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A B S T R A C T   

Isothermal amplification methods are a promising trend in virus detection because of their superiority in rapidity 
and sensitivity. However, the generation of false positives and limited multiplexity are major bottlenecks that 
must be addressed. In this study, we developed a multiplex Argonaute (Ago)-based nucleic acid detection system 
(MULAN) that integrates rapid isothermal amplification with the multiplex inclusiveness of a single Ago for 
simultaneous detection of multiple targets such as SARS-CoV-2 and influenza viruses. Owing to its high speci
ficity, MULAN can distinguish targets at a single-base resolution for mutant genotyping. Moreover, MULAN also 
supports portable and visible devices with a limit of detection of five copies per reaction. Validated by SARS-CoV- 
2 pseudoviruses and clinical samples of influenza viruses, MULAN showed 100% agreement with quantitative 
reverse-transcription PCR. These results demonstrated that MULAN has great potential to facilitate reliable, easy, 
and quick point-of-care diagnosis for promoting the control of infectious diseases.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has 
spread worldwide, creating a major public health concern. The early 
clinical features of SARS-CoV-2 infection are similar to those of common 
respiratory viruses, such as influenza viruses, but with higher fatality 
(Standl et al., 2021), and evolved single-base mutants are more infec
tious and deadlier than wild-type (WT) SARS-CoV-2 (Ali et al., 2021; 
Korber et al., 2020; Wang et al., 2021). Therefore, multiplex detection 
and mutation genotyping have become increasingly important for 
evaluating the transmissibility and pathogenicity of the virus (Volz 
et al., 2021). 

Quantitative reverse-transcription polymerase chain reaction (RT- 
qPCR) is well recognized as the gold standard detection technique for 
viruses including SARS-CoV-2 (Oliveira et al., 2020); however, it has 
certain limitations, such as bulky equipment and long readout time 
(Esbin et al., 2020). Emerging isothermal methods, such as 
loop-mediated isothermal amplification (LAMP) and recombinase po
lymerase amplification (RPA) are promising alternative tools for rapid 
and sensitive detection (El Wahed et al., 2021; Yan et al., 2020). How
ever, these isothermal methods face the challenge of nonspecific 
amplification, which may produce false results (Hardinge and Murray, 
2019; Schneider et al., 2019; Wang et al., 2019), as observed in the 
detection of SARS-CoV-2 (de Oliveira et al., 2021; Pang et al., 2020). In 
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addition, multiplex detection derived from isothermal amplification is 
challenging owing to the nonspecific direct readout, which is usually 
generated from a fluorescent dye. 

In recent years, clustered regularly interspaced short palindromic 
repeat (CRISPR)-based diagnostic methods have been established in 
combination with RT-LAMP or RT-RPA isothermal amplification 

methods (Chen et al., 2018; Kellner et al., 2019; Li et al., 2019). The 
multiplexed nucleic acid detection platform was developed by screening 
and characterizing additional CRISPR-associated protein (Cas) orthologs 
to allow for the detection of up to four targets; a single Cas enzyme is 
responsible only for a single target with the corresponding probe 
(Gootenberg et al., 2018). Nevertheless, the complexity of multiplex 

Scheme. 1. Schematic illustration of the PfAgo-based MULAN for simultaneous detection of three targets.  

Fig. 1. Portable and visible detection based on MULAN. (a) Design of gDNAs and reporter for SARS-CoV-2 detection. (b) Device and consumables needed to perform 
the portable MULAN assay. (c) One-pot portable detection using diluted SARS-CoV-2 RNA. Error bars indicate the standard deviation of three replicates. (d) Lateral 
flow dipstick detection of SARS-CoV-2 RNA with decreasing input concentrations. (e) Blue-light irradiation results for detection of SARS-CoV-2 RNA with decreasing 
input concentrations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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detection, high cost, and instability caused by guide RNA utilization 
constrain the diagnostic application of CRISPR methods. 

Thermophilic Argonaute (Ago)-based nucleic acid detection is an 
alternative method for recognizing target nucleic acids mediated by 
guide DNAs (gDNAs) without any restriction of the target sequence 
(Jolly et al., 2020; Liu et al., 2018). Profiting from the stability of gDNA, 
the flexibility of design, and the high specificity of endonuclease activ
ity, Ago-based methods have been developed for the detection of tumor 
and pathogen biomarkers (He et al., 2019; Liu et al., 2021; Song et al., 
2020; Xun et al., 2021b). In particular, the Ago enzymes of the hyper
thermophilic Pyrococcus furiosus (PfAgo) and Thermus thermophilus 
(TtAgo) have been applied to achieve efficient multiplex detection of 
rare mutations (Liu et al., 2021; Song et al., 2020). For application in 
virus detection, Ago’s stepwise cleavage has been explored to enable the 
sequence-specific detection of human papillomavirus (He et al., 2019; 
Xun et al., 2021b). However, these methods are still combined with PCR 
in a two-step protocol and require bulky instruments and a lid-opening 
operation, along with a risk of contamination. The recently reported 
one-pot PfAgo-based detection for COVID-19 diagnosis integrates rapid 
amplification and PfAgo cleavage, but it requires prefabricated capil
laries and a specific device that is expensive and unavailable for com
mon instruments, and only supplies single-plex detection (Xun et al., 
2021a). 

In this study, we established an Ago-integrated RT-LAMP for one-pot 
multiplex detection, named the multiplex Ago-based nucleic acid 
detection system (MULAN). We first integrated this new platform in a 
one-pot system via a special sealed tube and detected the virus using a 
portable device. With an elaborate design of gDNAs and reporters, we 
also applied this new method to simultaneously detect SARS-CoV-2 WT 
and its D614G mutant. Moreover, triplex MULAN detection of SARS- 
CoV-2 and influenza A and B viruses in a single reaction was achieved 
via clinical validation. In short, this platform provides a rapid, sensitive, 
and easy-to-implement solution for a range of medical diagnoses. 

2. Results and discussion 

2.1. Design and optimization of MULAN 

We designed MULAN to detect multiple targets in a one-pot reaction, 
as shown in Scheme 1. 

Isothermal LAMP is difficult to use for multiplex detection because of 
its low specificity due to non-specific amplification. The conventional 
readouts of LAMP, for example, SYBR Green dye, cannot specifically 
recognize the target product. MULAN takes advantage of specific gDNA- 
directed PfAgo cleavage to precisely recognize the LAMP products at a 
constant temperature of 95 ◦C. Briefly, two responding gDNAs com
plementary to one strand of concatenated amplicons were designed for 
each target. Each target amplicon corresponded to two specific gDNAs 
and one fluorescence-modified reporter. The gDNA triggered the pri
mary cleavage of one strand of target LAMP amplicons to generate 
renewed gDNA, which then directed the secondary specific cleavage of 
reporters with different fluorescence modifications. Then, the results 
were determined by the fluorescent readout of different channels cor
responding to the different targets. Consequently, the fluorescence in
tensity was observed in the presence of the input target, whereas 
nonspecific amplicons could not trigger the cleavage of the reporter to 
generate fluorescence. We anticipated that MULAN would integrate 
rapid amplification and PfAgo’s cleavage abiding by sequence base- 
pairing, providing high sensitivity and orthogonal specificity for multi
ple targets. Importantly, in order to avoid contamination, the MULAN 
was conducted in a one-pot system via a divided chamber, which allows 
the amplification products to mix with PfAgo’s cleavage without lid 
opening. 

Initially, we established the system individually for each selected 
target independently, including SARS-CoV-2 and influenza viruses A and 
B. For SARS-CoV-2, for example, we designed and screened a set of 

primers for RT-LAMP to target the RNA-dependent RNA polymerase 
(RdRp) gene of the SARS-CoV-2 genome, which is conserved in SARS- 
CoV-2. The concatenated amplicons were generated with samples at 
concentrations as low as 1.5 copies per reaction, and even in the absence 
of template (Fig. S1). Next, we designed two 16-nt gDNAs complemen
tary to one strand of the RdRp amplicon and a fluorescent reporter with 
a sequence complementary to the cleavage product (Fig. 1a). To 
improve the efficiency of PfAgo catalytic cleavage, we systematically 
optimized the concentrations of PfAgo, gDNA, and metal ions (Fig. S2). 
In addition, we optimized the time required for PfAgo cleavage and 
found that 15 min was adequate for analysis (Fig. S3). Furthermore, we 
validated that MULAN detected two out of three replicates at 1.6 copies 
of SARS-CoV-2 RNA, while the qRT-PCR detected two replicates at only 
five copies (Fig. S4). We further evaluated the specificity of MULAN 
using total nucleic acids extracted from 21 species of in vitro-cultured 
respiratory pathogens that exhibited similar symptoms of respiratory 
infection, and no cross-reactivity was observed (Fig. S5). Similarly, 
MULAN was applied to detect influenza A and B viruses, and it was 
demonstrated that MULAN can detect two out of three replicates at 1.5 
copies per reaction for each virus (Fig. S6). 

2.2. One-pot portable MULAN assays 

By designing a mini tube affiliated with a routine 0.2 mL reaction 
tube, we explored MULAN as a one-pot system without a lid-opening 
operation. RT-LAMP amplicons in the lower chamber were mixed with 
the upper components of PfAgo via brief centrifugation. To allow a 
Point-of-Care Testing (POCT) solution, we developed a mini isothermal 
fluorescence detector (MIFD), which is a lightweight, stand-alone, real- 
time device (Fig. 1b). We determined the detection time to be 35 min for 
RT-LAMP and 15 min for PfAgo cleavage, which was sufficient to detect 
low-load viral RNA (Fig. S7). However, we observed fluorescence signals 
even from the non-template controls in RT-LAMP alone (Figs. S7a–b). 
When the entire process of MULAN was carried out, a strong fluores
cence signal at the end time was observed for the sample with the target 
input; in contrast, no signals from the non-template controls were 
observed (Figs. S7c–d). These results demonstrate that the MULAN assay 
accurately eliminates the false-positive effect of nonspecific amplifica
tion caused by the LAMP reaction. We next verified that the limit of 
detection (LoD) of one-pot MULAN was five copies per reaction (Fig. 1c), 
and two out of three replicates at 1.6 copies per reaction were detected. 
This limit of detection was close to the that of the two-step MULAN, and 
even superior to that of the two-step detection system of Cas13a-based 
Specific High-sensitivity Enzymatic Reporter unlocking (SHERLOCK; 
LoD of 42 copies per reaction within 60 min) (Patchsung et al., 2020). As 
reported in CRISPR-based detection, an attempt was made to combine 
two steps into a one-pot assay; however, this approach has been proven 
to be much less sensitive than the two-step approach, as well as more 
challenging for experimental optimization (Fozouni et al., 2021; Joung 
et al., 2020). The detection sensitivity of one-pot MULAN is also higher 
than that of RT-qPCR detection systems such as RealStar® SARS-CoV-2 
in Europe and CDC COVID-19 in the United States (LoD of 10 copies per 
reaction in 100 min) (Uhteg et al., 2020). 

For visualization and instrument-free implementation, we also 
developed a paper-based detection method to obtain readouts that are 
visible to the naked eye. We designed a reporter with a biotin modifi
cation at the 3′-terminus, which binds a colloidal gold-labeled anti- 
biotin antibody (Fig. S8a). To avoid interference from the hook effect 
(Fig. S8b), we found the final optimal concentration of reporter loaded 
on the lateral flow dipstick pad to be 13.3 nM (Fig. S8c). The detection 
limitwas 15 copies/reaction (Fig. 1d), and the interpretation of the re
sults is shown in Fig. S8d. By observing the products of MULAN under 
blue light irradiation (wavelength: 450 nm), an LoD of 15 copies per 
reaction was obtained (Fig. 1e). In conclusion, MULAN exhibits impor
tant application potential for on-site testing, which is crucial for out
patients and communities. 

X. Ye et al.                                                                                                                                                                                                                                       
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2.3. Genotyping of the SARS-CoV-2 and its mutant 

Based on the highly specific recognition of the target sequence by 
PfAgo, we developed MULAN to discriminate between WT and the 
single-base mutant (Fig. 2a). We used a set of universal primers to obtain 
amplicons and the same primary gDNAs for specific cleavage of either 
WT or the mutant. Consequently, the different secondary gDNAs cor
responding to WT and the mutant possessed a single-nucleotide differ
ence. To ensure the precise detection of WT or the mutant in the 
samples, an extra mismatch was introduced via the fluorescent re
porters, which was inspired by our previous investigation on Ago-based 
detection for single nucleotide variant diagnosis (Liu et al., 2021). Using 
the D614G mutant as an example, we designed two types of 30-nt re
porters with one introduced mismatch against the 11th position of the 
secondary gDNA (Fig. S9a). To achieve the optimal discrimination ef
fect, we screened the reporter sequences by introducing three different 
types of mismatch nucleotides. One pair of reporters was obtained to 
generate a high fluorescence signal for a specific target and a low fluo
rescence signal for another nonspecific target in a single reaction 

(Fig. S9b). We again screened four sets of LAMP primers in combination 
with the selected reporters to discriminate the amplicons effectively 
(Fig. S10). 

Next, we evaluated the LoD of this discrimination MULAN using 
serial dilutions of plasmids containing either WT or D614G sequences. 
These samples were detected with the expected difference between FAM 
and VIC fluorescence signals, demonstrating an LoD of 15 copies per 
reaction (Fig. 2b and c). To validate whether this genotyping can be 
applied to detect a mutation carried at different frequencies, we used 
mixed templates of WT and the mutant to obtain mutant frequencies of 
0%, 5%, 10%, 50%, and 100% (Fig. 2d and e). The results show that VIC 
fluorescence, representing D614G, can be detected using templates with 
a 5% mutation frequency. This finding suggests that MULAN, which can 
distinguish mutants with low mutation frequencies, is a powerful tool 
for the investigation of infectious viral variants. Compared with the 
mainstream sequencing methods for mutant detection, MULAN is faster, 
more economical and does not require bulky equipment. Considering 
the easy-to-implement design, MULAN can be quickly deployed in the 
screening of emerging viral mutations, such as the recent outbreak of the 

Fig. 2. MULAN detection for WT and the D614G mutant of SARS-CoV-2. (a) Schematics of MULAN detection for WT and the mutant in a one-pot reaction. The 
bubbles between the secondary gDNA and reporter represent the mismatches on designed gDNAs. LoD assay for the detection using template of the WT plasmid (b) 
and the D614G plasmid (c). Fluorescence detection of WT (d) and the D614G (e) mutant with different mutation frequencies. Error bars indicate the standard 
deviation of three replicates. “NTC” refers to non-template control. 
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Omicron variant (B.1.1.529) in some resource-limited regions. 

2.4. Triplex detection of SARS-CoV-2 and influenza viruses 

As influenza viruses and SARS-CoV-2 lead to similar clinical symp
toms, simultaneous discrimination of the three pathogens would help 
inform diagnosis and guide treatment. We further conducted triplex 
detection to target SARS-CoV-2, as well as influenza A and B viruses. The 
reaction that was introduced to the one-pot detection system consisted 
of all three sets of primers, gDNAs, and reporters. The presence of each 
target RNA could be determined by the corresponding fluorescence 
readout from the MULAN reaction, such as FAM fluorescence for SARS- 
CoV-2, VIC fluorescence for influenza A virus, and ROX fluorescence for 
influenza B virus. Considering that the triplex system is more compli
cated than the singleplex system, we first evaluated the LoD of triplex 
MULAN to detect each individual virus using titrated plasmids. The 
presence of 1.5 copies per reaction of each target was precisely detected 
by the corresponding fluorescence pattern (Fig. 3a–c). Across various 
concentrations of each target, MULAN can specifically produce fluo
rescence that responds only to the respective target without observed 
cross-activity. In addition, as there were some clinical cases of two-virus 

coinfection among these three viruses (Azekawa et al., 2020; 
Cuadrado-Payan et al., 2020; Huang et al., 2021), we validated triplex 
MULAN in the detection of mimic samples co-infected with two or three 
viruses. 

Because the amplification efficiency of each primer set was different, 
the generation of amplicons for each target varied and affected the 
sensing capability. We found that, when using an equal ratio of three 
primer sets, the fluorescence intensity of influenza A was much stronger 
than those of SARS-CoV-2 and influenza B. To achieve balanced 
amplification efficiency for the three targets, we adjusted the primer 
ratio of SARS-CoV-2, influenza A, and influenza B to 4:2:4 (Fig. S11). 
Using this optimized primer ratio, the triplex MULAN orthogonally 
detected 150 or 1500 copies per reaction of double coinfection samples 
or triple coinfection samples (Figs. 3d and S12). Notably, no cross- 
activity was observed for the absent virus. These results imply that 
MULAN endows LAMP to achieve accurate triplex detection assisted by a 
single endonuclease. Although CRISPR detection has also successfully 
detected different targets in a single reaction, each target requires an 
individual Cas protein or engineered Cas protein, increasing the 
complexity and cost of the system (Gootenberg et al., 2018; Myhrvold 
et al., 2018; Ooi et al., 2021). 

Fig. 3. Triplex MULAN detection of SARS-CoV-2, influenza A, and influenza B. LoD assay of triplex MULAN detection using diluted SARS-CoV-2 (a), influenza A (b), 
and influenza B (c) templates, respectively. Error bars indicate the standard deviation of three replicates. (d) Triplex MULAN detection with mixed samples of three 
target plasmids. The depth of red in the heat map represents the average fluorescence intensity of three replicates. (e) Triplex MULAN detection and commercial RT- 
qPCR test of SARS-CoV-2 pseudoviruses. The vertical dotted line represents the threshold of RT-PCR (Ct value < 38 was determined to be positive), and the horizontal 
dotted line represents the threshold of MULAN (the mean of the normalized fluorescence from samples with water input for three replicates). (f) Triplex MULAN 
detection of clinical samples with influenza viruses compared to commercial RT-qPCR test. S1–S33 refer to clinical samples. “PC” and “NTC” refer to the positive 
control and non-template control, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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2.5. Validation with pseudoviruses and clinical samples 

Finally, we performed clinical validation of triplex MULAN from 
pseudoviruses and clinical samples. Pseudoviruses have been used to 
validate the detection of SARS-CoV-2, since clinical samples from 
COVID-19 patients were extremely limited. We also adapted a com
mercial SARS-CoV-2 RT-PCR test kit (Wondfo Biotech Technologies) for 
parallel comparison. The results demonstrate that MULAN shares 100% 
agreement with RT-PCR results. Samples with three replicates at 1000 
copies/mL all obtained positive readouts, and two replicates at 100 
copies/mL were detected (Fig. 3e). The triplex MULAN assay was then 
validated using nasopharyngeal swabs from patients with confirmed 
influenza viruses, in comparison with a commercial RT-PCR kit for 
influenza A (BioGerm Medical Technology). The RT-PCR results iden
tified 32 positives (Ct values from 27 to 35) and one negative for 
influenza A (Table S1). We found that the MULAN assay showed 100% 
(32 out of 32) sensitivity to the RT-PCR results, and no cross- 
fluorescence readout was observed (Fig. 3f). These demonstrated that 
the multiplex MULAN was able to discriminate the species of diverse 
viruses existing in clinical samples. 

3. Conclusions 

In summary, we have developed MULAN based on Ago’s precise and 
orthogonal cleavage for the detection of SARS-CoV-2 as well as influenza 
A and B viruses. MULAN provides a promising solution for diagnosing 
multiple pathogens and has clear advantages, including fast reaction, 
high sensitivity, genotyping capability, and POCT potential compared 
with existing diagnostic techniques (Table S2). MULAN not only solves 
the problem of low specificity in isothermal amplification, but is also 
simple in terms of design and implementation for multiplex detection 
compared with currently advanced CRISPR-based tests that require 
multiple enzymes. Moreover, MULAN integrates two continuous re
actions in designed chambers to allow the reaction to occur within a 
single tube with no lid-opening operation, thus preventing contamina
tion risk. The portable application of MULAN provides economical and 
easy-to-operate detection of multiple pathogens, which is in high de
mand for managing infectious diseases. 
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