary Table 1). The suboptimal PAMs with minimal 
cis cleavage (Kcleave = 0–0.1 min−1) had the worst performance in 
both collateral activity and one-pot reaction. In contrast, the subop-
timal PAMs with intermediate Kcleave of 0.1–1.2 min−1 outperformed 
their respective canonical PAMs in one-pot reactions (Fig. 4a and 
Supplementary Table 1). These results indicate that the efficiency 
of cis cleavage is the key factor determining the performance of 
one-pot reactions. Due to excessive substrate consumption caused 
by canonical PAMs-mediated cis cleavage, the amplicon accumula-
tion is slow and unstable, resulting in delayed or lack of collateral 
activity in the one-pot reaction. Although suboptimal PAMs with 
minimal cis cleavage allow accumulation of amplicon (substrates), 
they cannot execute sufficient collateral activity. In contrast, subop-
timal PAMs with intermediate Kcleave allow substrate accumulation at 
the early stage of isothermal reaction while maintaining consider-
able collateral activity. We ranked the best performing suboptimal 
PAMs on the basis of the time to half-maximum fluorescence in 
one-pot reactions (Supplementary Table 1). In the top 5 best per-
forming suboptimal PAMs for each spacer (20 PAMs in total), there 
are 12 VTTV and 5 TCTV. Therefore, we suggest that VTTV can be 
selected as the top suboptimal PAMs, and TCTV are good candi-
dates for one-pot reactions.

Taken together, these data suggest a model for how suboptimal 
PAM functions to promote isothermal amplification and thus results 
in reliable and sensitive detection in a one-pot reaction (Fig. 4b).  
Given that CRISPR detection and isothermal amplification of  
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Fig. 2 | Sensitivity and reliability of suboptimal PAMs-mediated one-pot reactions. The sensitivity and reliability of one-pot reactions using suboptimal 
PAMs and canonical PAMs were compared. crRNAs targeting the Orf1ab gene (spacers 4 and 5) and envelope (E) gene (spacer 8) of SARS-CoV-2 
were used. a,b, The sensitivity of spacer 4 using suboptimal PAM (a) and canonical PAM (b). c, The reliability of spacer 4 using each PAM. d,e, The 
sensitivity of spacer 5 using suboptimal PAM (d) and canonical PAM (e). f, The reliability of spacer 5 using each PAM. g,h The sensitivity of spacer 8 
using suboptimal PAM (g) and canonical PAM (h). i, The reliability of spacer 8 using each PAM. For c, f and i, substrate concentrations were 2,340 fM, 
2,340 fM and 325.5 fM, respectively; fluorescence values were determined 50 min after incubation, and the data are from 10 experiments with 2 
replicates per experiment. For a, b, d, e, g and h, each experiment was repeated three times, with one representative result shown. For a–i, the reaction 
temperature was 37 °C.
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substrates compete against each other, the decreased binding affin-
ity of Cas12a for suboptimal PAM substrates promotes a shift of the 
balance from cleavage towards amplification and thus generates 
sufficient amplicons for detection; in contrast, the stronger binding 
affinity of canonical PAM allows cleavage to outcompete amplifica-
tion and leads to delay or lack of amplicon production, which is 
responsible for the observed delay and instability of detection, with 
reduced sensitivity.

We have demonstrated that using suboptimal PAM is superior 
for one-pot reactions. These results were obtained using an RPA kit 

(AMP future). To examine whether this conclusion is valid using a 
different RPA kit, we performed experiments with an RPA kit from 
TwistDx. These two RPA kits showed no difference in amplification 
sensitivity (Supplementary Fig. 10a). However, when we combined 
RPA and Cas12a in one reaction, the TwistDx kit showed much less 
sensitivity and reduced fluorescence signal (Supplementary Fig. 10b).  
Results suggest that Cas12a is not fully compatible with the buf-
fer environment of TwistDx RPA. A recent study showed that 
LwaCas13a was also not fully compatible with the TwistDx RPA buf-
fer environment23. A method named SHINE was developed to retain 
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both RPA and Cas13a activities in optimized buffers23. Inspired 
by this study, we increased RNP doses from 33.3 nM to 100 nM, 
200 nM and 333 nM in the reaction. We found that 3–6-fold more 
RNP can substantially improve the fluorescence curve of one-pot 
reactions (Supplementary Fig. 10c). Using this improved condition 
and TwistDx kit, we compared the performance of canonical PAMs 
and suboptimal PAMs of 4 spacers. Similar to the AMP future kit, 
the suboptimal PAMs performed much better than canonical PAMs 
when both were using TwistDx kit (Supplementary Fig. 10d–g).

We have thus developed the sPAMC with enhanced flexibility, 
speed, sensitivity and reproducibility. To determine whether sPAMC 
is able to detect DNA viruses, we tested the method with human cyto-
megalovirus (HCMV), a double-stranded DNA virus. We first used 
a plasmid containing the UL55 gene sequence of HCMV as a sub-
strate to compare the sensitivity of sPAMC with qPCR. Both assays 
showed the same detection limit of 5.953 × 10−4 amol plasmid per 
reaction (equal to 29.765 aM concentration in qPCR and 19.843 aM 
in sPAMC) (Fig. 5a,b). The fluorescence signal of sPAMC started 
to appear at approximately 6–10 min and reached a half-maximum 
at approximately 9–15 min for all concentrations tested (Fig. 5b). 
Notably, this speed is at least 2- to 3-fold faster than that of all published 
CRISPR-mediated one-pot tests with target amplification22,23,33,36.  

We then used sPAMC to measure the HCMV viral samples. The 
results showed a detection limit of 24 copies per reaction, compa-
rable to that of qPCR (Fig. 5c,d). To enable a broader application of 
sPAMC, we used simple UV light instead of fluorescence spectros-
copy to measure the signal. At the 10 min time point, all except the 
lowest viral concentration showed positive signals on UV detection, 
and at 15 min, the sample with the lowest number of viral copies 
(equal to a qPCR Ct (cycle threshold) value of 36) was clearly posi-
tive (Fig. 5e,f). We also combined sPAMC with lateral-flow assay 
strips, and this combination was able to detect viral samples with 
Ct values of 33–34 (Fig. 5g). These results are consistent with previ-
ous studies showing that lateral-flow strip assays are less sensitive 
than their corresponding fluorescence signal-based assays22,33. The 
readout by lateral flow requires opening of tubes to add buffer and a 
strip, an additional step that increases hands-on and waiting times, 
as well as risk of cross-contamination22,33. As fluorescence readout 
stimulated by simple UV light is easier, faster and more sensitive, 
we decided to use it for sPAMC to detect SARS-CoV-2 in samples.

One strength of sPAMC is that it greatly expands the avail-
able selection of crRNAs as there are more suboptimal PAMs than 
canonical PAMs. Spacers using VTTV, TCTV and TTVV PAMs 
likely perform well in the one-pot reaction, making the number 
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of available suboptimal PAMs 7-fold higher than that of canonical 
PAMs in theory (21 combinations versus 3 combinations) (Fig. 6a 
and Supplementary Fig. 11a). Moreover, some additional subopti-
mal PAMs, such as TRTV, TTNT and YYYN (except TTTV) may 
also function better than canonical PAMs, making the choice of 
spacer even more flexible (Supplementary Fig. 11b,c). The relaxed 
criteria of PAM selection are particularly important for devel-
oping test kits for viral detection. Although there are more than 
1,000 canonical PAMs of Cas12a in SARS-CoV-2, only a limited 
number of canonical PAMs could be employed for viral detection 
assays given the selection criteria: (1) in a conserved region, (2) in a 
high-copy gene, (3) an active crRNA and (4) compatible with robust 
primers for isothermal amplification. Hence, the extended selection 
of suboptimal PAMs makes sPAMC more flexible for assay optimi-
zation and application to different viral strains.

Finally, we applied sPAMC to detect SARS-CoV-2. We first 
compared the sensitivity of RPA/Cas12a/suboptimal PAM-based 
sPAMC and LAMP/Cas12b-based STOPCovid using a DNA frag-
ment encoded nucleoprotein (N) gene of SARS-CoV-2. sPAMC is 
~100-fold more sensitive than STOPCovid, and the speed of sPAMC 
is 3-fold faster than STOPCovid in detecting DNA samples (13 min 
versus 40 min, time to half-maximum fluorescence) (Fig. 6b–e, left). 
Then we examined the capability of sPAMC to detect RNA samples 
by combining RT–RPA and Cas12a. Our initial data showed that the 
sPAMC was not as sensitive as RT–qPCR in detecting RNA samples. 
We speculated that the RT step was the rate-limiting step, despite 
RNase H having been added to the reaction33,37. To improve the effi-
ciency of the RT step, we first increased the temperature of the reac-
tion from 37 °C to 42 °C, as RT enzymes usually perform better at 
higher temperature, and both RPA and Cas12a are activated at 42 °C. 
Indeed, sPAMC performed well at 42 °C (Supplementary Fig. 12a). 
Similar to RT–qPCR, RT–RPA usually used its reverse primer as RT 
primer33,37. We hypothesized that the RPA reverse primer which is 
more than 30 nt, may not be efficient for the RT step. Indeed, the RT 
efficiency of the RPA reverse primer was 6-fold less efficient than 
the qPCR reverse primer (Supplementary Fig. 12b). Therefore, we 
added an additional 18 nt primer to function as an RT primer, and 
meanwhile reduced the concentration of the RPA reverse primer 
to prevent its interference of the RT process. The combination of 
reactions at 42 °C, adding an additional short RT primer and reduc-
ing the concentration of RPA reverse primer substantially improved 
RT efficiency and overall sPAMC performance for detecting RNA 
samples (Supplementary Fig. 12a–d). An in vitro-transcribed 
RNA fragment of SARS-CoV-2 N gene was used to compare the 
ability of sPAMC and STOPCovid to detect RNA. sPAMC exhib-
ited ~100-fold higher sensitivity, and was ~2.5-fold faster than 
STOPCovid for RNA detection (Fig. 6b–e, right).

We head-to-head compared the limits of detection (LOD) of 
sPAMC and RT–qPCR, the latter considered as the current gold stan-
dard by US Centres for Disease Control and Prevention (CDC)38. We 
first determined the LOD of RT–qPCR using commercially available 
SARS-CoV-2 Pseudovirus as the standard37. The LOD of RT–qPCR 
was 1 cp μl−1 (Supplementary Fig. 13a,b), which is consistent with the 
results released by CDC38. Then we compared the LOD of sPAMC 
and RT–qPCR, and determined that the LOD of sPAMC was 1 cp μl−1 
(Supplementary Fig. 13c), comparable to that of RT–qPCR.

We evaluated the performance of sPAMC in SARS-CoV-
2-positive and -negative clinical samples, and compared its per-
formance with STOPCovid. A total of 104 SARS-CoV-2-positive 
nasopharyngeal swab samples (48 unextracted and 56 extracted 
samples) with a wide range of Ct values (18.1–35.8) and 100 
SARS-CoV-2-negative samples were used. sPAMC had a sensi-
tivity of 94.2% and a specificity of 100.0% (Fig. 6f–h), and it was 
able to detect samples with Ct value 35.8 (1.2 cp μl−1 according to 
the standard curve of RT–qPCR in Supplementary Fig. 13b). The 
positive signal appeared as early as 10 min, and all positive samples 

showed signals at 15 min (Fig. 6g and Supplementary Fig. 14a,b). 
The signal can be detected by UV light or a simple blue light device 
(Supplementary Fig. 14c). In comparison, STOPCovid.v1 was 
unable to stably detect samples with Ct value above 31.0, resulting in 
a sensitivity of 78.8% (Supplementary Fig. 15a–c). Finally, to assess 
the specificity of sPAMC, we tested several common human coro-
naviruses including MERS, HKU1, 229E, NL63 and OC43 through 
RPA amplification, collateral activity test and one-pot reaction. 
The results indicated no cross-reaction with other common viruses 
(Supplementary Fig. 16a–d).

Discussion
The global outbreak of COVID-19 highlights the critical need for 
fast, sensitive and reliable diagnostics that can be applied in the 
laboratory and for point-of-care testing13–20. RT–qPCR is the most 
widely used gold-standard test for COVID-19. However, its rela-
tively long turnaround time and reliance on expensive equipment 
have become rate-limiting issues when facing high demands for 
virus tests13–16. To meet these great challenges and help stop the 
spread of COVID-19, a preferable molecular assay fulfilling the 
following criteria is greatly needed to monitor and manage viral 
spread: (1) fast, to provide diagnostic information within the period 
of a patient visit or before a gathering event, (2) simple, to allow 
the test to be used by unskilled people and (3) equally sensitive as 
RT–qPCR, to capture most infected patients.

Here we developed a suboptimal PAM-mediated one-pot detec-
tion method named ‘sPAMC’. We found that using a suboptimal 
PAM of Cas12a rather than canonical PAM provides robust one-pot 
test in several ways: (1) the speed of sPAMC is 2- to 3-fold faster than 
that of a one-pot reaction using canonical PAM (Fig. 1, Extended 
Data Figs. 1–3, and Supplementary Figs. 1–4 and 6), requiring only 
10–15 min to detect HCMV and 15 min to detect SARS-CoV-2 
(Figs. 5 and 6); (2) the sensitivity of sPAMC is higher than that of a 
one-pot test using canonical PAM, and comparable to that of qPCR 
(Figs. 2, 5 and 6); (3) the signal from sPAMC is highly reproduc-
ible, with less than ~30% fluctuation across samples (Fig. 2); and (4) 
the broader selection of suboptimal PAM sequences makes assay 
development more flexible (Fig. 6a and Supplementary Fig. 11). 
Mechanistically, we found that Cas12a-mediated substrate cleav-
age competes with isothermal amplification in the one-pot reaction. 
The reduced binding affinity of Cas12a with suboptimal PAM sub-
strate is critical for the attenuated cis-cleavage activity, and thus pro-
motes the balance shift to isothermal amplification (Figs. 1, 3 and 4, 
Supplementary Table 1, Extended Data Fig. 2, and Supplementary 
Figs. 1–4 and 6). As a consequence, effective isothermal amplifica-
tion further strengthens Cas12a-mediated detection by providing a 
sufficient pool of amplicons within a short period of time, allowing 
the detection of low concentrations of substrates and the generation 
of reproducible and robust signals.

A kinetics model based on Michaelis–Menten enzyme kinetics 
theory was developed for Cas12 and Cas1339. It indicates that cis 
cleavage retains sufficient activities even at low substrate concen-
trations, and increasing the concentrations of substrates acceler-
ates collateral reaction39. This is consistent with our model that cis 
cleavage is the key to the performance of one-pot reactions (Figs. 
3 and 4, and Supplementary Table 1). Due to excessive substrate 
consumption caused by canonical PAMs-mediated cis cleavage at 
low concentration of substrates, amplicon accumulation is slow and 
unstable, resulting in delayed or lack of collateral activity. In con-
trast, suboptimal PAMs allow substrate accumulation at early stages 
of the isothermal reaction, and the abundant amplicons further 
accelerate collateral reaction, resulting in faster reaction with even 
lower concentrations of initial substrate.

The sequencing ratio stabilizes within the first minute in  
Fig. 3c,d. The rapid stabilization of the sequencing ratio can be 
caused by stronger cis-cleavage activity of canonical PAMs to 
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quickly reduce their substrates at very early time points (within the 
first minute of reaction). This is consistent with the cis-cleavage data 
of canonical PAMs and suboptimal PAMs (cleavage data at 0.5 and 
1 min in the gel; Fig. 3e,f and Supplementary Fig. 9).

We applied several methods to detect unextracted NP swabs, 
including fluorescence readout, UV imaging and blue light imag-
ing by simple devices (Fig. 6f,g and Supplementary Fig. 14). Both 
UV and blue light can effectively detect all positive samples. Strong 
positive samples could be visualized with naked eyes. Further opti-
mizing fluorescence reporters or improving collateral activity may 
boost the signal to allow all positive samples to be visualized with 
naked eyes36.

A recent study clinically validated a two-step method for 
Cas13a-mediated detection of SARS-CoV-233. The two-step detec-
tion took approximately 1 h, and its detection limit corresponded 
to a Ct value of 33.5 in RT–qPCR33. Cas12a-based DETECTR was 
applied to detect SARS-CoV-2 from RNA extracts of patient sam-
ples, and it demonstrated 95% positive agreement with RT–qPCR 
assay32. DETECTR is also a two-step detection method involving 
RT-LAMP and subsequent Cas12a detection, taking approximately 
1 h to finish32. In comparison, the sPAMC developed in this study 
is easier to perform, following a one-step protocol to minimize 
hands-on time and incubation time, and reduce the probability of 
contamination.

STOPCovid.v1 combines LAMP and Cas12b detection in one 
step22. A magnetic bead step for RNA extraction and concentra-
tion is added before the one-pot reaction to generate STOPCovid, 
version 2 (STOPCovid.v2)22. STOPCovid.v1 (200 copies per reac-
tion) is less sensitive than RT–qPCR (20 copies per reaction), while 
STOPCovid.v2’s detection limit has been substantially improved 
due to the RNA extraction and concentration step22. Although 
RNA extraction is able to enhance sensitivity, the extra step of using 
magnetic beads and fields increases the test cost and hands-on 
time, and an entire nasopharyngeal swab is used for one test, mak-
ing it difficult to repeat the assay. In both versions, Cas12b uses 
its canonical PAM22. It is possible that suboptimal PAMs might 
function similarly in promoting Cas12b-based one-pot reaction. 
The notable variation in the fluorescence signal in the STOP assay 
might be minimized by using suboptimal PAM22. The spacer used 
in STOPCovid partially overlaps with the primers used for LAMP; 
thus, the concentrations of Cas12b and crRNA are titrated to reduce 
false-positive results22. The limited choice of spacers due to the 
lower prevalence of canonical PAMs may introduce such overlap. 
Targeting broadly available suboptimal PAMs may avoid the need 
to overlap the spacer with LAMP primers and also allow the iden-
tification of better-performing spacers to further improve the per-
formance of STOPCovid.

The approaches of using suboptimal PAM or reducing bind-
ing of Cas effectors to their substrates in a one-pot reaction could 
also be tested for other members of the Cas12a family and Class II 
type V effectors. It will be interesting to explore whether Cas pro-
teins other than Cas12a could exhibit superior speed and sensitiv-
ity using suboptimal PAM in a one-pot reaction. Although there 
remain several future directions to pursue, sPAMC requires less 
incubation time and is more sensitive than STOPCovid.v1, SHINE 
and amplification-free detection using Cas13a (Extended Data Fig. 
4). Moreover, it is easier to perform and faster than SHERLOCK, 
DETECTR and STOPCovid.v2. sPAMC appears to be the first 
CRISPR-mediated detection method to exhibit the combination of 
one step, fast speed, high sensitivity, high reliability and flexibility.

Methods
Plasmid and dsDNA preparation. The S and E genes of SARS-CoV-2 were 
synthesized and cloned into the pUC57 vector (GenScript Biotech). The N gene 
dsDNA of SARS-CoV-2 was obtained by RT–PCR using inactivated viruses, and 
N gene dsDNA of other human coronaviruses were synthesized (GenScript). 
The Orf1ab dsDNA substrates containing spacer 4 and spacer 5 targeting regions 

were obtained by PCR. UL55 dsDNA was obtained by PCR using inactivated 
HCMV virus as a template and cloned into the pUC57 vector. The SARS-CoV-2 
Pseudovirus was lentivirus packaged with SARS-CoV-2 N gene (Beyotime 
Biotechnology).

Preparation of HCMV. Viral samples were collected from the supernatant of cells 
cultured after infection with HCMV. The HCMV viral sample was inactivated at 
95 °C and diluted 1:1 in lysis buffer (QuickExtract DNA extraction solution). The 
copy number was quantified by qPCR according to the standard curve generated 
using plasmid DNA.

LbCas12a protein expression and purification. The DNA fragment encoding 
LbCas12a was cloned into a pET-based expression vector containing a C-terminal 
6×His-tag. Escherichia coli strain BL21 (DE3) transformed with the recombinant 
plasmid was incubated with 0.5 mM isopropyl β-D-1-thiogalactopyranoside 
(IPTG) when the culture density reached an OD600 of 0.7 and was grown at 21 °C 
for another 16 h. The protein was purified from the cell lysate via Ni-NTA resin 
and eluted with buffer containing 20 mM Tris-HCl, 500 mM NaCl and 500 mM 
imidazole, pH 7.4. Then, the concentrated protein was further filtered using a gel 
filtration column (Superdex 200 Increase 10/300 GL) in elution buffer containing 
20 mM Tris-HCl and 200 mM NaCl at pH 7.5. The final storage buffer comprised 
20 mM Tris-HCl (pH 7.5), 200 mM NaCl and 5% glycerol.

RPA and RT–RPA. One lyophilised RPA pellet was resuspended in 29.4 μl buffer 
A, 16.1 μl nuclease-free water, 1 μl 20 μM RPA forward primer and 1 μl 20 μM RPA 
reverse primer to form the RPA mix according to the manufacturer’s instructions 
(Weifang Amp-Future Biotech). RPA kits from TwistDx (TABAS03KIT) were 
used in Supplementary Fig. 10. TwistDx RPA mix was resuspended in 29.5 μl 
rehydration buffer, 15.6 μl nuclease-free water, 1.2 μl 20 μM RPA forward primer 
and 1.2 μl 20 μM RPA reverse primer. The primer sequences are presented in 
Supplementary Table 2. For the RT–RPA reaction, 0.9 μl RNase H (50 U μl−1 stock; 
New England Biolabs, NEB) and 0.45 μl SuperScript IV reverse transcriptase 
(Thermo Fisher) or EpiScript RNase H-reverse transcriptase (Lucigen) were 
added to the RPA mixture33,37. The reactions were performed at 37 °C or 42 °C. In 
the finalized version of RT–RPA reactions, 1 μl 5 μM RPA reverse primer and an 
additional RT primer (1 μl 40 μM) were added.

Preparation of crRNA. The DNA template for in vitro transcription was 
synthesized by overlapping PCR of two oligos. One oligo contained the T7 
promoter sequence, and the other contained a spacer sequence. The PCR product 
was incubated with T7 RNA polymerase for in vitro transcription at 37 °C for 2 h. 
The in vitro transcription reaction was treated with DNase I (Promega) for 15 min 
at 37 °C, and then purified using a Monarch RNA cleanup kit (NEB). The crRNA 
sequences are presented in Extended Data Fig. 1c and Supplementary Table 3.

One-pot reaction. One-pot reactions were performed in 30 μl reaction 
volumes containing 33 or 100 nM LbCas12a RNP, 400 nM FQ ssDNA 
reporter (FAM-TTATT-Quencher, Takara Biotechnology), dsDNA substrate 
(Supplementary Table 4) and RPA or RT–RPA components. The RNP complex, FQ 
ssDNA reporter (8 μl) and RPA mixture (18 μl) were added to each one-pot reaction 
well, and subsequently, 2 μl buffer B and dsDNA activator were supplied before 
readout through a SpectraMax i3x at 37 °C or 42 °C. The assay was also monitored 
under UV, blue light or by lateral flow detection (Milenia HybriDetect 1 kit, 
TwistDx). The final concentrations of the reporter for UV detection were adjusted 
to 0.4–2 μM. The reporter for lateral flow detection was FAM-TTATTATT-Biotin, 
with a final concentration of 0.8 μM. The concentrations of dsDNA substrate were 
18.3 fM–2.3 pM for Fig. 1, and Supplementary Figs. 1–4 and 6.

Deep sequencing. The deep-sequencing samples were prepared as one-pot 
reactions, except that substrate consisted of mixed canonical-PAM and 
suboptimal-PAM substrates at a 1:1 ratio. The reaction was terminated by adding 
proteinase K (Thermo Fisher) at different time points, and then heated at 95 °C 
for 5 min to inactivate the protease. The products were amplified with adapters 
and barcodes (Supplementary Table 5) for Illumina NovaSeq, and the reads were 
filtered using an average Phred quality (Q score) of at least 25. Raw reads were 
analysed by Python scripts, and the data were normalized according to the reads at 
the 0 min time point.

Cas12a in vitro cleavage and collateral activity. For in vitro cleavage, the 
LbCas12a RNP was incubated at room temperature for 20 min in 1× NEBuffer 
2.1 before incubation with dsDNA at 37 °C. The reaction was terminated by 
adding proteinase K at various time points, and the products were visualized on 
a 2% Tris-acetate-EDTA (TAE) gel. The concentrations of RNP used were 50 or 
100 nM, and the concentrations of dsDNA substrate were 6–7.5 nM or 9–11 nM. 
The percentage of substrates and products were quantified by Image Lab software 
(Bio-Rad). The cleavage efficiency at each time point was plotted as a function 
of time, and these data were fit with a one-phase exponential decay curve, to 
calculate Kcleave values (Prism 8, GraphPad Software)40. The collateral activity assay 
was performed in a 30 μl volume containing 33 nM LbCas12a RNP and 400 nM 
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ssDNA reporter (FAM-TTATT-BHQ1) in 1× NEBuffer 2.1, and the fluorescence 
signal was recorded using SpectraMax i3x. The concentrations of dsDNA substrate 
activators used were 2.7–3.5 nM.

EMSA. Deactivated LbCas12a (D832A) (hereafter dCas12a) was expressed and 
purified as described above. An EMSA was performed with dCas12a RNP and 
a 5’-FAM-labelled 50 nt dsDNA substrate using 1× NEBuffer 2.1. Binding was 
carried out at 37 °C for 20 min and the reactions were then supplemented with  
5% glycerol. Samples were then resolved on 4% Tris-borate/EDTA polyacrylamide 
gels for 15–20 min at 120 V, and the results were visualized using a fluorescent 
image analyser.

qPCR and RT–qPCR assay. qPCR assays for HCMV samples were performed  
in 20 μl reaction volumes containing 10 μl 2× AceQ qPCR probe master  
mix (Vazyme), 1 μl of each primer pair at 10 μM (Supplementary Table 6) and  
0.2 μl 10 μM TaqMan probe (GenScript). The numbers of viral copies inputted  
and sample processing in qPCR and sPAMC were the same. Each RT–qPCR 
reaction for SARS-CoV-2 samples contained 10 μl 2× one-step SYBR Green  
mix, 1 μl one-step SYBR Green enzyme mix (Vazyme) and 0.4 μl of the primer  
pairs at 10 μM. The input volume for the RT–qPCR assay was 1.34 μl sample  
per 20 μl reaction.

SARS-CoV-2 clinical sample collection. The clinical samples tested in this study 
were approved by the Wuhan Jinyintan Hospital Ethics Committee (KY-2021-
01.01). SARS-CoV-2 samples were obtained from the Wuhan Jinyintan Hospital. 
Unextracted samples were lysed at 95 °C for 5–10 min with an equal volume of 
lysis buffer containing 1 U μl−1 RNasin Plus, 250 μM tris-2-chloroethyl phosphate 
(TCEP) and 0.02 μg μl−1 Chelex-10037,41. The extracted RNA samples were purified 
according to the manufacturer’s protocol (liferiver). They were mixed with RT 
primer for sPMAC detection. The UV images for all samples were processed in 
Image Lab (Bio-Rad) under these parameters: time of exposure: 0.368–0.636 s, 
Gamma value: 0.9–1.14. STOPCovid.v1 assay was performed exactly following the 
published protocol22.

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

Data availability
The data supporting the results in this study are available within the paper and its 
Supplementary Information. The deep-sequencing raw data are available from the 
Sequence Read Archive (SRA) of NCBI under accession number PRJNA728523. 
Source data are provided with this paper.
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Extended Data Fig. 1 | Suboptimal and canonical PAMs-mediated one-pot reactions. a,b, One-pot reactions used spacers with suboptimal or canonical 
PAMs in Orf1ab (a) and E (b) genes of SARS-CoV-2. The crRNAs 1–3 targeting Orf1ab gene and crRNAs 2–7 targeting E gene used canonical PAMs whereas 
crRNAs 4-5 targeting Orf1ab gene and crRNA 1 targeting E gene used suboptimal PAMs. c, The PAMs and spacers used in the one-pot reaction.
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Extended Data Fig. 2 | Comparison of collateral activity and one-pot reaction on various suboptimal and canonical PAMs. a-d, Summary of fluorescent 
kinetics for position 1–3 point-mutated suboptimal PAMs and three canonical PAMs in collateral activity test (a-b) and the corresponding one-pot reaction 
of HPV18 L1 gene spacer 1 (c) and SARS-CoV-2 S gene spacer 2 (d). Time to half-maximum fluorescence was determined. Fluorescence values were 
determined at 40 and 20 minute for collateral activities and one-pot reactions, respectively. 2.7 nM and 2.8 nM dsDNA substrates were used for collateral 
activity assays of HPV18 L1 gene spacer 1 and S gene spacer 2, respectively. 18.3 fM and 189 fM dsDNA substrates were used for one-pot reaction of 
HPV18 L1 gene spacer 1 and S gene spacer 2, respectively. Mean ± s.d. of 3 technical replicates.
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Extended Data Fig. 3 | Comparison of suboptimal and canonical PAM-mediated one-pot reaction. E gene spacer 8 (a) and S gene spacer 3 (b) of 
SARS-CoV-2 were examined. The concentrations of dsDNA in one-pot reactions were 325.5 fM and 189 fM for E gene spacer 8 and S gene spacer 3, 
respectively. All reactions were carried out at 37 °C.
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Extended Data Fig. 4 | Comparison of CRiSPR-based SARS-CoV-2 detection methods. The substrates for evaluating sensitivity are the following: 
SARS-CoV-2 Pseudovirus for sPAMC, N gene RNA for DETECTR and Amplification-free detection, extracted genomic RNA for SHERLOCK and SHINE, 
SARS-CoV-2 genome standards for STOPCovid.v1, and concentrated samples for STOPCovid.v2.
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