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[bookmark: _Hlk71646033][bookmark: OLE_LINK23][bookmark: OLE_LINK52][bookmark: OLE_LINK183][bookmark: OLE_LINK85][bookmark: OLE_LINK157][bookmark: OLE_LINK158][bookmark: OLE_LINK176][bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK13][bookmark: OLE_LINK61][bookmark: OLE_LINK80][bookmark: OLE_LINK94][bookmark: _Hlk71645580][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK53][bookmark: OLE_LINK54]Rapid evolution of SARS-CoV-2 is leading to increased transmission and potential vaccine failure, thus challenging current strategies for combating the COVID-19 pandemic. The situation highlights the need for routine surveillance of SARS-CoV-2 variants. Here, we developed the MARVEL (Multiplexed, Amplification-free, single-nucleotide-Resolved Viral EvoLution diagnostic assay), a platform for rapid, multiplexed and cost-effective detection of SARS-CoV-2 variants. MARVEL paired a programmable nucleic acid strand displacement process with a metal ion-controlled enzymatic reaction, allowing it to specifically recognize mutations in the SARS-CoV-2 genome and then amplify the recognition events with a colorimetric readout. The assay can simultaneously diagnose SARS-CoV-2 infection and identify variants of concern (VOCs) including Alpha, Beta, Gamma and Delta; notably, MARVEL can also be quickly customized for profiling newly emerging SARS-CoV-2 variants. We demonstrated the mobile phone-readable quick (25–30 min), cheap ($0.30 per test) and multiplexing detection of SARS-CoV-2 and its variants, attaining 100% concordance with RT–qPCR and sequencing results in a test of 50 clinical throat swab samples. MARVEL can therefore serve in routine surveillance of SARS-CoV-2 variants and, together with sequencing at centralized laboratories, provide clues for the race against SARS-CoV-2 evolution.

[bookmark: OLE_LINK112][bookmark: OLE_LINK113][bookmark: _Hlk85373411][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK4][bookmark: OLE_LINK25][bookmark: OLE_LINK34][bookmark: OLE_LINK49][bookmark: OLE_LINK135][bookmark: OLE_LINK74][bookmark: OLE_LINK167][bookmark: OLE_LINK67][bookmark: OLE_LINK22][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK45][bookmark: OLE_LINK133][bookmark: OLE_LINK75][bookmark: OLE_LINK76]Rapid evolution of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) challenges our current strategies for combating the ongoing pandemic, such as vaccination1,2, and has become the most urgent concern in the pandemic. However, there is no affordable and scalable diagnostic tool for the detection of SARS-CoV-2 variants, which impedes their diagnosis and epidemiological surveillance. Emerging variants raise uncertainties concerning viral transmission, pathogenicity and vaccine effectiveness3-5. The Alpha (also called B.1.1.7 or 501Y.V1) variant, for instance, has 43% to 90% higher transmissibility6 and 61% higher mortality risk7 than the predecessor lineage. The Beta (B.1.351 or 501Y.V2) variant contributes to a reduction of the clinical trial efficacy of AZD1222 vaccine from 70% to 22% and of NVX-CoV237 vaccine from 89% to 49%8-10. A SARS-CoV-2 variant with E484K and D614G mutations has been reported to enable vaccine breakthrough infection11. The Delta (B.1.617.2) variant drove a second wave of SARS-CoV-2 infection in India, that caused over 300,000 new cases per day12, and has spread rapidly all over the world. In the face of such threats, tools that allow a scalable test of SARS-CoV-2 variants will help us to precisely assess the infection and lethality risk of SARS-CoV-2, to quickly segregate high-risk or vaccine-deficient infectors, to epidemiologically evaluate the evolution of SARS-CoV-2 and to efficiently guide the use and iterative development of vaccines.
[bookmark: OLE_LINK84][bookmark: OLE_LINK24][bookmark: OLE_LINK169][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK124][bookmark: OLE_LINK59][bookmark: OLE_LINK121][bookmark: OLE_LINK60][bookmark: OLE_LINK172]Currently, however, tools allowing us to rapidly resolve mutations in SARS-CoV-2 for identifying its variants are not readily available. Tools for scalable screening of SARS-CoV-2 variants should ideally (i) allow to detect single-nucleotide mutations in viral RNAs, (ii) confer a short sample-to-result turnaround time, and (iii) provide a multiplexing capability to identify multiple variants. RT–qPCR is the gold-standard nucleic acid test and dominates SARS-CoV-2 diagnosis13. Advances in the replacement of PCR by isothermal amplification strategies such as loop-mediated isothermal amplification (LAMP)14-16, recombinase polymerase amplification17 and nucleic acid sequence-based amplification15, or the integration of CRISPR-Cas systems17-19, mitigate the need for bulky temperature-control instruments and shorten the assay time, thus facilitating SARS-CoV-2 diagnosis in resource-limited regions. Point-of-care nucleic acid tests using the Abbott ID Now and Cepheid GeneXpert have already been authorized by the U.S. Food and Drug Administration. However, the aforementioned methods usually require nucleic acid amplification, entailing increased complexity and reagent costs for SARS-CoV-2 tests. Moreover, the identification of single-nucleotide changes in viral RNAs, for example by hybridization discrimination20,21 or enzyme-based recognition22,23, can be challenging and these methods have not yet been further developed to resolve SARS-CoV-2 variants. CRISPR-Cas-based nucleic acid tests hold promise for detecting genetic variation by exploiting the sequence discrimination capacity of Cas proteins16,24,25. Yet, limited nucleotide mutation-sensitive regions of 3–6 nt close to fixed sequences such as a protospacer adjacent motif20,26 may prevent CRISPR-Cas-based diagnostics from covering some nucleotide mutations of interest in SARS-CoV-2, and its potential has not so far been sufficiently explored for detecting SARS-CoV-2 variants in clinical samples. To date, the only available strategy for profiling SARS-CoV-2 variants involves sequencing13,15,27, whose use is hindered, particularly in resource-limited regions, by the shortage of infrastructure, as well as its high labour- and cost-intensiveness.
[bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK38][bookmark: OLE_LINK2][bookmark: OLE_LINK3]The need for scalable SARS-CoV-2 tests that allow variants to be resolved has motivated our efforts to explore single-nucleotide-resolved viral RNA detection strategies. The assay reported here, termed MARVEL, allows amplification-free visual detection of viral RNAs with single-nucleotide resolution. We employ a basic nucleic acid strand displacement process to sustain a specific recognition of input viral RNAs, which enables us to discriminate viral RNA mutations. MARVEL uses an enzyme-induced colorimetric process to amplify the recognition events of viral RNAs; this eliminates the need for a reverse transcription and nucleic acid amplification process, thus dramatically reducing the test’s cost and the sample-to-result turnaround time. To demonstrate the simplicity, portability and multiplexing capability of MARVEL, we measured SARS-CoV-2 and its five key variants in an integrated testing paper using a mobile phone. We also developed a mobile phone application (app) to guide the diagnosis, and to visualize and record the test results for clinical and cold-chain food samples, facilitating on-site profiling of SARS-CoV-2 variants by minimally trained personnel. MARVEL has great potential as a streamlined technology to diagnose and screen SARS-CoV-2 variants without complex laboratory settings.

Results
[bookmark: OLE_LINK37][bookmark: OLE_LINK43][bookmark: OLE_LINK32][bookmark: OLE_LINK87][bookmark: OLE_LINK92][bookmark: OLE_LINK31][bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK182][bookmark: OLE_LINK16][bookmark: OLE_LINK62][bookmark: OLE_LINK191][bookmark: OLE_LINK77]Working principle of MARVEL. MARVEL achieves amplification-free detection of viral RNA mutations by coupling a highly programmable nucleic acid strand displacement process with a metal ion-controlled enzymatic reaction using a double-stranded DNA probe (Fig. 1). The probe, termed the toehold exchange DNA probe (TEprobe), is designed to recognize mutation markers in the SARS-CoV-2 variants Alpha, Beta, Gamma and Delta. TEprobe contains a pair of terminal single-stranded overhangs, shown in blue and red in Fig. 1, referred to as the forward and reverse toehold, respectively. The reverse toehold domain includes a cytosine–cytosine (C:C) mismatch, allowing selective incorporation of the metal ion Ag(I), and forms a metallo-mediated C-Ag(I)-C artificial base pair by base-metal cation interactions28-30. Competitive binding of viral RNAs with the Rec strand in TEprobes, facilitated by the forward toehold, disrupts the reverse toehold and releases the clamped Ag(I) ion. The net effect of the strand displacement process is determined by the formation of new base pairs within the forward toehold and the disruption of the former base pairs within the reverse toehold. TEprobes are programmable and can be designed with a forward and reverse toehold that offer a slightly negative free energy of the strand displacement reaction induced by the mutated viral RNAs, while a biased positive free energy is generated when wild viral RNA binds due to the thermodynamic energy penalty derived from single-base-pair mismatch. Based on this principle, only mutated viral RNAs can efficiently initiate the strand displacement reaction, and mutations in the SARS-CoV-2 genome can therefore be specifically recognized. The recognition event leads to the release from the TEprobe of Ag(I) ion, which serves as an inhibitor of urease31, thus yielding an amplified effect arising from the production of NH4+ by the enzymatic cleavage of urea. The level of NH4+ product, determines the solution pH. Therefore, SARS-CoV-2 mutations and variants can be identified and visualized by the naked eye or a mobile phone using pH indicators.
[bookmark: OLE_LINK57][bookmark: OLE_LINK65][bookmark: OLE_LINK66]We further develop a paper-folding ‘origami’ strategy to integrate the viral detection steps, a mobile phone imaging procedure to achieve portable detection, and a mobile phone app to guide the operation and interpret the diagnostic results, facilitating on-site diagnosis of SARS-CoV-2 variants by users with minimal training.
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[bookmark: OLE_LINK118][bookmark: OLE_LINK119][bookmark: OLE_LINK215]Fig. 1 | MARVEL schematics for SARS-CoV-2 variant diagnostics. A double-stranded DNA probe, the TEprobe, is designed to precisely control the net thermodynamic energy of the strand displacement reaction induced by input RNAs by tuning its terminal forward toehold and reverse toehold sequences. Mutated and wild viral RNAs can be distinguished by the strand displacement reaction based on the thermodynamic energy penalty derived from a single-base pair mismatch. Recognition of viral RNAs leads to the release of a urease inhibitor metal ion, Ag(I), and thus controls the cleavage of urea and the level of NH4+. Key mutation markers of SARS-CoV-2 variants such as Alpha, Beta, Gamma and Delta are identified and visualized using pH indicators. The diagnosis results are determined and presented to users by mobile phone.

[bookmark: _Hlk90281795][bookmark: OLE_LINK58][bookmark: OLE_LINK131][bookmark: _Hlk73344746][bookmark: _Hlk73344760][bookmark: _Hlk73344858][bookmark: OLE_LINK180]We used a chemically synthesized short RNA sequence (22 nucleotides, nt) as a model target RNA to validate each reaction step that constitutes MARVEL. Phenol red—frequently used in colorimetric LAMP—is a highly sensitive pH indicator32,33, serving to monitor the presence of NH4+. The specific binding of Ag(I) ion to a C:C base mismatch was verified by measuring the melting temperature of TEprobes with different base pairs or mismatches incorporated (Supplementary Fig. 1). Urease catalysis, Ag(I)  inhibition of urease and target RNA-mediated strand displacement were demonstrated by the absorbance change of phenol red in each reaction step (Fig. 2a, Supplementary Fig. 2 and Fig. 3). Target RNA-induced strand displacement and subsequent release of free Ag(I) ion were further confirmed by gel electrophoresis and the measurement of free Ag(I) in solution (Fig. 2b and 2c). A 20-min reaction time yielded a maximal colour change induced by the strand displacement reaction (Fig. 2a), promising a rapid assay for detecting RNAs. We found that throat swab samples had a negligible effect on the pH of the detection solution and the activity of urease (Supplementary Fig. 4). The presence of up to 50 mM electrolyte species typically found in clinical samples for SARS-CoV-2 tests34 did not change the urease activity (Supplementary Fig. 5).
[bookmark: _Hlk71366293][bookmark: OLE_LINK120][bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK202][bookmark: _Hlk86136534][bookmark: OLE_LINK134][bookmark: _Hlk85029970][bookmark: OLE_LINK144][bookmark: _Hlk86136735][bookmark: OLE_LINK50][bookmark: OLE_LINK177][bookmark: _Hlk86309460][bookmark: OLE_LINK83][bookmark: _Hlk86309561][bookmark: OLE_LINK178][bookmark: OLE_LINK190][bookmark: OLE_LINK136]We next explored the capacity of MARVEL to identify mutations in RNA sequences. We designed TEprobes with a tunable reverse toehold (1–9 nt) and a fixed forward toehold (8 nt) (sequences are listed in Supplementary Table 1). Among these, the TEprobe with a 7-nt reverse toehold contributed a highly efficient strand displacement reaction and a red-to-yellow colour change in the presence of the target RNA, but hindered an obvious colour change with the mutated RNAs (Supplementary Fig. 6 and Fig. 7). To systematically estimate the capacity of MARVEL to detect single-nucleotide mutations, we synthesized a series of input RNA sequences modified from the target sequence with single-nucleotide substitution, insertion or deletion (Fig. 2d). Substitutions were located throughout the sequence with a 1-nt interval, while at the 12th nt (from the 5 terminus), all possible nucleotide mutations including substitution, insertion and deletion were designed. To assess the discriminative ability of MARVEL, we defined the discrimination factor as the ratio between the absorbance change, relative to the initial state at pH 6.8, generated by the target RNA and that induced by a mutated input RNA. Using the TEprobe with a 7-nt reverse toehold, MARVEL yielded discrimination factor values of over 40 for most of the mutant RNAs. To further explain the results of mutation discrimination, we measured the free energy of the C-Ag(I)-C artificial base pair using isothermal titration calorimetry (Supplementary Fig. 8), and calculated the free energy of the strand displacement reaction upon addition of different input RNAs (Supplementary Note). The mutations in the input RNAs resulted in a positive reaction free energy, with the exceptions of nucleotide substitution at position 22, and C or G base insertions at position 12 (Supplementary Table 3 and 4). The mismatch resulting from the terminal mutation (position 22) only contributed to the loss of one neighbour base stacking35, thus yielding a lower discrimination factor compared to that of the internal mutation. The negative reaction free energy derived from C and G base insertions at position 12 may result from underestimating the energy penalty caused by nucleotide insertion. Except for the two cases of nucleotide insertion, thermodynamics-based prediction can facilitate the design of specific TEprobes to detect mutations in RNA sequences.
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[bookmark: _Hlk85627919][bookmark: OLE_LINK205][bookmark: OLE_LINK221][bookmark: _Hlk84669772][bookmark: _Hlk85969728][bookmark: OLE_LINK48][bookmark: OLE_LINK179][bookmark: _Hlk84668963][bookmark: OLE_LINK20][bookmark: OLE_LINK148][bookmark: _Hlk84273698]Fig. 2 | Detection of single-nucleotide mutations. a, Kinetic measurements of the MARVEL reaction by measuring the absorbance at 560 nm. The absorbance measurement started upon the addition of phenol red and urea. Photographs of the product (placed at the end of each curve) after a 20-min reaction (marked by a dashed line). b, Electrophoretic analysis of the target RNA-mediated strand displacement reaction. Concentrations of Rec strand, Block strand and target RNA were all 1.5 μM. To facilitate the separation between the band of Block-Rec hybridization and the band of target RNA-Block hybridization, the Block strand was added with 15-nt poly T at the 3’-terminus. c, Determination of the level of free Ag(I) ion in each step of MARVEL using iodometric titration. d, Identification of single-nucleotide mutations using MARVEL. The tested RNA sequences (left), the absorbance at 560 nm and the discrimination factor obtained for each RNA sequence (middle), and the free energy of the strand displacement reaction with an input of each RNA sequence (right). The discrimination factor, DF = (Anon-target – Ainitial pH_ave) / (Atarget_ave – Ainitial pH_ave), where Anon-target is the absorbance at 560 nm of mutated RNA-present sample, and Atarget_ave and Ainitial pH_ave are the average absorbance at 560 nm of target RNA-present sample (n = 3) and solution with a pH=6.8 (n = 3), respectively. Concentrations of phenol red, urea, urease, TEprobe and target RNA (or other RNA sequences in d) used in a, c and d were 250 μM, 500 mM, 1 nM, 3 nM and 3 nM, respectively. The urea cleavage reaction was proceeded for 20 min in d. The TEprobe with an 8-nt forward toehold and a 7-nt reverse toehold was used in a–d. Data in a and c are mean ± s.d. (n = 3).

[bookmark: _Hlk74068022][bookmark: _Hlk71380470][bookmark: OLE_LINK187][bookmark: OLE_LINK165]Visual detection of respiratory RNA viruses using MARVEL. We tested MARVEL to detect a series of human-associated respiratory viruses including three coronaviruses (severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV-2) and seven influenza virus subtypes.
[bookmark: OLE_LINK130][bookmark: OLE_LINK108][bookmark: OLE_LINK109][bookmark: OLE_LINK186][bookmark: _Hlk72304381][bookmark: OLE_LINK163][bookmark: OLE_LINK210][bookmark: OLE_LINK141][bookmark: OLE_LINK140][bookmark: OLE_LINK184][bookmark: _Hlk91685067]TEprobes for the three coronaviruses were designed to target the U.S. CDC-recommended sequences for RT–qPCR tests on the N gene. Because SARS-CoV-2 and SARS-CoV have similar N gene sequences (Fig. 3a), distinction of the two coronaviruses would indicate the specificity of MARVEL. Pseudotyped viruses (or pseudoviruses), which are safe surrogate viruses carrying the N gene, the E gene and ORF1ab of SARS-CoV, MERS-CoV and SARS-CoV-2, were constructed using lentiviruses as vectors and served as positive controls (Supplementary Fig. 9, Supplementary Table 8). An 8-nt forward toehold could not support efficient hybridization between TEprobes and viral RNAs, as the presence of SARS-CoV-2 failed to sufficiently turn the solution colour to yellow (Supplementary Fig. 10). We reasoned that the long viral RNA sequence formed secondary structures (Supplementary Fig. 11) that might hinder its hybridization to the forward toehold and thus reduce the colour change. Extension of the forward toehold length to 15 nt dramatically increased the response of TEprobes towards SARS-CoV-2, while discriminating SARS-CoV-2 from a stoichiometric amount of SARS-CoV or MERS-CoV (Supplementary Fig. 10d). Length-optimized TEprobes enabled visual detection of SARS-CoV, MERS-CoV and SARS-CoV-2, and negligible cross-reaction was observed among the three coronaviruses using their cognate TEprobes (Fig. 3a). The discrimination factors for the three coronaviruses were all greater than 100 (Supplementary Fig. 10g), indicating a highly specific detection of coronaviruses by MARVEL. A test of MARVEL with a dilution series of SARS-CoV-2 pseudovirus indicated that 8,000 copies/μl of SARS-CoV-2 pseudovirus can be identified by the naked eye, and 800 copies/μl can be distinguished from the background by absorbance measurement (Welch’s t-test: *P < 0.05) (Supplementary Fig. 12).
[bookmark: OLE_LINK145]Influenza viruses cause symptoms similar to SARS-CoV-2 in humans and their infection can be confused with SARS-CoV-2 based on clinical symptoms alone. We designed TEprobes to detect H1N1, H1N2, H3N2, H5N1, H7N9, H9N2 and H10N8 by targeting gene sites according to WHO recommendations. The presence of 30,000 copies/μl of each influenza virus subtype yielded a saturated colour change of phenol red using its cognate TEprobe (Fig. 3b), indicating that MARVEL can also be readily applied for the detection of influenza viruses.
[bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK198][bookmark: OLE_LINK152]To facilitate out-of-laboratory detection, we used the origami strategy to integrate each reaction of MARVEL. The origami papers were fabricated from Whatman No. 1 filter papers using a hot wax printing strategy according to a published method (Fig. 3c and Supplementary Fig. 13)36. We added pullulan to provide an oxygen-impermeable thin film to entrap urease37. The protection strategy maintained urease activity above 70% for 28 days at 4 C (Supplementary Fig. 14). Sample loading, strand displacement-mediated Ag(I) release and Ag(I)-controlled pH visualization were carried out sequentially by folding the origami paper. The papers were finally imaged using a mobile phone and the images were processed by Circle Hough Transform and K-means clustering (Supplementary Fig. 15). The proportion of regions with a green component in the circular detection sites (green area ratio (GAR), %) was used to quantify the colour change, which corresponds to the presence of viral RNAs. 800 Ag(I) ions per μl induced a GAR value distinguished from background (Supplementary Fig. 16) (Welch’s t-test: ****P< 0.0001). We estimated analytical variance between five batches of origami papers and between three different operators, and found that MARVEL yielded a stable result for detecting the N gene of SARS-CoV-2 in the tested condition (Supplementary Fig. 17).
[bookmark: OLE_LINK129]Origami papers designed with multiple loading sites permitted a multiplexed detection of viral RNAs of interest, exemplified here by coronaviruses and influenza viruses. We found that TEprobes matrixed in filter papers worked robustly to sense the presence of SARS-CoV-2 (by targeting either the N gene or the E gene), SARS-CoV, MERS-CoV, H1N1, H7N9 or H9N2 (Fig. 3d). MARVEL was able to reliably detect as few as 400 copies/μl of SARS-CoV-2 by targeting either the N gene or the E gene of SARS-CoV-2 based on mobile phone imaging (Fig. 3e–g) (Welch’s t-test: **P < 0.01).
[bookmark: _Hlk72254056]We next tested the capacity of MARVEL to detect respiratory RNA viruses in clinical and cold-chain food samples. Throat swab samples are most commonly taken for the diagnosis of SARS-CoV-2 infection38. The risk of transmission of SARS-CoV-2 on cold-chain food and environment underscores the need for monitoring SARS-CoV-2 residues in inanimate surface39,40. SARS-CoV-2, SARS-CoV and MERS-CoV pseudoviruses, and H1N1, H7N9 and H9N2 viruses, were spiked into healthy throat swabs to serve as infected samples or smeared on the surface of frozen belt fish and food packaging to mimic virus-contaminated samples. The presence of 2,400 copies/μl SARS-CoV-2 yielded an obvious colour change using TEprobes targeting the E gene and the N gene (Fig. 3h, Supplementary Fig. 18 and 19). Each coronavirus in throat swab, frozen belt fish and food packaging samples could be distinguished by its corresponding TEprobe, as indicated by the high discrimination factors (Supplementary Fig. 20). These results showed the robustness of MARVEL for sensing RNA viruses in clinical and food samples.
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[bookmark: OLE_LINK151][bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK143][bookmark: OLE_LINK147][bookmark: _Hlk73342144][bookmark: OLE_LINK206][bookmark: OLE_LINK44][bookmark: OLE_LINK47][bookmark: OLE_LINK204][bookmark: OLE_LINK203][bookmark: _Hlk85014845][bookmark: OLE_LINK211]Fig. 3 | Visual detection of respiratory RNA viruses. a, Cross-reaction test of SARS-CoV-2, SARS-CoV and MERS-CoV. Sequences (left) of coronavirus N genes targeted by MARVEL. The heat map (centre) records the absorbance at 560 nm using each TEprobe for profiling the three coronaviruses. The corresponding visual detection panel (right) is shown for the three coronaviruses. b, Visual detection of seven influenza virus subtypes. c, Working principle of the origami paper. TEprobes, urease and urea/phenol red are loaded on page 2, 3 and 4, respectively. MARVEL reactions are initiated by sequential paper folding. d, Paper-based detection of respiratory viral RNAs. GAR is the proportion of regions with a green component in the detection sites. e–g, Sensitivity estimation of paper-based detection by targeting the N gene (e, g) or the E gene (f) of SARS-CoV-2. MARVEL yielded positive results for all 21 replicates of samples with 400 copies/μl of SARS-CoV-2 pseudovirus. The red line in g indicates the threshold for classification. h, Detection of respiratory RNA viruses spiked in throat swab samples. SARS-CoV and MERS-CoV were detected by targeting their N genes. The presence of the human RNase P gene indicates successful sampling and preservation of throat swab samples. Urea cleavage reaction was proceeded for 20 min in a and b. The concentration of each virus was 30,000 copies/μl in a and b, and 2,400 copies/μl in d and h. Data in b and d are mean ± s.d. (n = 3). Data in e and f are 6 replicates. Data in g are mean ± s.d. (n = 21). Statistical significance in e, f and g was determined by Welch’s t-test: **P < 0.01, ***P < 0.001, ****P< 0.0001.

[bookmark: OLE_LINK150]Multiplexed detection of SARS-CoV-2 variants by MARVEL. We next challenged MARVEL to profile mutations in the SARS-CoV-2 genome. WHO has recommended several of the most critical SARS-CoV-2 variants as variants of concern (VOCs), including the Alpha, Beta, Gamma (also called P.1) and Delta variants. The Alpha variant spread to 94 countries within 4 months41 and causes sharply increased infectivity, while the Beta and Gamma variants confer a dramatic decrease in vaccine efficacy2. Delta is currently the most widespread variant. Key mutations in VOCs include the single-nucleotide substitutions D614G, N501Y, K417N, K417T, E484K, L452R, T478K and P681R, and the nucleotide deletion Δ69/70, in the S gene (Fig. 4a and 4b). We synthesized pseudoviruses of wild SARS-CoV-2 and variants with a single mutation (D614G, V367F and R408I), as well as Alpha, Beta, Gamma and Delta variants (Supplementary Fig. 9).
[bookmark: _Hlk85722288][bookmark: _Hlk86154501][bookmark: _Hlk85395715][bookmark: _Hlk85395762][bookmark: _Hlk85395850][bookmark: OLE_LINK200][bookmark: _Hlk85286607]We propose a pipeline to guide the design of TEprobes for identifying mutations of interest in the SARS-CoV-2 genome (Fig. 4c). First, a ~30–40 nt domain spanning the mutation of interest is chosen as the target sequence, and the TEprobe is designed with toeholds to yield a slightly negative free energy of the strand displacement reaction with an input of mutation-present target sequence (–1 to –2 kcal/mol) and a positive reaction energy with an input of mutation-absent target sequence20. Next, to facilitate TEprobe binding with the SARS-CoV-2 genome, which forms the secondary structure, 10–15 TEprobes derived from the thermodynamically predicted TEprobe by extending the forward toehold were synthesized (Supplementary Table 5). The optimized TEprobes were experimentally screened by estimating the discrimination factor against the mutation. Based on this pipeline, we obtained TEprobes targeting 11 mutations including key mutations in VOCs as well as V367F and R408I in the S gene (Supplementary Fig. 21–24). The discrimination factor values of each TEprobe against its target mutation were all above 40 (Fig. 4d), and no crosstalk occurred in a test of the D614G mutation (Supplementary Fig. 25) using the optimized TEprobe. This result indicated the feasibility of the pipeline to obtain specific TEprobes to detect mutations in the SARS-CoV-2 genome. Notably, MARVEL retained its high discriminative capacity (a discrimination factor of 45.4) with up to a 50-fold molar excess of wild SARS-CoV-2 (Fig. 4e). Visual detection of the D614G-, V367F- or R408I-mutated SARS-CoV-2 pseudoviruses was further demonstrated using the origami paper (Supplementary Fig. 26).
[bookmark: OLE_LINK97][bookmark: OLE_LINK125]We envisaged that a streamlined detection of SARS-CoV-2 variants would need to encompass (i) successful sampling, (ii) diagnosis of SARS-CoV-2 infection and (iii) identification of the mutation(s) in SARS-CoV-2. Thus, we designed an origami paper with three functional zones: the Control zone was designed to detect the human RNase P gene, ensuring successful sampling and the validation of reactive detection; the NE zone allowed detection of the N and E genes of SARS-CoV-2; and the Mutation zone aimed at identifying mutations in SARS-CoV-2. We challenged MARVEL to visualize SARS-CoV-2 and its variants (D614G-, V367F- or R408I-mutated) in throat swab, frozen fish and food packaging samples. The results in Supplementary Fig. 27 showed that the presence of SARS-CoV-2 or its variants was detectable via targeting the N gene or the E gene at the NE zone. With a positive result for SARS-CoV-2, variants containing D614G, V367F or R408I mutation were identified with high discrimination factors (only two out of eighteen sample tests resulted in a discrimination factor below 10) (Supplementary Fig. 28). These results demonstrate that MARVEL can achieve a specific and multiplexed detection of SARS-CoV-2 variants.
[bookmark: OLE_LINK39][bookmark: OLE_LINK40][bookmark: OLE_LINK86]Rapid survey of VOCs will be critical for efficient identification of high-risk and vaccine-ineffective infectors. We therefore quickly established an additional MARVEL assay for covering the test of Alpha, Beta, Gamma and Delta variants by expanding the Mutation zone of the origami paper to detect nine mutations in VOCs. The obtained TEprobe for each mutation was used to discriminate wild SARS-CoV-2 and the tested variants (Supplementary Fig. 23). Wild SARS-CoV-2 and the D614G-mutated, Alpha, Beta, Gamma and Delta variants could be identified by the naked eye or by setting a threshold GAR value via mobile phone imaging (Fig. 4f). We established the MARVEL assay for VOCs within 18 days, demonstrating the power of MARVEL to be adapted to the challenge of SARS-CoV-2 evolution (Fig. 4g). Customized optimization of MARVEL for emerging SARS-CoV-2 variants can be further shortened to four days excluding the synthesis of pseudoviruses. Such short turnaround time and customizability for emerging variants are crucial for supervising SARS-CoV-2 evolution and adapted diagnosis.
[bookmark: OLE_LINK8][bookmark: _Hlk86154288][bookmark: _Hlk85205351]To demonstrate the feasibility of screening SARS-CoV-2 and its variants outside the laboratory setting, we used mobile phones to serve as the detector, and a thermal lysis strategy24 to obtain viral RNAs (Fig. 4h). Nucleic acid extraction is the bottleneck of nucleic acid tests for point-of-care use. Thermal lysis is one of the most promising strategies for rapid nucleic acid extraction. We optimized the current thermal lysis protocol24 by adding RNA Carrier (provided in the E.Z.N.A. Viral RNA Kit) to more efficiently release RNAs from virions. The process can be performed using a standard heat block within 5 min, eliminating the need for instruments such as centrifuges. We devised an attachment for mobile phones that helps to image origami papers using a stable light source (Supplementary Fig. 29), and a mobile phone app to guide users to complete the testing of different samples (Supplementary Fig. 30 and Fig. 31). The app also permitted the visualization of results with geographic information supported by the phone’s GPS. The whole out-of-laboratory detection process could be completed within 30 min, and requires only a standard heat block, a testing paper, a mobile phone and a mobile phone attachment (Fig. 4i), while providing the sensitivity to detect 400 copies/μl of SARS-CoV-2 pseudovirus (Fig. 4j, Supplementary Fig. 32). To further ease manual operation and reduce risk of contamination during detection, we modified the attachment and the origami paper so that paper-folding and MARVEL reaction can be proceeded in a closed chamber (Supplementary Fig. 33).
[image: ]
[bookmark: OLE_LINK7][bookmark: OLE_LINK153][bookmark: _Hlk85799598][bookmark: _Hlk85799638]Fig. 4 | Multiplexed visual detection of SARS-CoV-2 variants. a, V367F, R408I, and mutations in VOCs. b, Mutation information of VOCs including Alpha, Beta, Gamma and Delta variants. c, Design and validation pipeline for TEprobes targeting mutations of interest in the SARS-CoV-2 genome. d, Visual detection of mutations listed in a. e, MARVEL can distinguish the SARS-CoV-2 D614G variant from wild SARS-CoV-2 at up to a 50-fold molar excess of the variant. The concentration of the SARS-CoV-2 D614G variant was 30,000 copies/μl. f, Detection of and discrimination between Alpha, Beta, Gamma and Delta variants. Design of origami papers (upper left), photographs and GAR values of origami papers with the addition of wild SARS-CoV-2 or SARS-CoV-2 variants (lower), and the identification of mutations in each sample (upper right). A GAR value above the red dashed line indicates a positive result. g, MARVEL can be customized to detect emerging SARS-CoV-2 variants within 18 days. h, Streamlined detection of SARS-CoV-2 variants. i, Equipment and consumables needed for performing MARVEL. j, Streamlined detection protocols achieved detection of 400 copies/μl SARS-CoV-2 pseudovirus. The concentration of SARS-CoV-2 pseudovirus was 30,000 copies/μl in d and 2,400 copies/μl in f. Data in d and e are mean ± s.d. (n = 3).

[bookmark: _Hlk72257191][bookmark: OLE_LINK88][bookmark: OLE_LINK89][bookmark: OLE_LINK21][bookmark: _Hlk72256795][bookmark: OLE_LINK100][bookmark: OLE_LINK106][bookmark: OLE_LINK110][bookmark: OLE_LINK111][bookmark: OLE_LINK107]Detection of SARS-CoV-2 and its variants in clinical throat swab samples. Finally, we tested the feasibility of MARVEL to detect SARS-CoV-2 and its variants in clinical throat swab samples. Extracted RNAs from 50 clinical throat swab samples were provided by West China Hospital (Chengdu, China). These samples were collected from persons with suspected SARS-CoV-2 infection in Sichuan Province between 4 April and 23 June, 2020. Thirty-five samples were confirmed positive and fifteen samples were negative for SARS-CoV-2 by the hospital based on RT–qPCR results.
[bookmark: OLE_LINK104][bookmark: OLE_LINK105][bookmark: OLE_LINK142][bookmark: OLE_LINK95][bookmark: OLE_LINK154][bookmark: OLE_LINK41]The samples were analysed in parallel by an in-house RT–qPCR assay and the MARVEL assay. RT–qPCR was performed using U.S. CDC-approved primers for the SARS-CoV-2 N gene and E gene. RT–qPCR measurements resulted in Ct values of 25.06–33.37 by targeting the E gene of the positive samples confirmed by West China Hospital, corresponding to concentrations of SARS-CoV-2 ranging from 348 to 156,036 copies/μl (Supplementary Fig. 34 and Fig. 35). During this test of MARVEL, because the Delta variant was not prevalent, we only made origami papers covering detection of the human RNase P gene, and the N gene and the E gene as well as mutations D614G, N501Y, K417N, K417T, E484K and Δ69/70, aiming to screen wild SARS-CoV-2 and the D614G-mutated, Alpha, Beta and Gamma variants (Fig. 5a, Supplementary Fig. 36). As the volume of RNA samples was limited, paper-based detection of each gene or mutation of SARS-CoV-2 was performed only once. We specified a normalized GAR to quantify the MARVEL results, defined as (GARgene – GARnegative)/(GARRNase P – GARnegative), where GARgene, GARnegative and GARRNase P  are GAR values of the detection sites for target viral genes or mutations, negative control and the human RNase P gene, respectively. Based on the normalized GAR signal, MARVEL showed 100% (35 out of 35) positive predictive agreement and 100% (15 out of 15) negative predictive agreement relative to the RT–qPCR results based on the N gene test, and 88.6% (31 out of 35) positive predictive agreement and 100% (15 out of 15) negative predictive agreement relative to the RT–qPCR results based on the E gene test (Fig. 5b and 5c, Supplementary Table 6). MARVEL failed to positively detect clinical samples 16, 19, 21 and 41 by targeting the E gene. Nevertheless, the simultaneous detection of the N gene and the E gene increased the accuracy of the diagnosis of SARS-CoV-2 infection.
[bookmark: OLE_LINK159][bookmark: OLE_LINK207]We found that clinical samples 25, 30 and 32 carried SARS-CoV-2 with a D614G mutation (Fig. 5d). We sequenced the extracted RNAs from the three throat swab samples, and validated the presence of the D614G mutation (Supplementary Fig. 37). We did not find N501Y, K417N/T, E484K or Δ69/70 mutations among the tested samples. The samples we tested were obtained before July 2021, during which period the Alpha, Beta and Gamma variants were not frequent. Collectively, we have demonstrated a rapid workflow for two-gene marker (N and E genes) simultaneous determination of SARS-CoV-2 and a screen for multiple SARS-CoV-2 variants with a short sample-to-result time and a low cost ($0.30 per test) (Supplementary Table 7) using a testing paper and a mobile phone, which is highly promising for scalable screening of SARS-CoV-2 variants.
[image: ]
[bookmark: OLE_LINK33][bookmark: _Hlk90632753][bookmark: OLE_LINK139]Fig. 5 | Detection of SARS-CoV-2 and its mutations in clinical throat swab samples by MARVEL. a, Accumulated GARs of tested genes and mutations for each throat swab sample. D614G-mutated, Alpha, Beta and Gamma variants were covered in the detection using MARVEL. b, Comparison of detection results by MARVEL and RT–qPCR. Normalized GAR is defined as (GARgene – GARnegative)/(GARRNase P – GARnegative), where GARgene, GARnegative and GARRNase P are GARs of the detection sites for target viral genes or mutations, negative control and the human RNase P gene, respectively. Thresholds for Ct and normalized GAR values for positive and negative tests (red dashed lines) were obtained based on receiver operating characteristic (ROC). Samples 1–15 were PCR-negative and 16–50 were PCR-positive. c, ROC accuracy of MARVEL for SARS-CoV-2 diagnosis by targeting the N gene or the E gene. d, Detection results of SARS-CoV-2 and its mutations in 50 throat swab samples using MARVEL.

Discussion
[bookmark: _Hlk71538272]Rapid and efficient monitoring of the mutation and evolution of SARS-CoV-2 have become the top critical issue for ending the COVID-19 pandemic. Inadequate access to sequencing infrastructures has failed the regular diagnosis of SARS-CoV-2 with mutation information, and also slowed the tracking of viral variants and the acquisition of abundant epidemiological data on SARS-CoV-2 evolution. Here, we show that an assay, termed MARVEL, promises to fulfil the need for scalable screening of SARS-CoV-2 variants. A key advance in this work is our demonstration that MARVEL renders the identification of SARS-CoV-2 variants as easy as tests for SARS-CoV-2 infection by moving SARS-CoV-2 variant diagnosis and screening from sequencing centers to out-of-laboratory settings. Thus, it makes abundant testing for SARS-CoV-2 variants possible in both highly developed and resource-limited global regions.
[bookmark: OLE_LINK46][bookmark: OLE_LINK155][bookmark: OLE_LINK156]Importantly, MARVEL offers short-turnaround-time customization of SARS-CoV-2 variant detection, which enabled by the MARVEL’s general and simple probe design as well as its multiplexing capability. We have demonstrated the establishment of a MARVEL assay for multiplexed profiling of VOCs (Alpha, Beta, Gamma and Delta variants) within 18 days, and the turnaround time can be further shortened by accelerating the synthesis of pseudotyped virus. Shaped by their fitness for replication, transmission and immune escape, SARS-CoV-2 variants will continuously emerge to impact the spread of the virus and compromise the efficacy of existing vaccines27. A short turnaround time for developing customized assays for SARS-CoV-2 variants is imperative to offer an efficient follow-up diagnostic tool to monitor their evolution and prevalence.
[bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: _Hlk71645287][bookmark: OLE_LINK51][bookmark: OLE_LINK160][bookmark: _Hlk84936545][bookmark: _Hlk85372947][bookmark: OLE_LINK185]In addition, MARVEL features amplification-free, extremely low-cost and mobile-device-dependent detection, which, collectively, facilitates population-based mass screening. MARVEL dispenses with reverse transcription and nucleic acid amplification processes as it directly detects viral RNA via urease-based colorimetric readout. The nucleic acid amplification-free assaying strategy dramatically reduces the sample-to-result turnaround time (down to 25–30 min) and eliminates the risk of amplicon contamination, which is a serious issue in SARS-CoV-2 diagnosis42. The cheap reagents required, such as DNA probes and urease, make the estimated cost as little as US $0.30 for a single test that covers the N gene, the E gene, and five variants: the D614G-mutated, Alpha, Beta, Gamma and Delta variants (Supplementary Table 7). It is reported that 48.33% of the world’s population currently owns a mobile phone43. Wide availability of mobile phones is the key for an abundant, regular and on-site diagnosis of SARS-CoV-2 and its variants. MARVEL, using mobile phones as sensing platforms, allows us to detect as few as 400 copies/μl SARS-CoV-2. Since the viral load of SARS-CoV-2 in positive swab samples reportedly ranges from 641 copies/ml to 1.34 × 1011 copies/mL44, our out-of-laboratory detection protocol based on mobile phones can reliably diagnose SARS-CoV-2 infection. Moreover, detection results can be visualized and interpreted by a mobile phone app, which could also provide recommendations about quarantine and care procedures according to the diagnostic results.
[bookmark: OLE_LINK161]We note, however, that MARVEL cannot find unknown mutations in the SARS-CoV-2 genome. MARVEL is likely to serve as a complement to sequencing techniques. We envisage that virologists will initially use sequencing and epidemiological data for the detection and confirmation of key mutations and variants that need to be monitored for viral control, followed by the rapid customization of MARVEL to fulfil the need to identify these key variants.
[bookmark: OLE_LINK149][bookmark: OLE_LINK146][bookmark: OLE_LINK27][bookmark: OLE_LINK188]Despite this proof-of-concept study for rapid and multiplexed detection of SARS-CoV-2 variants using test papers and mobile phones, additional effort will be necessary to translate this work into a routine tool for testing SARS-CoV-2 variants. First, although the detection of variants has been achieved with the use of pseudoviruses, MARVEL has only confirmed positive clinical test samples for D614G-mutated SARS-CoV-2 infection due to the inaccessibility in Sichuan province of clinical samples that are positive for infection with other variants such as Delta. Cases in which MARVEL is used to diagnose other key SARS-CoV-2 variants in clinical samples will further support its applicability as a routine test for SARS-CoV-2 variant diagnosis. Second, the nucleic acid strand displacement reaction can be predicted, and therefore, in principle, optimized TEprobes can be obtained based on thermodynamic prediction. However, long SARS-CoV-2 RNA of up to ~30,000 bases will result in complex secondary structures, dramatically increasing the difficulty to precisely predict the strand displacement-based recognition process. Thus, further experimental optimization by tuning the forward toehold of TEprobes may often be needed to obtain a specific probe for identifying SARS-CoV-2 mutations. In addition, MARVEL is less sensitive than RT–qPCR partly due to the lack of nucleic acid amplification. The effect of increasing the number of C-Ag(I)-C artificial base pairs in TEprobes showed potential to improve the response and sensitivity of MARVEL via introducing an amplification effect in the strand displacement reaction (Supplementary Fig. 38). Using urease with an enhanced enzyme activity may also contribute to an improved inhibitory effect derived from Ag(I) ion, in turn improving the response of MARVEL towards low-concentration virus.
[bookmark: OLE_LINK17]The advances represented in this work should increase our ability to race against SARS-CoV-2 by arming us with knowledge of SARS-CoV-2 evolution. In the future, cheap, portable and user-friendly viral screening strategies such as MARVEL can be quickly modified to target other threatening pathogens such as dengue virus and Zika virus, which mainly afflict resource-constrained developing countries.

[bookmark: _Hlk73361201]Methods
[bookmark: OLE_LINK30][bookmark: OLE_LINK93]Oligonucleotides. DNA oligonucleotides were purchased from Sangon (Shanghai, China) and purified using PAGE. RNA oligonucleotides were synthesized by Takara (Daliang, China) and purified by HPLC. Information on DNA and RNA oligonucleotides is given in Supplementary Table 1 and 2.

[bookmark: _Hlk74465295][bookmark: _Hlk69293848][bookmark: OLE_LINK117][bookmark: OLE_LINK137][bookmark: _Hlk70687151][bookmark: _Hlk52885700][bookmark: _Hlk70687276][bookmark: _Hlk70687294][bookmark: OLE_LINK42][bookmark: _Hlk70687481][bookmark: _Hlk86226507][bookmark: OLE_LINK173][bookmark: OLE_LINK168][bookmark: OLE_LINK98][bookmark: _Hlk85390205]Pseudovirus preparation. Pseudoviruses of SARS-CoV-2, MERS-CoV, SARS-CoV and SARS-CoV-2 variants (V367F-mutated, R408I-mutated, D614G-mutated, Alpha, Beta, Gamma and Delta variants) were generated using the lentiviral vector system. SARS-CoV-2, SARS-COV and MERS-CoV contained a truncated fragment of the N gene, the E gene and ORF1ab. SARS-CoV-2 variants contained a truncated fragment of the N gene, the E gene and the S gene. For ORF1ab, the E gene and the N gene, WHO-recommended sequences targeted by RT–qPCR were included in the gene fragment. For the S gene, sequences spanning mutations of interest (i.e., to be detected) were contained in the gene fragment (Supplementary Table 8). Pseudoviruses were produced according to a published method with several modifications45. Briefly, the N gene, the E gene and ORF1ab (or the S gene) were cloned into CMV/R vector. psPAX2 vector (5 μg), pMD2.G vector (5 μg) and CMV/R vector carrying SARS-CoV-2, SARS-CoV or MERS-CoV genes (10 μg) were transfected into 3 – 8 × 106 293T cells using a Calcium Phosphate Transfection kit (Thermo Fisher Scientific, USA, cat. no. K278001). Pseudoviruses were obtained by collecting the supernatants 48 h after transfection and filtering them using a 0.22-μm syringe filter, and residual vector DNA was removed by DNase I. The copy number of pseudoviruses was estimated using RT–qPCR method and reference plasmids containing the N gene of SARS-CoV-2, SARS-CoV or MERS-CoV. Pseudovirus samples were aliquoted and kept at –80 °C before use. Considering the differences in sample transfer during the detection processes, the concentration of viruses stated in the manuscript is estimated based on the copy number of viruses and the sample volume used (after RNA extraction) for solution-based or origami paper-based detection (Supplementary Fig. 39).

[bookmark: _Hlk72344005][bookmark: _Hlk72348384][bookmark: _Hlk90284309]TEprobe preparation. TEprobes consisted of two single-stranded DNAs, Rec strand and Block strand. They were prepared by incubating 5 μl Rec strand (300 nM), and 5 μl Block strand (300 nM), 5 μl AgNO3 (300 nM), 15 μl NaNO3 (0.6 M, pH 6.8) and 20 μl H2O at room temperature for 20 min, and kept at 4 °C.

[bookmark: OLE_LINK212]Measurement melting temperatures (Tm) of TEprobes. Tm of TEprobes was determined using QuantStudio 3 (ABI, USA). 1 EvaGreen (Biotium, USA, cat. no. 31000) was added as an indicator of hybridization of TEprobes. The temperature was raised from 35 °C to 95 °C at a rate of 6 °C/min. Excitation wavelength was 494 nm. Fluorescence intensity was recorded at 521 nm at 5-s intervals.

[bookmark: OLE_LINK189][bookmark: OLE_LINK81][bookmark: OLE_LINK218][bookmark: OLE_LINK82]Analysis of the C-Ag(I)-C artificial base pair using isothermal titration calorimetry (ITC). ITC experiments were performed at 25 °C using Nano ITC (TA Instruments, USA). TEprobes and AgNO3 were dissolved in 150 mM NaNO3. AgNO3 (1 mM) was titrated with 20 consecutive 4 μl additions into the cell containing 40 μM TEprobes. The titration data were analysed by ITC data process software (Nano Analyze).

[bookmark: _Hlk91686576][bookmark: _Hlk84928282][bookmark: _Hlk91686621][bookmark: _Hlk91686633][bookmark: _Hlk72256053][bookmark: _Hlk67584757][bookmark: _Hlk72345062][bookmark: OLE_LINK96]Viral RNA detection in solution. Viral RNAs were detected by mixing 2 μl RNA samples with 10 μl TEprobes for 20 min at room temperature in 96-well plates, followed by the addition of 10 μl urease (10 nM, TCI, China, cat. no. U0017, EC 3.5.1.5) and 78 μl colour indicator mixture (10 μl urea (5 M), 10 μl phenol red (2.5 mM) and 58 μl H2O). The enzyme activity of the urease we used was 203.13 U/mg, measured using a Urease Activity Assay Kit (Merck, USA, cat. no. MAK120-1KT). The absorbance of the solution was measured using a Synergy H1 microplate reader (BioTek, USA), and images of the solution were obtained using a HUAWEI P40 mobile phone.
[bookmark: OLE_LINK99][bookmark: OLE_LINK116][bookmark: _Hlk70586405]Gel electrophoresis was carried out to analyse the DNA products in each step of MARVEL, using 5% agarose with Tris-acetate-EDTA buffer and Gelred dye (Biotium, cat. no. 41001). The final sample volume was 6 μl, containing 5 μl of reaction solution and 1 μl of 6 × gel loading dye. Gel electrophoresis was carried at 120 V for 40 min and the DNA was imaged using UV light with a Gel Doc XR+ system (Bio-Rad, USA).

[bookmark: OLE_LINK115][bookmark: OLE_LINK171][bookmark: OLE_LINK127][bookmark: _Hlk84504944][bookmark: OLE_LINK9][bookmark: _Hlk84939832][bookmark: _Hlk84939840][bookmark: OLE_LINK114][bookmark: OLE_LINK101]Viral RNA extraction. Negative throat swab specimens were acquired from healthy donors in the Deng laboratory and deposited in 200 μl 1 M NaNO3 medium. Pseudoviruses or influenza viruses were spiked into throat swab specimens or smeared on the surface of food packaging and frozen belt fish. Washing buffer (200 μl 1 M NaNO3) was used to collect the virus on food packaging and frozen belt fish. RNA was extracted from the 200-μl samples using the E.Z.N.A. Viral RNA Kit (Omega, USA, cat. no. R6874-02). Briefly, 500 μl QVL Lysis Buffer was added to the sample and incubated at room temperature for 10 min to lyse cells, followed by the addition of 350 μl 100% ethanol. The solutions were transferred into a HiBind RNA Mini Column and centrifuged at 13,000 g for 15 s. Next, 500 μl VHB Buffer was added to the column, which was then centrifuged at 13,000 g for 15 s. Finally, the column was washed twice using Wash Buffer II, and the RNA was eluted using 20 μl molecular biology grade H2O (Corning, USA, cat. no. 46-000-CM).
[bookmark: OLE_LINK208][bookmark: _Hlk73364332][bookmark: OLE_LINK128]The thermal lysis strategy used to obtain viral RNAs was proceeded followed the reported HUDSON assay with a few modifications24. A 20-μl sample was transferred into a centrifuge tube containing 1 μl TCEP (100 mM), 1 μl EDTA (0.5 mM) and 1 μl RNA Carrier (provided in the E.Z.N.A. Viral RNA Kit). The mixture was heated at 95 °C for 5 min and was then ready for the subsequent MARVEL assay.

[bookmark: OLE_LINK192][bookmark: _Hlk90284637]Preparation of origami paper. Whatman no. 1 filter paper was printed using a Xerox ColorQube 8580/8880N colour printer. The printed origami paper was then placed on a heat block for 10 s at 170 °C, allowing the wax to melt and spread through the paper to form hydrophobic barriers. 5 μl TEprobes (3 nM), 5 μl urease (1 nM urease in 6 nM pullulan solution) and 5 μl colour indicator mixture (1 μl urea (2.5 M), 1 μl phenol red (1.25 mM) and 3 μl H2O) were separately loaded on page 2, 3 and 4, respectively, of the origami paper. The number of detection sites was designed on demand. Prepared origami papers were kept at 4 °C and used within 1 week.

Paper-based viral RNA detection. Viral RNA was detected on a prepared origami paper. Viral RNA samples (5 μl) were added to page 1 of the origami paper, which was then folded to page 2 (containing TEprobes) to enable contact between RNA samples and TEprobes. After a 20-min incubation at room temperature, page 2 was folded to page 3 (loaded with urease), initiating the binding of the released Ag(I) with urease. Finally, page 3 was folded to contact page 4 (containing urea/phenol red) to indicate the pH change.
[bookmark: _Hlk69319596]Origami papers were imaged using a mobile phone and a 3D-printed attachment (30 × 18 × 20 cm)， which provided a stable light source for imaging the papers. The detection sites were identified and analysed based on CHT and K-means clustering. A mobile phone app on Android 11 was designed to guide the detection process and visualize the diagnostic results.

[bookmark: _Hlk86310571][bookmark: OLE_LINK170][bookmark: _Hlk69319414]RT–qPCR testing. Viral RNAs extracted from clinical samples were reverse-transcribed into cDNA in a total volume of 20 μl using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, cat. no. K1622). First, primers were hybridized by mixing 5 μl RNA sample, 1 μl random hexamer primer and 6 μl H2O and incubating at 65 °C for 5 min. Next, 2 μl dNTPs (10 mM), 1 μl RiboLock RNase Inhibitor (20 U/μl), 1 μl RevertAid RT (200 U/μl) and 4 μl of 5× reaction buffer were added and the mixture was incubated sequentially for 5 min at 25 °C, 60 min at 42 °C, and 5 min at 70 °C to terminate the reaction. The products were used directly for qPCR procedures with the Platinum SYBR Green qPCR SuperMix-UDG (Thermo Fisher Scientific, cat. no. 11744100). qPCR was carried out on the CFX96 Touch RT-PCR system (Bio-Rad, USA) with the following protocol: 50 °C for 5 min, 95 °C for 5 min, and then 45 cycles of 95 °C for 15 s, 60 °C for 15 s and 72 °C for 45 s. The 20-μl reaction system contained 2 μl of products obtained in the previous step, 10 μl of SYBR Green qPCR Supermix, 1 μl each of forward primer and reverse primers (10 μM), and 6 μl H2O. U.S. CDC-approved primers for the SARS-CoV-2 N gene and E gene were used. The forward and reverse primers for the N gene amplification were 5-AGTCAAGCCTCTTCTCGTTCCTC-3 and 5-CAGCAGCAGATTTCTTAGTGACAGTTT-3, respectively; those for the E gene amplification were 5-CTTGCTTTCGTGGTATTCTTGCT-3 and 5-TAGACCAGAAGATCAGGAACTCT-3, respectively.

[bookmark: OLE_LINK18][bookmark: OLE_LINK132]Clinical samples and ethics statement. Clinical throat swab samples were collected from the West China Hospital of Sichuan University (Ethical Approval no. 2020(100)) and frozen extracted RNAs from these samples were provided by the hospital for MARVEL and in-house RT–qPCR testing. RNA samples were thawed on ice, divided into 5-μl aliquots, and stored at –80 °C until use. Negative throat swab specimens were acquired from healthy donors in the Deng laboratory. Influenza viruses were kindly provided by Prof. Yi Shi (Institute of Microbiology, Chinese Academy of Sciences, Beijing, China).

[bookmark: OLE_LINK78][bookmark: OLE_LINK201]Statistics. Data analysis and illustrations were performed using Primer5, SnapGene 3.2.1 and Origin 2019b. Image processing was performed using Matlab 2020b. Welch’s t-test was conducted using SPSS 25.0. ROC curves to assess the diagnostic accuracy of the MARVEL assay were produced using GraphPad Prism 8.0.1.

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

Data availability
[bookmark: OLE_LINK79]The data supporting the results of this study are available within the paper and its Supplementary Information. Raw datasets generated and analysed during the study are available from the corresponding authors on reasonable request.

Code availability
The code for image processing is available on GitHub at https://github.com/Nelson233/MARVEL.
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