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Abstract

Point-of-care (POC) nucleic acid detection technologies are poised to aid gold-standard
technologies in controlling the COVID-19 pandemic, yet shortcomings in the capability to
perform critically needed complex detection—such as multiplexed detection for viral variant
surveillance—may limit their widespread adoption. Herein, we developed a robust multiplexed
CRISPR-based detection using LwaCasl3a and PsmCasl3b to simultaneously diagnose
SARS-CoV-2 infection and pinpoint the causative SARS-CoV-2 variant of concern (VOC)—
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51  maintaining high levels of accuracy upon the detection of multiple SARS-CoV-2 gene targets.
52 The platform has several attributes suitable for POC use: premixed, freeze-dried reagents for
53  easy use and storage; convenient direct-to-eye or smartphone-based readouts; and a one-pot
54  variant of the multiplexed detection. To reduce reliance on proprietary reagents and enable
55  sustainable use of such a technology in low- and middle-income countries, we locally produced
56  and formulated our own recombinase polymerase amplification reaction and demonstrated its
57  equivalent efficiency to commercial counterparts. Our tool—CRISPR-based detection for
58  simultaneous COVID-19 diagnosis and variant surveillance which can be locally
59  manufactured—may enable sustainable use of CRISPR diagnostics technologies for COVID-
60 19 and other diseases in POC settings.
61
62  Introduction
63  The recurrent emergence of new severe acute respiratory syndrome coronavirus 2 (SARS-
64  CoV-2) variants emphasizes the need of broad genomic and variant surveillance to monitor
65  SARS-CoV-2 characteristics and evolution. Genomic and variant surveillance is critical to the
66  understanding of the public health risk posed by new variants, as well as to the re-design and
67  continual improvements of vaccines, therapeutics, and diagnostic technologies. Low- and
68  middle-income countries (LMICs) are hotspots where several SARS-CoV-2 variants of
69  concern (VOCs) are postulated to emerge from (Bi et al., 2022), yet LMICs are at a distinct
70  disadvantage in ramping up variant surveillance capacity, due to resources being more limited,
71  mismanaged, or both. The majority (77%) of LMICs sequenced a minuscule fraction (<0.5%)
72 of their COVID-19 cases; 20 LMICs do not have any sequencing activity reported in public
73  databases (Brito et al., 2021). Together, this calls for a robust and affordable genomic
74  surveillance for LMICs.
75
76  Beyond genomic/variant surveillance activity, LMICs have limited access to the newest crisis
77  management technologies; lack the capacity and infrastructure to manufacture and distribute
78  crisis-critical products; and rely heavily on imports of these products which are subjected to
79  constraints in the supply chain. Efforts to strengthen genomic/variant surveillance activity of
80  LMICs in a sustainable manner—through the development of simple-to-use surveillance tools
81  that can be locally manufactured—should be a global priority. Ideally, diagnostics and
82  genomic/variant surveillance should be combined in the same technological platform to
83  maximize disease detection and variant surveillance capacity while optimizing resource use.
84
85  Genetic surveillance of SARS-CoV-2 can either target the whole viral genome or specific
86  genetic variations such as single nucleotide polymorphisms and indels through the use of next-
87  generation sequencing or quantitative real-time PCR with reverse transcription (RT-qPCR)
88  (European Centre for Disease et al., 2021). However, both sequencing- and PCR-based
89  investigations could be slow in returning results, thereby delaying an effort to contain the
90  outbreak especially for VOCs with greater transmissibility such as Delta (B.1.617.2; Ro of 5-7
91  (Burki, 2021; Liu & Rocklév, 2021) and Omicron (B.1.1.529; Rg estimated to be as high as 10
92  (Burki, 2022)). Most importantly, current surveillance technologies require complicated,
93  expensive instruments and expertise in handling and data analysis, resulting in the limited use
94  of these technologies in LMICs (Brito et al., 2021) where disease detection and variant
95  surveillance are critically needed.
96
97  The collateral activity of clustered regularly interspaced short palindromic repeats (CRISPR)-
98  associated 12/13 (Cas12/13) nucleases (Chen et al., 2018; Gootenberg et al., 2018; Gootenberg
99  etal.,2017; Harrington et al., 2018) has recently been used as a basis for nucleic acid detection,
100  including that of SARS-CoV-2 (Broughton et al., 2020; Fozouni et al., 2020; Joung et al., 2020;
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101  Patchsung et al., 2020). CRISPR-based detection has many attributes suitable for use in LMICs
102 especially in point-of-care settings: the assay does not need complicated equipment and
103 provides fast-to-return results, while maintaining high levels of diagnostic accuracy and
104  complex testing capabilities characteristic of laboratory-based diagnostic technologies.
105  CRISPR-based detection is particularly amenable to multiplexing, due to orthogonal cleavage
106  preferences of bystander nucleic acid probes by different Cas enzymes—particularly the Cas13
107  family—each of which can be programmed for sequence-specific detection by its
108  corresponding crRNA (Gootenberg et al., 2018). Due to its high sequence specificity (when
109  carefully designed and/or optimized), CRISPR-based detection has been explored as a tool to
110  map key SARS-CoV-2 mutations. A few reported technologies use equipment-heavy PCR (He
111 etal, 2022) and Fluidigm microfluidics (Welch et al., 2022) to amplify genetic materials and
112 increase the assay throughput, respectively. While such technologies drastically enhance the
113 ability to profile multiple mutations of SARS-CoV-2 and other viruses, the reliance on
114  extensive equipment may exclude them from utility in resource-poor settings. Equipment-light
115  CRISPR-based detection is considered highly practical for several reasons: these platforms
116  often combine an isothermal amplification step—compatible with a simple heating apparatus
117  like a water bath and obviating the need of a PCR thermocycler—with a CRISPR-Cas-based
118  detection step for maximal sensitivity and specificity. While discrimination of SARS-CoV-2
119  VOCs can be achieved with POC CRISPR-based detection, current POC CRISPR-based assays
120 have diminished sensitivity (a trade-off upon using a simplified protocol (Arizti-Sanz et al.,
121 2021) and lack multiplexed detection capability (Arizti-Sanz et al., 2021; Fasching et al., 2022).
122

123 Here we develop multiplexed CRISPR-based detection with point-of-care characteristics to
124 clinically diagnose SARS-CoV-2 infection and inform the causative VOCs in the same
125  reaction, while maintaining high sensitivity of detection (Figure 1). To do so, we extensively
126  optimized components and reaction conditions of the reverse-transcription recombinase
127  polymerase amplification (RT-RPA) to enable multiplexed amplification of two SARS-CoV-
128 2 genes, n and s (Figure 1A, B). We explored several Cas13 enzymes including an engineered
129  variant for multiplexed, orthogonal CRISPR-Casl3-based detection, and further screened
130  different parameters for improved detection sensitivity. We lyophilized premixed amplification
131 and CRISPR reactions and stored them in freeze-dried forms, which can be reconstituted
132 simply through addition of buffered nucleic acid analytes. The freeze-dried reagent format
133 enables convenient field deployment as well as longer reagent shelf-life. We further developed
134 a highly sensitive one-pot reaction which combines multiplexed RT-RPA and Casl13-based
135  detection in the same tube and demonstrated a simple visualization setup for multiplexed gene
136  detection. Finally, our system was successfully validated in suspected SARS-CoV-2 samples
137  from the real clinical setting; an indicative of both feasibility and robustness of our multiplexed
138  Casl3-based assay.

139

140  After assessing cross-reactivity and the limit of detection (LoD), we clinically validated the
141  multiplexed CRISPR-based detection of SARS-CoV-2 n and s genes (Figure 1B, top) on 136
142 clinical samples containing a full range of threshold cycle values (13-39). We found the
143 multiplexed CRISPR-based detection of SARS-CoV-2 obtained from nasopharyngeal and
144  throat swabs of infected patients to be 100% specific and 95-97% sensitive compared to RT-
145  gPCR. Within the characterized LoD (Ct ~37) the method is 100% specific and 100% sensitive.
146  To allow for broader implementation of the technology during the pandemic, we submitted the
147  most sensitive version of our freeze-dried, multiplexed CRISPR-based detection of SARS-
148  CoV-2 RNA for technological evaluation with the Food and Drug Administration (FDA) of
149  Thailand, and received full approval on September 22, 2021.

150
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151  With emerging VOCs, we re-designed our multiplexed detection platform—with minimal
152  adjustments to our FDA-approved protocol beyond new primers and crRNAs—to concurrently
153  diagnose SARS-CoV-2 infection—via pan-variant detection of the n gene—and discriminate
154  the highly transmissible Delta (B.1.617.2) and Omicron (B.1.1.529) via variant-specific
155  detection of the s gene (Figure 1B, bottom). Our best design for multiplexed Delta variant
156  detection showed excellent sensitivity (LoD at C;~37) and specificity, with no cross-reactivity
157 toward wild-type, Alpha (B.1.1.7), and Omicron SARS-CoV-2. Our Omicron variant
158  detection—which detected the HV69-70 deletion also found in the now extinct Alpha strain—
159  was slightly less sensitive (LoD at C; ~34) and exhibited minimal cross-reactivity with wild-
160  type and Delta SARS-CoV-2.

161

162  To sustain SARS-CoV-2 detection and variant surveillance capability in LMICs, we also report
163 here an RT-RPA reaction in which all protein components of RPA were locally produced in
164  Thailand, and demonstrated similar amplification efficiency, including for multiplexed
165  detection, of the locally produced RPA to commercial RPA. Our overall setup (Figure 1C)—
166  an equipment-light, field-deployable, and easy-to-use multiplexed CRISPR-based assay
167  capable of simultaneous detection of SARS-CoV-2 and VOC identification, while maintaining
168  high specificity and sensitivity—can now be prepared with locally manufactured components,
169  providing affordable access of critical reagents for diagnostic and variant surveillance assays
170  to the most vulnerable populations.

171

172 Results

173  Developing multiplexed reverse-transcription RPA for SARS-CoV-2 RNA detection

174  Standard SARS-CoV-2 laboratory diagnostics include the detection of at least two loci, often
175  in a multiplexed manner, as a precaution against escape mutations (Tang et al., 2020); we
176  wished to first confer this multiplexed detection capability to our platform. We focused our
177  optimization of multiplexed isothermal amplification on the RPA technique, as we and others
178  (Bao et al., 2020) found another popular isothermal amplification technique, LAMP, to be
179  highly susceptible to carryover contamination, likely due to its generation of large concatemer
180 amplicons that are highly amplificative and resistant to degradation. RPA can also be
181  performed at lower, near ambient temperature, making it more easily deployed for point-of-
182  care or field applications. Our previous work identified four sets of RPA primer pairs which
183  enable amplification of the spike (s), nucleocapsid (n), and two regions within the replicase
184  polyprotein lab (orflab) genes of SARS-CoV-2 (Patchsung et al., 2020) (Figure 1-figure
185  supplement 1A). Their amplification rates were variable, with the primer pair detecting the s
186  gene being the most sensitive (Patchsung et al., 2020). We found that simply combining two
187  of these primer pairs did not result in amplification of both targets, as the fast-amplifying
188  product of one gene would dominate the reaction (Figure 1—figure supplement 1). In order to
189  achieve simultaneous amplification of two targets, the amplification rates of both targets should
190  match (Jauset-Rubio et al., 2018), and be as high as possible for maximal sensitivity. We
191  decided to focus on improving the amplification of the n gene to match that of the s gene. The
192 7 gene has relatively fewer mutations over time (Dutta et al., 2020) and consistently provides
193 the most sensitive detection in many nucleic acid-based detection assays due to its presence in
194  many subgenomic RNA forms (Alexandersen et al., 2020). Screening of 12 RPA primer pair
195  combinations identified a new » primer pair (F4-R1) with similar sensitivity of amplification
196  to our s gene primers (Figure 1—figure supplement 1B-C). Combining the optimized » and s
197  primers in the same reverse-transcription RPA (RT-RPA) reaction containing SARS-CoV-2
198  RNA as a template allowed us to detect both # and s amplicons with similar efficiency (Figure
199  1-figure supplement 1D). Beyond primer design, we optimized the primer concentration and
200 fine-tuned the n:s primer pair ratio by increasing the » primer pair amount 1.25-1.5-fold, and
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201  found the n gene detection at these slightly skewed primer pair ratios to improve and match
202  that of the s gene at all RNA concentrations tested (Figure 1-figure supplement 2).

203

204  Consistent with previous reports (Patchsung et al., 2020; Qian et al., 2020), we found that
205 RNase H improves RT-RPA efficiency, but reducing RNase H amount in RT-RPA 4-8 fold
206  compared to what we initially reported (Patchsung et al., 2020) further enhanced the reaction
207  (Figure 1-figure supplement 2C). We reasoned that while RNase H can remove RNA from the
208 RNA:DNA duplex product of RT and accelerate subsequent RPA, excess RNase H may
209  degrade the SARS-CoV-2 RNA template in the starting RNA:primer complex and dampen the
210  enzyme’s beneficial effect.

211

212 Optimizing multiplexed CRISPR-based detection for SARS-CoV-2 RNA

213 We established a readout platform for multiplexed RNA amplification, via a multiplexed
214  CRISPR-Cas reaction. Cas13 enzymes with orthogonal collateral cleavage preferences are well
215  characterized; among the variants, Cas13a from Leptotrichia wadei (LwaCas13a) and Cas13b
216  from Prevotella sp. MA2016 (PsmCas13b) have already been demonstrated to work well in
217  tandem, and have been used in combination with multiplexed RPA to detect two synthetic
218  DNA targets (Gootenberg et al., 2018). We previously set up LwaCas13a-based detection of
219  SARS-CoV-2 RNA, primarily for the s gene, utilizing a FAM-labeled polyU reporter
220  (Patchsung et al., 2020). To extend the detection to two genes, we expressed and purified
221  PsmCas13b (Figure 1-figure supplement 3), designed its CRISPR RNA (crRNA) to target the
222 n gene of SARS-CoV-2, and prepared a Cy5-labeled polyA reporter to match with adenine
223 cleavage preference of PsmCas13b.

224

225  We confirmed that PsmCas13b exhibits collateral cleavage of the polyA reporter, thereby
226  eliciting CyS5 fluorescence when its n gene target is present. We empirically optimized the
227  enzyme:crRNA amount used in the detection reaction, as well as the polyA reporter
228  concentration (Figure I-figure supplement 4). Generally, more enzyme, crRNA, and the
229  reporter are needed for the PsmCasl3b-based detection compared to conditions used for
230  LwaCasl3a, reflecting poorer collateral cleavage kinetics of PsmCasl3b, which was
231  previously documented (Gootenberg et al., 2018) and which we also confirmed by performing
232 side-by-side detection reactions with PsmCas13b vs LwaCas13a on the same RPA product
233 (Figure I-figure supplement 5). Despite the slower kinetics of PsmCas13b, we demonstrated
234 that PsmCas13b and LwaCas13a can function orthogonally in a multiplexed reaction, to detect
235  nand s genes of SARS-CoV-2 respectively (Figure 1-figure supplement 2D).

236

237  We also explored Casl13d from Ruminococcus flavefaciens (RfxCas13d), which is the most
238  catalytically active of Cas13 orthologs in mammalian applications (Konermann et al., 2018),
239  aswell as its engineered variant, RfxCas13d-RBD, which has an RNA binding domain (RBD)
240  from human protein kinase R fused to RfxCas13d to improve RNA binding (Yin et al., 2020).
241  However, both RfxCas13d variants exhibited the polyU cleavage efficiency that was lower
242  than that of LwaCasl13a (Figure 1-figure supplement 6). Therefore, we decided to proceed with
243 the current best enzyme pair, LwaCas13a and PsmCas13b, and determine the system’s clinical
244  performance in the multiplexed gene detection of SARS-CoV-2 (Figure 1-figure supplement
245 06).

246

247  We screened solubility/stability-enhancing additives in the reactions to improve the efficiency
248  of the multiplexed RT-RPA and CRISPR reaction. Triglycine boosted the multiplexed RPA
249  reaction the most, consistently increasing the positive rates (Figure 1—figure supplement 7A)
250  and betaine monohydrate consistently increased the fluorescence signal generated from both
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251  Casl3a- and Cas13b-mediated cleavage by around 2-fold (Figure 1-figure supplement 7B and
252 Figure 1-figure supplement 8). The beneficial effect of betaine in the Cas detection step can
253  be combined with that of triglycine in the multiplexed RPA step, and we obtained the best
254  signal-to-noise upon multiplexed detection when both additives were used in their respective
255  reactions. (Figure 1—figure supplement 7C). Empirical adjustments to the Cas:crRNA ratio and
256  total amount, and reaction buffers further improved the multiplexed Cas reactions (Figure 1—
257  figure supplement 9).

258

259  Lyophilized RPA and CRISPR-Cas reaction pellets for portable SARS-CoV-2 RNA
260  detection

261  We simplified liquid handling steps involved in the amplification and detection reactions and
262  increased the shelf-lives of protein/RNA components of the reactions by storing them in
263  lyophilized forms. All components required for either multiplexed RT-RPA or the CRISPR-
264  LwaCasl3a-based detection, aside frobom potassium acetate and magnesium acetate for RT-
265 RPA, and magnesium chloride for CRISPR-Cas reaction, can be lyophilized together in the
266  presence of cryoprotective trehalose with minimal loss of activity upon reconstitution (Figure
267  l-figure supplement 10 and Figure 1-figure supplement 11). Trehalose may help the
268  lyophilized RPA and Cas reactions through two mechanisms: it is known to help stabilize
269  proteins for long-term storage and, from our additive screens, also helps boost the efficiency
270  of both RPA and CRISPR-Cas13 reactions (Figure 1—figure supplement 7A, B).

271

272  Freeze-dried RT-RPA pellet can simply be rehydrated by direct addition of the RNA extract
273  from clinical samples, along with KOAc and Mg(OAc),. The use of all-in-one freeze-dried RT-
274  RPA pellets has an added benefit in that at least twice the volume of RNA can be used as input,
275  resulting in even higher detection sensitivity compared to our conventional protocol where all
276  reaction components are supplied in liquid form and the RNA input volume is restricted (Figure
277  l-figure supplement 11). In addition, increasing the quantity of components in RPA pellets by
278  adding another RPA pellet (RT-2xRPA) boosted the analytical sensitivity of detection in
279  samples with C; as high as 37 (Figure 1—figure supplement 2E)

280

281  Analysis of clinical specificity, analytical sensitivity (the limit of detection) and clinical
282  sensitivity of the multiplexed detection of SARS-CoV-2 RNA

283  We performed clinical validation with a lyophilized premixed RT-2xRPA formulation, as it
284  had the highest detection sensitivity and suitable features for POC use. We found that the
285  multiplexed RPA and Casl3a/b-based detection are specific for the s and n genes of SARS-
286  CoV-2, and exhibited no cross-reactivity upon using RNA input from other common human
287  coronaviruses, including human coronavirus OC43 (hCoV-0OC43), hCoV-NL63, and hCoV-
288  229E (Figure 2A). Using serially diluted RNA extracts from cultured SARS-CoV-2 in Vero
289 cells (clinical isolate hCoV-19/Thailand/Siriraj 5/2020; GISAID accession ID:
290  EPI ISL 447908), we determined the limit of detection (LoD) of the optimized multiplexed
291  detection of the SARS-CoV-2 s and n genes to be at C; ~37 (Figure 2B).

292

293  The clinical performance of the multiplexed detection platform on RNA extracts from 136
294  nasopharyngeal and throat swab clinical samples, 91 of which are SARS-CoV-2 positive by
295 RT-qPCR (C; of the n gene ranging from ~13-39), matched well with the characterized
296  specificity and LoD (Figure 2C-G). We were able to identify all 45 SARS-CoV-2-negative
297  samples (100% specificity, Figure 2C). Among 91 RT-qPCR-positive samples, we were able
298  to detect both s and n genes in 85 samples and at least either the s or the n gene in three other
299  one sample, within 60 min of the multiplexed CRISPR reaction (Figure 2D, E). We were able
300 to detect both genes in samples with C; as high as 37.5 (Figure 2F). The clinical sensitivity of
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301  our multiplexed detection within the determined LoD (C; ~37) is 100% for the detection of
302  either the s or n gene of SARS-CoV-2, and 95% for the detection of both genes (Figure 2G).
303  For the full range of C¢’s we encountered in clinical samples, the clinical sensitivity is 95-97%
304  for at least one gene detected. Due to extensive optimizations, the limit of detection of our
305 multiplexed detection scheme with lyophilized reagents are even higher than those of freshly
306 prepared singleplex RPA and CRISPR reactions for SARS-CoV-2 s gene we previously
307  reported (Patchsung et al., 2020) (LoD C; ~33.5).

308

309  Inaddition to performing multiplexed detection with LwaCas13a and PsmCas13b, we explored
310  the use of LwaCas13a and crRNA combinations to detect both s- and n-gene RPA amplicons
311  (Figure 2B-G, LwaCas13a-based dual S/N gene detection). In this scheme, the use of multiple
312 primer pairs targeting different regions of the template could increase the probability of
313 successful amplification by at least one primer pair, especially at very low template
314  concentrations. Specific amplicons generated can all be detected by LwaCasl13a—the Cas
315  enzyme with highest collateral activity known to date—programmed with a mixture of crRNAs
316  targeting all desired amplicons. Indeed, the clinical sensitivity for this combined output
317  approach is better than that of the conventional multiplexed detection, reaching 95% for the
318  full C; range in our clinical samples, allowing for highly sensitive detection of SARS-CoV-2
319 RNA, while maintaining 100% specificity. The high level of detection accuracy was
320  maintained upon testing with different SARS-CoV-2 variants (Figure 2—figure supplement 1).
321  This lyophilized, LwaCas13-based dual-gene detection of SARS-CoV-2 RNA served as a basis
322 for our submission for technological evaluation with the Food and Drug Administration (FDA)
323  of Thailand, who specified precise specificity (no cross-reactivity with Influenza A and B;
324  MERS-CoV; and respiratory syncytial virus) and sensitivity (4,000 SARS-CoV-2 viral
325  copies/mL) requirements for non-PCR molecular tests for SARS-CoV-2. Our test received full
326  approval from the Thai FDA on September 22, 2021.

327

328 A multiplexed CRISPR-based assay for simultaneous universal SARS-CoV-2 detection
329  and SARS-CoV-2 variant differentiation

330  With suitable RPA primers and crRNA designs incorporating PAM requirements and synthetic
331  mismatches, CRISPR-based detection should have the ability to differentiate single-nucleotide
332 differences (Chen et al., 2021; Gootenberg et al., 2018; Gootenberg et al., 2017; Myhrvold et
333  al, 2018; Ooi et al., 2021; Shinoda et al., 2021; Teng et al., 2019; Zhou et al., 2020) found in
334  pathogen subtypes, including SARS-CoV-2 variants. In practice, cross-detection of highly
335  similar sequences could not be eliminated; this reduced specificity necessitates the use of
336  combinatorial detection of multiple signature mutations to provide high-confidence variant
337  identification (Welch et al., 2022). Here, we sought to be judicious in our target sequence
338  selection and crRNA design such that one CRISPR-Cas reaction is sufficient to identify a
339  SARS-CoV-2 variant. A multiplexed CRISPR-based detection combining a pan-strain
340  detection reaction with a variant differentiation one would be a cost-effective way to
341  simultaneously diagnose COVID-19, and track the emergence and spread of a known VOC in
342 apopulation.

343

344  In selecting target sequences for variant differentiation, we prioritized indel mutations (range
345  3-9 base-pairs per mutation) over substitution mutations (a single base-pair per mutation), as
346  the number of bases affected by indel mutations likely result in greater number of mismatches
347  which improves specificity for crRNA discrimination. However, the optimal indel length
348  mismatch between a crRNA and its target is unclear; 1- to 5-nucleotide indels were linked to
349  off-target activation of Cas9 (Lin et al., 2014), while a Cas13-based detection has been shown
350  to tolerate up to 15-nucleotide deletion in the target sequence (Gootenberg et al., 2018). While
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351 sequence context likely plays a key role, short mismatches may still permit non-cognate
352  crRNA: target recognition, and longer mismatches may allow formation of RNA bulges which
353  minimally interfere with crRNA:target base pairing, also resulting in non-cognate target
354  recognition and Cas activation. We thus decided to empirically test three different indel lengths
355 when we selected SARS-CoV-2 variant-specific mutations: a three-nucleotide deletion (S:
356  Y144A, specific for Alpha); two six-nucleotide deletions (s:HV69/70A, specific for Alpha and
357  Omicron BA.1 and BA.3; and 5:EF156/157AR158G:; specific for Delta); and a nine-nucleotide
358  deletion (orflab:SGF3675-3677A; specific for Alpha) (Figure 3A and Figure 3—figure
359  supplement 1). We also tested the detection of one single-nucleotide substitution (S:T22917G,
360  resulting in L452R mutation; specific for Delta) and incorporated a synthetic mismatch in our
361  crRNA design (Figure 3—figure supplement 2).

362

363  We designed corresponding RPA primers and LwaCasl3a crRNAs for all five mutation-
364  specific CRISPR-based detection (Figure 3—figure supplement 2 and Figure 3—figure
365  supplement 3), and first tested their specificity (Figure 3B, Figure 3—figure supplement 4). The
366  five SARS-CoV-2 variant-specific mutation detection reactions showed SARS-CoV-2 RNA-
367  dependent signal but exhibited different levels of selectivity for their target variants. The two
368  six-nucleotide deletion detections performed the best: EF156/157AR158G was highly specific
369  for Delta, with no cross-reactivity with Wuhan, Alpha, or Omicron strains; HV69/70A was also
370  highly specific for Alpha and Omicron as designed, but showed low-level cross-reactivity with
371  Wuhan and Delta. Y144A, SGF3675-3677A and L425R showed clear detection preference for
372  Alpha, Alpha, and Delta respectively, but background signals from other strains were
373  significant. We thus proceeded with the two best-performing variant-specific detection
374  reactions—EF156/157AR158G and HV69/70A—for subsequent experiments.

375

376  We characterized the limit of detection of the singleplex EF156/157AR158G-based detection
377  using a dilution series of RNA extracted from cultured SARS-CoV-2 Delta strain, and found
378  the detection to have an excellent LoD, capable of detecting Delta RNA with C; of up to ~38
379  (Figure 3—figure supplement 5A). Further evaluation revealed robust detection in clinical
380  samples (C; 15-37) (Figure 3—figure supplement 5B). We then combined the LwaCas13a-based
381  Delta-specific detection of the s gene with the PsmCas13b-based pan-SARS-CoV-2-strain
382  detection of the n gene in a multiplexed format (Figure 1B). Using the premixed, lyophilized
383  and multiplexed formulation as previously described, we confirmed that the excellent LoD of
384  Delta-specific reaction was maintained in the multiplexed format (Figure 3C and Figure 3—
385  figure supplement 6). Furthermore, the LwaCas13a-based Delta-specific multiplexed detection
386  was able to correctly identify all of twenty Delta patient specimens (C; 13-27), with no cross-
387  reactivity toward ten Alpha clinical specimens (C; 17-31) (Figure 3D). The PsmCas13b-based
388  pan-strain detection was fully functional, detecting the presence of SARS-CoV-2 in this same
389  set of thirty clinical samples.

390

391  With the recent emergence of the Omicron variant, we explored the use of the HV69/70A-
392 based detection for Omicron identification. We also performed additional cross-reactivity
393  evaluation with higher RNA titer at C; ~25 since we observed sporadic cross-reactivity in the
394  previous experiment (Figure 3B and Figure 3—figure supplement 7). We found that the
395  HV69/70A-based detection was able to distinguish Alpha and Omicron variants from other
396  variants even at higher RNA titer. Next, we demonstrated that the singleplex HV69/70A-based
397  detection was sensitive to RNA with Ciup to ~34 upon testing with a dilution series of Omicron
398  variant RNA (Figure 3—figure supplement 5C) and was able to detect all Omicron variant
399  clinical samples (Figure 3—figure supplement 5D). Using serially diluted RNA from an
400  Omicron clinical extract, we demonstrated sensitive detection of the Omicron variant at up to
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401  Ct~34in a multiplexed format (LwaCas13-based detection of Omicron HV69/70A s signature,
402  and PsmCas13b-based pan-strain n gene detection) (Figure 3E, Figure 3—figure supplement 6).
403  In addition, we were able to detect the HV69/70A s mutation as well as the SARS-CoV-2 n
404  gene in fifteen Omicron clinical specimens (C; 16-22), using the HV69/70A-based multiplexed
405  detection approach (Figure 3F).

406

407  Combining multiplexed RPA and Cas13-based detection in a single step

408  To simplify usage and minimize the risk of carryover contamination, we formulated a one-pot
409  protocol which combined components of multiplexed RPA and Cas13-based detection in a
410  single reaction tube. We first tested a previously reported one-pot SHINE protocol (Arizti-Sanz
411  etal., 2020) for the detection of SARS-CoV-2 S gene, but saw that its analytical sensitivity is
412 poorer than our conventional two-step amplification and detection in separate pots by ~10-100-
413  fold. Realizing that concentrations of RPA components in SHINE are diluted by 2-fold
414  compared to the two-step variant, potentially hampering performance of RPA in the one-pot
415  reaction, we re-formulated a one-pot recipe in which final concentrations of all components are
416  as close to those in our optimized two-step variant as possible. We also switched the reaction
417  temperature to be 39 °C, found to be optimal for combined RPA and Casl3-based detection
418  (Figure 4-figure supplement 1). We tested the optimized one-pot multiplexed RPA
419  amplification of the s and n genes and concurrent detection by LwaCas13a programmed with
420  s- and n-targeted crRNAs, and found its analytical sensitivity to be on par with the two-step
421  protocol (Figure 4A).

422

423  Direct visualization of multiplexed Cas13-based detection

424  To facilitate the use of a multiplexed CRISPR reaction in point-of-care settings, we switched
425  the fluorophore labels of the PsmCas13b-polyA reporter, from CyS5 to rhodamine X (ROX).
426  The ROX-based polyA reporter generates slightly higher levels of signal-to-noise upon
427  PsmCasl3b-mediated cleavage compared to the CyS5-based reporter (Figure 4—figure
428  supplement 2). Moreover, ROX and fluorescein (FAM, on the LwaCas13a-polyU reporter) can
429  be efficiently excited using a single blue LED light source(Ball et al., 2016), under which Cy5
430 gives no signal. ROX and FAM emissions can then be simultaneously monitored using
431  different combinations of colored plastic filters (Figure 4B, Figure 4—figure supplement 3 and
432 Figure 4—figure supplement 4). The emissions are easily readable by eye and ultimately, can
433  be coupled to a portable smartphone-based detection (Priye et al., 2018; Priye et al., 2017;
434 Samacoits et al., 2021) for quantitative analysis.

435

436  Establishing a fully configurable RPA reaction

437  Given the bottleneck experienced by many labs in procuring and affording commercial RPA,
438  we sought to produce protein components and formulate efficient RPA in house. We expressed
439  the four main protein components of the RPA reaction—bacteriophage T4 recombinase UvsX
440  (UvsX), bacteriophage T4 recombinase loading factor UvsY (UvsY), bacteriophage T4 single-
441  stranded binding protein Gp32 (Gp32), and Bacillus subtilis DNA Polymerase I, large fragment
442  (Bsu LF)—in Escherichia coli and purified them to about 95% purity (Figure 4C). The activity
443  of our laboratory-made RPA, formulated using a previously reported condition (Piepenburg et
444  al., 2006), was tested via the amplification of a synthetic DNA representing the s gene of
445  SARS-CoV-2, which showed clear amplification across different input concentrations under
446  this standard condition (Figure 4—figure supplement 5). We next titrated the concentrations of
447  the four main protein components of the RPA reaction in order to improve the amplification
448  and found optimal concentrations for each component as follows: 2—3 uM UvsX; 2-11 uM
449  UvsY, 26-35 uM Gp32, and 2-3 uM Bsu LF (Figure 4D). We combined optimized protein
450  concentrations with the triglycine additive to successfully amplify the » gene of SARS-CoV-2
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451  from either DNA or RNA samples for subsequent CRISPR-Cas13a detection (Figure 4E-4F).
452  The optimized in-house RT-RPA can be used in a multiplexed amplification reaction of the s
453  and n genes, coupled to LwaCasl3a-based detection with s- and n-targeted crRNAs (G) and
454  can be lyophilized without loss in detection sensitivity (Figure 4H).

455

456  Discussion and outlook

457  Many advances in point-of-care nucleic acid detection technologies for SARS-CoV-2 RNA—
458  from crude lysate preparation (Arizti-Sanz et al., 2020; Joung et al., 2020; Qian et al., 2020),
459  nucleic acid enrichment post-lysis to enhance sensitivity (Joung et al., 2020), multiple options
460  of isothermal amplification (Subsoontorn et al., 2020), amplification-free detection (Fozouni
461 et al., 2020), multiple modes of detection (Chaibun et al., 2021; Patchsung et al., 2020) to
462  mobile, automated readouts of results (Fozouni et al., 2020)—have collectively pushed toward
463  large-scale practical uses of these technologies for the surveillance of the ongoing pandemic.
464  Here, we extend the utility of CRISPR-based detection—already shown to be among the most
465  sensitive and specific isothermal nucleic acid tests—toward robust multiplexed detection of
466  SARS-CoV-2 RNA. Multi-parameter optimizations of multiplexed RPA and CRISPR-Cas
467  reaction resulted in a highly specific and sensitive detection platform for the s and n genes of
468  SARS-CoV-2. We critically evaluated its performance on a large set of clinical samples and
469  demonstrated the high sensitivity (95-97%) and specificity (100%) of the multiplexed
470  CRISPR-based detection of SARS-CoV-2 RNA. Our enhanced multiplexed CRISPR-based
471  reaction can be re-designed to simultaneously provide COVID-19 diagnosis and identify the
472  causative SARS-CoV-2 variant of concern, including Delta and Omicron, with high specificity
473  and sensitivity. Beyond variant surveillance, our platform can be used for other multiplexed
474  combinations, including the detection of one SARS-CoV-2 gene and a human gene/RNA
475  control, and the detection of SARS-CoV-2 with another virus, such as influenza, whose
476  infection can co-occur with COVID-19 and present similar symptoms (Mayuramart et al.,
477  2021).

478

479  Beyond complex detection, we also improve the usability and portability of the enhanced
480  multiplexed CRISPR-based detection platform through freeze-dried reaction mixtures and a
481  one-pot configuration. While the current sensitivity of our enhanced multiplexed platform is
482  already high, we think the key to further improve the test accuracy while maintaining the ease
483  of use of the detection technology lies in the ability to tinker with the RPA reaction itself. The
484  ability to manufacture this key reagent at high quality in the lab has enabled us to make progress
485  toward this goal, first by improving the ease of use through tailored lyophilization of reaction
486  components. In addition to increasing sensitivity, engineering RPA such that the reaction can
487  function directly and robustly in diverse biological fluids could make RPA and CRISPR-based
488  detection viable testing platforms in very limited-resource settings—even at home—for
489  currently circulating or newly emerging SARS-CoV-2 and other infectious agents. Beyond
490 improving technology characteristics, local manufacturing of test kit components creates
491  opportunities for economic and research development, which could lead to sustainable use of
492  these technologies in disease monitoring and diagnosis especially in developing countries.
493

494  Both RPA and CRISPR-Cas reactions contain primarily enzyme components; in this study, we
495  started to explore the use of an engineered Cas13 enzyme to improve the reactions. Continual
496  efforts to engineer these enzyme components and their substrates as recently demonstrated with
497  Casl2a (Nguyen, Rananaware, et al., 2020) and its crRNA (Nguyen, Smith, et al., 2020), along
498  with integration with automation platforms for high-throughput assay development, could pave
499  way for substantially improved detection platforms.

500
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501  Materials and Methods

502  Cloning methods for RPA expression plasmids

503  Nucleic acid sequences codon optimized for E. coli expression for T4 UvsX, T4 UvsY, T4
504  gp32, and Bsu DNA polymerase large fragment (Bsu LF) were ordered as plasmids from
505  GeneArt (ThermoFisher Scientific). Bsu LF and uvsY were cloned into the pET28a backbone
506  using Circular Polymerase Extension Cloning (CPEC) (Quan & Tian, 2011). Gp32 and uvsX
507  were cloned into the pET28a backbone using Type IIS assembly (Engler et al., 2008). Plasmids
508  were sequence verified (Eurofins Genomics) and are available on Addgene as follows:
509 pET28a-MH6-Bsu LF (Plasmid #163911); pET28a-gp32-H6 (Plasmid #163912); pET28a-
510  uvsX-H6 (Plasmid #163913); and pET28a-MH6-uvsY (Plasmid #163914).

511

512

513  Expression and purification of protein components of RPA

514  We used near-identical expression and cell lysis protocols for UvsX, UvsY, gp32, and Bsu LF,
515  but the purification step and final storage buffer conditions were different for each enzyme, as
516  given below.

517

518  An expression plasmid for UvsX, UvsY, gp32, or Bsu LF was transformed into E. coli
519  BL2I(DE3) cells. The cells were grown in LB medium at 37°C until ODsoo reached 0.7-0.8.
520  Protein expression was induced using the following concentrations of isopropyl-B-D-
521  thiogalactopyranoside (IPTG): 1 mM for UvsX and UvsY; 0.2 mM for gp32; and 0.5 mM for
522 BsuLF. The cells were grown for additional 16 hours at 16°C and harvested by centrifugation.
523 The cell pellet was resuspended in lysis buffer (50 mM sodium phosphate pH 8.0, 500 mM
524  sodium chloride, 10 mM imidazole). Phenylmethylsulfonyl fluoride (PMSF) was added into
525  resuspended solution at 1 mM final concentration followed by sonication for a total burst time
526  of 3 minutes (3 sec on for short burst and 9 sec off for cooling). The cell lysate was clarified
527 by centrifugation at 27,000xg for 30 minutes at 4 °C. Nickel-nitrilotriacetic acid (Ni-NTA)
528  agarose beads (Qiagen) was washed with two column volumes of water and equilibrated with
529  lysis buffer. The clarified cell lysate was incubated with the Ni-NTA agarose beads (Qiagen)
530  at 4 °C for 40 minutes. The column was washed with ten column volumes (CVs) of washing
531  buffer (50 mM sodium phosphate pH 8.0, 500 mM sodium chloride, and 20 mM imidazole),
532 and the bound proteins were eluted with elution buffer (50 mM sodium phosphate pH 8.0, 500
533 mM sodium chloride, 250 mM imidazole).

534

535  For UvsX, the protein was further purified by Heparin Sepharose Fast Flow (GE Healthcare
536  Life Sciences) with a linear gradient of 0.1-1 M NaCl in Buffer A (20 mM Tris-HCI pH 8, 5
537  mM B-mercaptoethanol (BME)). Proteins were concentrated and stored in 20 mM Tris-HCI pH
538 8.0, 500 mM NaCl, and 40% (v/v) glycerol at —20 °C.

539

540  For UvsY, the protein was further purified by Heparin Sepharose Fast Flow (GE Healthcare
541  Life Sciences) with a linear gradient of 0.1-1 M NaCl in Buffer A (20 mM Tris-HCI pH 8, 5
542  mM BME). Afterward, proteins were dialyzed against 20 mM Tris-HC1 pH 7.5, 400 mM NacCl,
543 20% (v/v) glycerol and 5 mM BME, and the glycerol concentration adjusted to be 50% (v/v)
544  with the addition of UvsY freezing buffer (20 mM Tris-HCI pH 7.5, 400 mM NaCl, and 80%
545  (v/v) glycerol). Protein aliquots were stored in 20 mM Tris-HCI pH 7.5, 400 mM NacCl, and
546  50% (v/v) glycerol at —20 °C.

547

548  For gp32, eluted protein fractions were dialyzed against 20 mM Tris-HCI pH 7.5, 400 mM
549  NaCl, and 5 mM BME, and the glycerol concentration adjusted to be 50% (v/v). Protein aliquots
550  were stored in 10 mM Tris-HCI pH 7.5, 200 mM NacCl, and 50% (v/v) glycerol at —20 °C.
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551

552 For Bsu LF, eluted protein fractions were concentrated and dialyzed against 50 mM Tris-HCI
553 pH 7.5, 50 mM KCIL, 1 mM DTT, 0.1 mM EDTA, and 20% (v/v) glycerol. Glycerol
554  concentration was adjusted to be 50% (v/v) with the addition of Bsu LF freezing buffer (50
555 mM Tris-HCI pH 7.5, 50 mM KCI, 1 mM DTT, 0.1 mM EDTA, and 90% (v/v) glycerol).
556  Protein aliquots were stored in 50 mM Tris-HCI1 pH 7.5, 50 mM KCl, 1 mM DTT, 0.1 mM
557 EDTA, and 50% (v/v) glycerol at —20 °C.

558

559  Expression and purification of Cas enzymes

560 LwaCasli3a expression and purification

561 LwaCasl3a was expressed from pCO013-Hiss-Twinstrep-SUMO-LwaCasl3a (Addgene:
562 #90097) and purified as previously described (Patchsung et al., 2020).

563

564  PsmCas13b expression and purification

565  Escherichia coli BL21 (DE3) transformed with pC0061-Hiss-Twinstrep-SUMO-PsmCas13b
566  (Addgene: #115211) were grown in LB media containing 25 pg/mL ampicillin, and the protein
567  expression induced by the addition of 500 uM IPTG at 16 °C for overnight. Cells were
568  collected by centrifugation at 8,000 rpm for 20 min at 4 °C and the supernatant was discarded.
569  The cell pellet was resuspended in extraction buffer (50 mM Tris-HCI, 500 mM NaCl, 1 mM
570  DTT, 1x protease inhibitor cocktail, 0.25 mg/mL lysozyme, 5 mM imidazole, pH 7.5) then
571  lysed by sonication (Sonics Vibracell VCX750) using 40-60% pulse amplitude (on 10 s and
572 off 20 s until completely lysed). The lysate was centrifuged at 15,000 rpm for 45 min at 4 °C,
573  and the soluble fraction filtered through a 0.45 pm polyethersulfone membrane and loaded into
574  Chelating Sepharose™ Fast Flow column which was pre-loaded with 0.2 M NiSO4 and pre-
575  equilibrated with binding buffer (50 Tris-HCI, 500 mM NaCl, 5 mM imidazole pH 7.5). The
576  column was washed with 5 column volumes of binding buffer, 6 column volumes of washing
577  buffer (50 Tris-HCI, 500 mM NaCl, 50 mM imidazole pH 7.5) and eluted with 6 column
578  volumes of elution buffer (50 Tris-HCI, 500 mM NaCl, 500 mM imidazole pH 7.5). The
579  fractions containing His-Twinstrep-SUMO-PsmCas13b were pooled and exchanged with
580  SUMO cleavage buffer (20 mM Tris-HCI, 150 mM NaCl, pH 8.0) at 4 °C overnight.

581

582  The SUMO tag was cleaved with Ulpl SUMO protease (Addgene #64697) using 10:1 of
583  SUMO substrate by incubation at room temperature for 5 h. The reaction was adjusted to pH
584 6.0 and filtered with 0.45 um polyethersulfone membrane before loading into HiTrap SP HP
585  column which was equilibrated with binding buffer (50 mM phosphate pH 6.0, 200 mM NaCl).
586  The protein was washed and eluted with 50 mM phosphate, 200 mM NaCl with pH ranging
587  from 6.0, 6.5, 7.0, 7.5, and 8.0, followed by 50 mM Tris pH 8.0, 1 M NaCl. The PsmCas13b
588  fractions were pooled, concentrated, exchanged buffer using centricon 30k, diluted to a
589  concentration of 1.2 mg/mL, and stored at -80 °C in storage buffer (50 mM Tris-HCI, 600 mM
590  NaCl, 5 % glycerol, 2 mM DTT).

591

592  RfxCasl3d and RfxCasl3d-RBD expression and purification

593  E. coli BL21 (DE3) cells transformed with CMS1371 (for Hise-MBP-RfxCas13d expression)
594  or CMS1372 (for Hise-MBP-RfxCas13d-dsRBD) plasmid were grown in LB media containing
595 100 pg/mL ampicillin, and the recombinant gene expression induced by the addition of 500
596 uMIPTG at 16 °C for overnight. Cells were collected and lysed as for PsmCas13b. Following
597 lysate clarification, the soluble fraction was filtered through 0.2 um polyethersulfone
598 membrane and purified by HisTrap FF column connected to FPLC system. The column was
599  pre-equilibrated with binding buffer (50 mM Tris-HCI, 500 mM NaCl, 5 mM imidazole; pH
600  7.5). The soluble fraction was loaded at 2 mL/min, washed with 5 column volumes of binding
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601  buffer. The recombinant protein was eluted in linear gradient of elution buffer (50 mM Tris-
602  HCI, 0.5 M NaCl, and 0.5 M imidazole; pH 7.5). The eluted fractions were pooled and dialyzed
603  with 50 mM Tris-HCI, 0.5 mM EDTA, 1 mM DTT and 200 mM NacCl; pH 7.5 at 4 °C for 3
604  hours, before proceeding to MBP tag removal.

605

606  The MBP tag was cleaved with ultraTEV protease using 20:1 substrate: protease ratio in 50
607 mM Tris-HCI, 0.5 mM EDTA, I mM DTT and 200 mM NaCl; pH 7.5. The reaction mixture
608  was incubated at 4 °C for overnight with gentle shaking before applied onto HisTrap column,
609  which was pre-equilibrated with (50 mM Tris-HCI, 500 mM NaCl, 5 mM imidazole; pH 7.5).
610  The flow-through and unbound fractions containing RfxCas13d and RfxCasl13d-dsRBD
611  protein were then collected while retained MBP and other contaminants were later washed out
612  with high concentration of imidazole. The purified protein was exchanged against 40 mM Tris,
613 400 mM NaCl; pH 7.5 in DEPC-treated water and concentrated using centricon 30k, and
614  diluted to a concentration of 1.22 mg/mL (for RfxCas13d) and 1.89 mg/mL (for RfxCas13d-
615 RBD).

616

617 RPA primers, crRNAs, and RNA reporters

618  The oligonucleotides used are listed in Table S2. The crRNAs used for variant detection were
619  synthesized via in vitro transcription. The T7-3G oligonucleotide (at the final concentration of
620 0.5 uM) and the ssDNA crRNA template (at the final concentration of 0.5 uM) were subjected
621  to 34 cycles of 50 uL. Q5® High-Fidelity DNA Polymerase reaction (New England Biolabs).
622  PCR products were purified using DNA Clean & Concentrator-5 kits (Zymo Research) and
623  eluted in 20 pL of nuclease-free water. Four picomoles of the purified dSSDNA crRNA template
624  were used in in vitro transcription reactions using RiboMAX Large Scale RNA Production
625  System—T7 (ProMega) or MEGAshortscript™ T7 Transcription Kit (Invitrogen). The reactions
626  were performed at 37 °C overnight, treated with DNase I, and purified using phenol-chloroform
627  extraction and alcohol precipitation. 15% acrylamide/7.5 M urea PAGE with GelRed®
628  (Biotium) staining was used to assess the size and purity of the transcribed product. Gels were
629  imaged on ImageQuant™ LAS 4000 (GE Healthcare); quantifications of produced crRNAs
630  were performed by measuring band densitometries using Fiji ImageJ software (Schindelin et
631 al., 2012) and comparing to RNA standards.

632

633  Design of RPA primers and crRNAs

634  General RPA primers and crRNAs design

635  RPA primers and crRNA were designed according to a published protocol (Kellner et al.,
636  2019).

637

638  Design of RPA primers and crRNA targeting specific SARS-CoV-2 mutations

639  Representative genome sequences of Alpha (n=1,100), Beta (n = 126), Gamma (n = 729), and
640  Delta (n = 1,329) were retrieved from NCBI SARS-CoV-2 data packages using PANGO
641  designations (Rambaut et al., 2020) as queries (dates of data retrieval, 27 April and 5 May
642  2021). Retrieved sequences were aligned using MAFFT (Katoh & Standley, 2013). The
643  alignments were visualized and used to create consensus sequence for each variant using
644  Jalview (Waterhouse et al., 2009). The four consensus sequences along with the SARS-CoV-
645 2 isolate Wuhan-Hu-1 NCBI reference genome (Accession ID NC 045512.2) were re-aligned
646  using MAFFT and visualized in SnapGene software (Insightful Science). Using visualized
647  multiple sequence alignment, RPA primers and crRNAs were manually designed to cover
648  regions spanning the target mutation while avoiding regions with genetic variations among
649  SARS-CoV-2 variants. The design and chosen regions are shown in Figure 3—figure
650  supplement 2 and Figure 3—figure supplement 3.
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651

652  Exclusivity evaluation of designed crRNAs

653  crRNA spacer sequences and their complementary sequences were searched against a BLAST
654  database of Betacoronavirus nucleotide sequences (Betacoronavirus BLAST,
655  https://blast.ncbi.nlm.nih.gov/Blast.cgi?’PAGE_TYPE=BlastSearch& BLAST SPEC=Betacor
656  onavirus), with the maximal number of target sequences set to 5000. The results were filtered
657  toinclude complete genomes (>29,000 nt) with 90-100% query coverage and 90-100% identity
658  (date of data retrieval 1 March 2022). The clade assignment of genomes was done using
659  NextClade (https://clades.nextstrain.org) (Aksamentov et al., 2021). The genomes with bad and
660 mediocre NextClade overall quality control status were excluded. The analysis was
661  summarized in Figure 3—figure supplement 8. The associated dataset was available in Figure
662  3—source data 1.

663

664  Inclusivity evaluation of designed primers and crRNAs

665  GenBank accession lists of SARS-CoV-2 variant genomes sampling by the NextStrain
666  COVID-19 global analysis open-data build were acquired by applying filter data by clade
667  before downloading author metadata (date of data retrieval, 3 March 2022); Alpha (n = 110),
668 Beta (n = 30), Gamma (n = 31), Delta (n = 1,044), and Omicron (n = 785)). FASTA files
669  comprising listed genomes were downloaded from GenBank and aligned using MAFFT. The
670  resulted alignments were visualized and inspected using JalView (Aksamentov et al., 2021).
671  The prevalence of the sequences aligned with primers and crRNAs in different variants were
672  calculated as a percentage of genomes with the complete matched sequence observed in the
673  alignments and represented by the frequency of the sequence among the variant isolates (%F).
674  Consensus sequences of each variant along with their %F values are provided in Figure 3—
675  figure supplement 3 for primers and Figure 3—figure supplement 2 for crRNAs. The associated
676  dataset was available in Figure 3—source data 2.

677

678  The NextStrain Clades or PANGO lineages were designated to each WHO classified variant
679  of concern as described in Table S1

680

681 RPA Primer and primer combination screening with colorimetric lateral-flow Casl3a-
682  based readout (for Figure 1-figure supplement 1)

683  RT-RPA was set up as previously described (Patchsung et al., 2020) using TwistAmp Basic
684  Kit (TwistDx) and EpiScript reverse transcriptase (Lucigen). Sequences of RPA primers used
685  were given in Table S2. LwaCasl3a-based detection reactions were also set up exactly as
686  previously described (Patchsung et al., 2020), then visualized with HybriDetect lateral-flow
687  strips (Milenia Biotec). Sequences of LwaCas13a-crRNAs for each amplicon were given in
688  Table S2.

689

690  Optimized multiplexed RT-RPA

691  The optimized reaction condition for multiplexed RT-RPA for the amplification of s and n
692  genes of SARS-CoV-2 with TwistAmp Basic RPA is as follows. The protocol is for the
693  preparation of 5 multiplexed RPA reactions at a time from one lyophilized RPA pellet
694  (TwistAmp Basic kit, TwistDx). Working multiplexed RPA contained 2.5 uM s-gene forward
695  RPA primer, 2.5 uM s-gene reverse RPA primer, 3.1 uM n-gene F4 forward RPA primer, and
696 3.1 uM n-gene R1 forward RPA primer.

697

698  One RPA pellet was resuspended with 29.5 pL of the rehydration buffer from the kit. 1 pL
699  EpiScript reverse transcriptase (200 U/uL stock; Lucigen), 0.36 uL. RNase H (5 U/uL stock;
700  NEB), 5 pL triglycine (570 mM stock, Sigma), and 5 uL multiplexed RPA primer mix were


https://doi.org/10.1101/2022.03.17.22272589
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.03.17.22272589; this version posted March 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in
perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

15

701  added to the RPA resuspension. A portion of 8.2 pL. of the RPA-primer-enzyme master-mix
702 was aliquoted into five precooled 1.5 ml Eppendorf tubes. 5.3 pL RNA extract from
703  nasopharyngeal and throat swab samples was then added to each aliquot. Lastly, 0.7 puL
704  magnesium acetate (280 mM stock) was added to initiate the amplification. The reactions were
705  incubated at 42 °C for 25 min, then placed on ice before proceeding to the Cas-based detection
706 step.

707

708  Optimized multiplexed Cas13-based detection with fluorescence readout

709  Each multiplexed Cas13-based detection reaction can be assembled as follows, and making a
710  mastermix by multiplying the amount given is possible: 2 uLL HEPES (200 mM stock, pH 6.8),
711 0.8 pL ribonucleoside triphosphate mix (rNTPs, 25 mM stock, NEB), 0.6 uL. NxGen T7 RNA
712 polymerase (50 U/uL stock, Lucigen), 2.5 uL. FAM-polyU-IABKFQ reporter (2 uM stock,
713 IDT), 2.5 pL. Cy5-polyA-IABkKRQ or ROX-polyA-IABKRQ reporter (4 uM stock, IDT), 1 uL.
714  LwaCasl3a-crRNA for the s gene (10 ng/uL stock, Synthego), 1 uL PsmCas13b-crRNA for
715  the n gene (30 ng/uL stock, Synthego), 1 pL LwaCas13a enzyme (126 pg/mL; 900 uM working
716  stock in enzyme storage buffer), 1 pL PsmCas13b enzyme (420 pg/mL; 2700 uM working
717  stock in enzyme storage buffer), 3 puL betaine monohydrate (5 M stock, Sigma), 1 pL
718  magnesium chloride (480 mM stock), and 1.3 uL. DEPC-treated water.

719

720  Final concentrations of each component were: 20 mM HEPES pH 6.8, 1 mM of each rNTP,
721 1.5 U/uL T7 RNA polymerase, 250 nM polyU-IABkKFQ, 500 nM polyA-IABkRQ, 22.5 nM
722  LwaCasl3a crRNA, 67.5 nM PsmCas13b crRNA, 45 nM LwaCasl3a enzyme, 135 nM
723 PsmCas13b enzyme, 750 mM betaine monohydrate, and 24 mM magnesium chloride.

724

725  After mixing, 18 pL of the multiplexed Cas reaction mixture was transferred to a 384-well-
726  plate well, and 2 pL of the multiplexed RPA reaction was added. Fluorescent signals of FAM,
727  ROX, and Cy5 were monitored using a fluorescence microplate reader (Infinite M Plex, Tecan)
728 at 37 °C. Alternatively, FAM and ROX fluorescence can be visualized using an LED
729  transilluminator (BIuPAD Dual LED Blue/White light transilluminator) equipped with plastic
730  lighting gels as excitation and emission filters (LEE Filters, filter no.101 Yellow, 106 Primary
731  red, 119 Dark blue, 139 Primary green, 158 Deep orange).

732
733
Visualization Light Source Emission filter Excitation filter
FAM-ROX Blue Light Blue Orange and yellow
FAM Blue Light Blue Orange and green
ROX Blue Light Green Red
ROX White Light Green Red
734
735

736  Specific RPA and Cas-based detection methods for relevant figures, see Table S3 and Table
737  S4.

738

739  Lyophilized RT-RPA for multiplexed gene detection

740  An RT-RPA reaction buffer A was prepared from 500 pL 50% (w/v) PEG20000, 250 pL of 1
741 M Tris pH 7.4, and 100 pL. of 100 mM DTT. The multiplexed RT-RPA reaction mixture was
742  prepared by resuspending one RPA pellet (TwistAmp Basic kit, TwistDx) with 14.2 uL. of RT-
743  RPA reaction buffer A. 15 pL nuclease-free water, 1 pL EpiScript reverse transcriptase (200
744  U/uL stock; Lucigen), 0.36 uL. RNase H (5 U/uL stock; NEB), 5 pL triglycine (570 mM stock,
745  Sigma), 5 uL. of multiplexed RPA primers mix were added to the RPA resuspension. 8.2 pL of
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746  the RPA-primer-enzyme master-mix was aliquoted into precooled 1.5 mL Eppendorf tubes;
747  the recipe given was enough to make 5 aliquots. The mixture was snap frozen with liquid
748  nitrogen and lyophilized using a freeze dryer (Alpha 2-4 LDplus, Martin Christ) overnight.
749

750  To reconstitute and initiate the RT-RPA reaction, the lyophilized RT-RPA pellet was
751  resuspended with 12.7 pL of the RNA sample. Lastly, 1 uL of a solution composed of 196 mM
752  magnesium acetate and 1.5 M potassium acetate was added to each reaction. The reactions
753  were incubated at 42 °C for 25 min, then placed on ice before proceeding to the Cas-based
754  detection using Casl3a-based detection step containing crRNAs for both S and N genes as
755  previously described. The relative FAM fluorescence intensity was evaluated using a real-time
756  thermal cycler (CFX Connect Real-Time PCR System, Bio-Rad).

757

758  One-pot, multiplexed RT-RPA/CRISPR-Cas13a detection

759  We prepare the one-pot, monophasic detection reactions by preparing the multiplex RT-RPA
760  and CRISPR-Casl13a reaction mixes separately, before mixing them together, as follows.

761

762  RT-RPA reaction buffer and multiplexed RPA primers mix were prepared as described above.
763  crRNA-reporter solution was prepared from 24 pl. DEPC-treated water, 4 pL of 100 ng/uL
764  LwaCasl3a crRNA for s gene, 4 uL of 100 ng/uL LwaCas13a crRNA for n gene, and 2 pL of
765 100 uM FAM-PolyU reporter. Then, CRISPR-Casl3a reaction mix was prepared by
766  combining 2.8 pL rNTPs mix (25 mM each), 2 pL. T7 RNA polymerase (50 U/uL), 7 puL
767  LwaCasl3a (63 pg/mL), and 3 pL of the crRNA-reporter solution.

768

769  The multiplexed RT-RPA reaction mixture was prepared by resuspending one RPA pellet
770  (TwistAmp Basic kit, TwistDx) with 14.2 uLL of RT-RPA reaction buffer A. 1 pL EpiScript
771  reverse transcriptase (200 U/uL stock; Lucigen), 0.36 uL. RNase H (5 U/uL stock; NEB), 5 uL.
772 triglycine (570 mM stock, Sigma), 5 pL of multiplexed RPA primers mix, and 15 pL of
773  CRISPR-Casl3a reaction mix were then added to the RPA resuspension. 8.2 pL of the RPA-
774  primer-enzyme master-mix was aliquoted into precooled 0.1 mL PCR strip tubes; the recipe
775  given was enough to make 5 aliquots.

776

777  To initiate amplification and detection, 5.3 uL of the RNA sample was added to each aliquot,
778  followed by 0.7 uL magnesium acetate (280 mM). The reactions were incubated at 39 °C and
779  generated FAM fluorescence was monitored using a real-time thermal cycler (CFX Connect
780  Real-Time PCR System - Bio-Rad).

781

782  Standard (unoptimized) in-house RPA reaction

783  Standard RPA reactions were set up as previously reported (Piepenburg et al., 2006) and
784  contained the following components: 50 mM Tris (pH 7.5), 100 mM potassium acetate, 14 mM
785  magnesium acetate, 2 mM DTT, 5% (w/v) PEG20000, 200 uM dNTPs, 3 mM ATP, 50 mM
786  phosphocreatine, 100 pg/mL creatine kinase, 120 pg/mL UvsX, 30 ug/mL UvsY, 900 pg/mL
787  Gp32, 30 pg/mL Bsu LF, 450 nM primers, and DNA templates. Reactions were performed in
788 20 pL volumes at 37 °C for 60 min, followed by inactivation at 65 °C for 10 min. Ten
789  microliters of each reaction were mixed with 2% (w/v) final concentration of sodium dodecyl
790  sulfate (SDS) and Novel Juice DNA staining reagent (BIO-HELIX), separated on 2% (w/v)
791  agarose gel and visualized under blue light (BluPAD, BIO-HELIX).

792

793  Optimizing RPA through titration of protein components

794  Concentrations of the main protein components of RPA (UvsX, UvsY, Gp32, and Bsu LF)
795  were varied as indicated in . We also switched to using RPA primers for the n gene
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796  amplification (the F4/R1 pair) and pUC57-2019-nCoV-N plasmid (MolecularCloud cat no.
797  #MC _0101085) at 10,000 copies/uL as the DNA template. The RPA reaction conditions were
798  otherwise identical to the standard RPA reaction (see previous section), and were allowed to
799  proceed at 42°C for 60 min. Thereafter, 2 pL of the RPA products were mixed with 18 puL of
800  the Casl3a-based detection reaction, which contained 20 mM Tris-HCI pH 7.4, 60 mM NaCl,
801 6 mM MgCl, 1 mM of each rNTPs, 1.5 U/uL NxGen T7 RNA polymerase, 6.3 pg/mL
802 LwaCasl13a, 0.5 ng/uL. LwaCas13a crRNA, and 0.3 uM FAM-PolyU reporter. The generated
803  FAM fluorescence was monitored at 37 °C over 90 min using a fluorescence microplate reader
804  (Varioskan, Thermo Scientific or Infinite M Plex, Tecan).

805

806  Optimized in-house RPA for single-gene detection

807  The single-plexed RPA of the n gene was set up with the following components (20 pl total
808  reaction volume, consisting of 19 pL reagent mastermix and 1 uLL RNA input): 50 mM Tris
809 (pH 7.5), 100 mM potassium acetate, 14 mM magnesium acetate, 2 mM DTT, 5% (w/v)
810  PEG20000,200 uM dNTPs, 12 mM ATP, 50 mM phosphocreatine, 100 pg/mL creatine kinase,
811 150 pg/mL (3.3 uM) UvsX, 30 pg/mL (1.7 pM) UvsY, 900 pg/mL (26.5 uM) Gp32, 120
812  pg/mL (1.8 uM) Bsu LF, 40 mM triglycine (Sigma), and 700 nM n gene primers. One pL of
813  pUC57-2019-nCoV-N plasmid (MolecularCloud cat no. #MC 0101085) was used as a
814  template, and the RPA reactions were allowed to proceed at 42°C for 60 min. Thereafter, 2 uL
815  of the RPA products were mixed with 18 uL of the Casl3a-based detection reaction, which
816  contained 40 mM Tris-HCI pH 7.4, 60 mM NaCl, 6 mM MgCl,, 1 mM of each rNTPs, 1.5
817  U/uL NxGen T7 RNA polymerase, 6.3 pg/mL LwaCasl3a, 1 ng/uL. LwaCas13a crRNA for n
818  gene, and 0.3 uM FAM-PolyU reporter. The generated FAM fluorescence was monitored at
819 37 °C over 90 min using a real-time thermal cycler (CFX Connect Real-Time PCR System,
820  Bio-Rad).

821

822  Optimized in-house RT-RPA for single-gene and multiplexed Cas13-based detection

823  The single-plexed RT-RPA of the n gene was set up with the following components (20 puL
824  total reaction volume, consisting of 14.5 pL reagent mastermix and 5.5 puL. RNA input): 50
825 mM Tris (pH 7.5), 100 mM potassium acetate, 14 mM magnesium acetate, 2 mM DTT, 5%
826  (w/v) PEG20000, 200 uM dNTPs, 12 mM ATP, 50 mM phosphocreatine, 100 pg/mL creatine
827  kinase, 150 pg/mL (3.3 uM) UvsX, 30 pg/mL (1.7 uM) UvsY, 900 pg/mL (26.5 uM) Gp32,
828 120 pg/mL (1.8 uM) Bsu LF, 26.6 U/mL RNase H, 2.8 U/uL EpiScript Reverse Transcriptase,
829 40 mM triglycine (Sigma), and 700 nM #n gene primers. 5.5 pL of serially diluted SARS-CoV-
830 2 RNA was used as a template, and the RT-RPA reactions were allowed to proceed at 42°C for
831 60 min.

832

833  The multiplexed RT-RPA to detect the s and n genes of SARS-CoV-2 was set up in a similar
834  condition as the single-plexed amplification, except for the concentration of specific primers,
835  and the amount of RNA template used. Here, we used the n gene and s gene RPA primers at
836 222 nM and 177 nM, respectively, and add 7 pL of serially diluted SARS-CoV-2 RNA as
837  input. RT-RPA reactions were performed at 42 °C for 60 min, and the RPA products monitored
838  through multiplexed Casl3a/b-based detection as described in the optimized multiplexed
839  Casl3-based detection methods section.

840

841  Thereafter, 2 pL of the RPA products were mixed with 18 pL of the Cas13a-based detection
842  reaction, which contained 40 mM Tris-HCI pH 7.4, 60 mM NaCl, 6 mM MgCl,, 1 mM of each
843  rNTPs, 1.5 U/uL NxGen T7 RNA polymerase, 6.3 ng/mL LwaCas13a, 1 ng/uL. LwaCasl3a
844  crRNA (1 ng/pL LwaCasl3a crRNA for single gene detection and 0.5 ng/ul. LwaCasl3a
845  crRNA for s gene, 0.5 ng/uL LwaCas13a crRNA for n gene for multiplexed detection), and 0.3
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846  uM FAM-PolyU reporter. The generated FAM fluorescence was monitored at 37 °C over 90
847  min using a real-time thermal cycler (CFX Connect Real-Time PCR System, Bio-Rad).

848

849  Lyophilized in-house RT-RPA for multiplexed gene detection

850  The multiplexed RT-RPA reaction mixture was prepared by assembling all components as
851  described in the optimized in-house RT-RPA methods section, except that magnesium acetate
852  and potassium acetate were not included, and the mixture was further supplemented with 6%
853  (w/v) trehalose. The mixture was lyophilized using a freeze dryer (Alpha 2-4 LDplus, Martin
854  Christ).

855

856  To reconstitute and initiate the RT-RPA reaction, the lyophilized RT-RPA pellet was
857  resuspended in a solution consisting of 1 uL. of 280 mM magnesium acetate, 0.4 uL of 5 M
858  potassium acetate, and 17.6 pL. of SARS-CoV-2 RNA. The RT-RPA reaction was incubated at
859 42 °C for 60 min. A portion of the reaction was then transferred to the Casl3a-based detection
860  step containing crRNAs for both s and n genes as previously described. The generated FAM
861  fluorescence was monitored using a real-time thermal cycler (CFX Connect Real-Time PCR
862  System, Bio-Rad).

863

864  Sample collection, RNA preparation, and ethical approval

865  As previously described (Chaimayo et al., 2020), respiratory samples were collected from
866  patients with suspected SARS-CoV-2 infection at Siriraj Hospital and processed at the
867  Diagnostic Molecular Laboratory, Department of Microbiology, Faculty of Medicine, Siriraj
868  Hospital. Nasopharyngeal and throat swabs were collected in viral transport media (VTM,
869  Gibco). RNA was extracted from 200 pL of the respiratory swabs in VIM using magLEAD®
870  12gC automated extraction platform (Precision System Science, Japan), eluted in 100 pL
871  buffer, and either used directly for clinical laboratory diagnosis of SARS-CoV-2 via RT-qPCR
872  or stored at -70 °C for later use.

873

874  Excess RNA extracts from these samples were then used without any personally identifiable
875  information being collected for our studies. 91 samples with known positive results from RT-
876  PCR for SARS-CoV-2, 45 samples with known negative results from RT-PCR for SARS-CoV-
877 2, 20 Delta clinical samples, 10 Alpha clinical samples, 15 Omicron clinical samples, and 3
878  samples with positive results for human coronavirus OC43, NL63, and 229E were included for
879  the method validation. Samples were randomized upon giving to study staff, who were kept
880  blinded to the SARS-CoV-2 RT-PCR diagnostics results of the samples when they performed
881  wvalidation experiments of CRISPR diagnostics.

882

883  Ethical approval of the study was given by the Siriraj Institutional Review Board (COA: Si
884  339/2020 and Si 424/2020).

885

886  Cultured SARS-CoV-2 viral RNA extracts and serial dilutions

887  SARS-CoV-2 Wuhan variant (clinical isolate hCoV-19/Thailand/Siriraj 5/2020; GISAID
888 accession ID:  EPI ISL 447908), Alpha  variant (clinical isolate = hCoV-
889  19/Thailand/Bangkok R098/2021; GISAID accession ID: EPI ISL 11000098), and Delta
890  variant (clinical isolate hCoV-19/Thailand/Bangkok SEQ4389/2021; GISAID accession ID:
891  EPI ISL 3038904) were propagated in Vero E6 cells cultured in MEM-E supplemented with
892  10% fetal bovine serum. The culture media were collected and extracted as described for the
893  clinical sample. The RNA extracts at given dilution were prepared by dilution with nuclease-
894  free water and stored at -70 °C for later use.

895
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896 RT-qPCR

897  The RT-qPCR was performed according to a published protocol (Vogels et al., 2020). In brief,
898 a5 pL of the RNA sample was added to a 20-pL reaction prepared with Luna® Universal
899  Probe One-Step RT-qPCR Kit (New England Biolabs) and nCoV_N1 primer-probe set
900 (Integrated DNA Technologies). The reactions were monitored using CFX Connect Real-Time
901  PCR System (Bio-Rad).

902

903  Allplex™ SARS-CoV-2 Variants 1 Assay (Seegene, Korea), which targets RdRp and S;
904  delH69/V70, E484K and N501Y of SARS-CoV-2, was used for SARS-CoV-2 Alpha and
905  Omicron variant screening. Allplex™ SARS-CoV-2 Variants II Assay (Seegene, Korea),
906  which targets RdRp and S; K417N, K417T, L452R and W152C, was used for Delta variant
907  screening. All identified variant samples were confirmed with full length spike sequencing.
908

909  Droplet digital RT-PCR (RT-ddPCR)

910  The RT-ddPCR was performed using One-Step RT-ddPCR Advanced Kit for Probes (Bio-
911 Rad) according to the manufacturer’s protocol and in line with RT-qPCR protocol described

912  above. A 20-pL reaction consisted of 5 uL. of RNA input, 5 pL of Supermix, 2 pL of reverse

913  transcriptase, | pL of 300 mM DTT, 4 pL nuclease-free water, and each 1 uL of following
914  component from nCoV_N1 primer-probe set (Integrated DNA Technologies): 10 uM forward
915  primer, 10 uM reverse primer, and 10 uM probe. The reaction droplets were generated and
916  read using a QX100™ Droplet Digital™ PCR system (Bio-Rad) connected to a T100™
917  Thermal Cycler (Bio-Rad). Thermocycling conditions were reverse transcription at 50 °C for
918 60 minutes, enzyme activation at 95 °C for 10 minutes, followed by 40 cycles of 95 °C for 15
919  seconds, 55 °C for 30 seconds, 58 °C for 10 seconds. The enzyme deactivation was done at 98
920  °C for 10 minutes. The quantification was carried out using QuantaSoft™ software (Bio-rad).
921

922  Standard curve of qPCR Ct versus ddPCR-derived copies/uL. RNA input see Appendix 1
923

924  Data analysis and visualization

925  Statistical analyses were performed, and graphical representations created with GraphPad
926  Prism 9, unless indicated otherwise. Schematic diagrams were created with Biorender.com and
927  Adobe Illustrator CC 2017.

928
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Figure 1. A multiplexed Cas13-based assay for simultaneous SARS-CoV-2 detection
and variant identification.

(A) Regions of interest in SARS-CoV-2 RNA, such as the s and » genes, are isothermally
amplified by multiplexed RT-RPA. T7 transcription then converts and amplifies DNA
amplicons to RNAs, which are recognized by cognate Casl13a-crRNA and Cas13b-crRNA
complexes with orthogonal collateral cleavage preferences. Cleavage of orthogonal RNA
reporters by target-activated Cas enzymes elicits multicolored fluorescence, which can be
monitored with standard fluorescence detection instruments.
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(B) Top, dual-gene detection via CRISPR-Cas13a/b for COVID-19 diagnosis. Bottom, dual-
gene detection for simultaneous COVID-19 diagnosis and SARS-CoV-2 variant
identification. LwaCas13a is used to detect a universal, pan-strain region (top) or a variant-
specific region (bottom) of the SARS-CoV-2 s gene. PsmCas13b is used to detect a pan-
strain region of the n gene. The amplified regions of the S and N genes are shown in red and
green respectively.

(C) Developing simple-to-use SARS-CoV-2 variant surveillance tools which can be locally
manufactured. Our multiplexed CRISPR-based detection reactions can be premixed and
lyophilized for convenient use and storage; multiplexed RPA and Cas13-based reactions can
be combined in one tube; result readouts can be directly observed by eye with low-cost light
sources; and RPA and Cas13a/b can be locally produced and formulated.
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Figure 2. Specificity and sensitivity of the multiplexed CRISPR-based detection of
SARS-CoV-2 RNA.

(A) Clinical specificity. Kinetics of FAM (top) and Cy5 (bottom) fluorescence signal
generation from the SARS-CoV-2 s (top) and n gene (bottom) detection via a multiplexed
CRISPR-Cas reaction, using RNA extracts from clinical samples verified to be positive with
different coronaviruses via RT-qPCR. The SARS-CoV-2 negative sample is an extract from
a clinical sample confirmed to be SARS-CoV-2-negative by RT-qPCR. Data are mean + s.d.
from 3 replicates. (B) The limit of detection. Multiplexed RT-RPA followed by multiplexed
Cas-based detection were performed with serially diluted SARS-CoV-2 RNA, whose Ct
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values were determined using a Luna one-step RT-qPCR assay targeting the n gene of SARS-
CoV-2. At least three independent replicates of the amplification/detection reactions were
performed for each SARS-CoV-2 RNA dilution. Top: signal-to-noises (S/N) of FAM (from
LwaCasl3a-mediated s gene detection) and Cy5 (from PsmCasl3b-mediated n gene
detection) fluorescence intensities are shown. The S/N threshold for a positive result was set
at 2. Noise is defined as the fluorescence intensity generated from a negative sample with
water as input performed in parallel. Bottom: positive rates of the detection of the s and »
genes from multiplexed CRISPR-based detection at different SARS-CoV-2 RNA input
concentrations. (C)-(G), clinical sensitivity. (C) Summary of S/N obtained from multiplexed
CRISPR-based detection results on 136 clinical samples (91 are COVID-19-positive by RT-
qPCR; 45 are negative). (D) Relation of S/N obtained from multiplexed CRISPR-based
detection to C; values of COVID-19-positive samples. (E) Time to positive CRISPR
detection results vs C; values of COVID-19-positive samples. (F) Results of multiplexed
CRISPR-based detection for 91 COVID-19-positive samples ordered by C; values from RT-
qPCR. (G) Concordance between RT-qPCR and multiplexed CRISPR-based detection of
SARS-CoV-2 RNA. On the right of each concordance box, sensitivity values (%) for the
detection of the s and n genes under a given scheme are shown in red; specificity values (%)
are shown in black.
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Figure 3. Multiplexed CRISPR-based detection for SARS-CoV-2 variant surveillance

(A) Prevalence of the target mutations in five major SARS-CoV-2 variants of concern
(obtained from https://outbreak.info on , 15 March 2022, Alpha (n = 1,155,468), Beta (n =
41,428), Gamma (n = 120,775), Delta (n = 4,239,814), and Omicron (n = 2,150,574)) (B)
Selectivity of singleplexed CRISPR-based SARS-CoV-2 variant detection targeting
different mutations of interest. FAM fluorescence intensities at 60 minutes were normalized
against intensities obtained from the no template control. Data are mean of two replicates.
Raw kinetic traces are shown in Figure 3—figure supplement 4 (C) Multiplexed CRISPR-
based detection for the Delta variant. The Delta s gene was detected via its
EF156/157AR158G mutation and LwaCasl3a. Pan-strain SARS-CoV-2 detection was
performed via PsmCas13b-based detection of a conserved region in the n gene. Relative
FAM (from LwaCas13a-mediated s gene detection) and Cy5 (from PsmCas13b-mediated n
gene detection) fluorescence intensities are shown. Data are mean + s.d. from 3 replicates.
Raw kinetic traces are shown in Figure 3—figure supplement 7A (D) Clinical performance of
the multiplexed CRISPR-based detection for the Delta variant. Each cell represents a
COVID-19-positive clinical sample from Delta (left, n = 20) or Alpha (right, n = 10) lineage.
FAM and CyS5 fluorescence intensities at 60 minutes were normalized against intensities
obtained from the no template control. (E) Multiplexed CRISPR-based detection for the
Omicron variant. The Omicron s gene was detected via its HV69/70A mutation and
LwaCasl3a. Pan-strain SARS-CoV-2 detection was performed via PsmCasl3b-based
detection of the n gene. Relative FAM (from LwaCasl3a-mediated s gene detection) and
Cy5 (from PsmCas13b-mediated n gene detection) fluorescence intensities are shown. Data
are mean *+ s.d. from 3 replicates. Raw kinetic traces are shown in Figure 3—figure
supplement 7B (F) Clinical performance of the multiplexed CRISPR-based detection for
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Omicron. FAM and CyS5 fluorescence intensities at 30 minutes were normalized against
intensities obtained from the no template control.


https://doi.org/10.1101/2022.03.17.22272589
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.03.17.22272589; this version posted March 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in
perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

32

Two-pot, two-step Detection One-pot Detection
A S A\
/ Transfer —

| —
v\\, P
T
Step 1: 42 °C, 30-min incubation
Step 2: 37 °C, real-time monitoring 39 °C, real-time monitoring
5
s Negative
= 5o I |
< c _ ] a
L g sooo-( 3.33x10°
PR -
% 8 4000 — 107
g5
© 3 3000
e
5 1/
= T T T T T T
o 30 60 0 120 0 30 60 90 120
o Total reaction time (min) e Total reaction time (min)
 CoV- Ny N
Rndier &5 100 333x100 105 & 100 33sx100 100
// /‘ Smartphone «° Q‘S‘g «° §@° o« ‘S‘e
S & S o $ o
LA Em. filter FAM ROX ¥ < ¥ < ¥ <
+ - (HA HE EE
Coverbox
- - | HH N .
Ex. filter |
/ + +
T / LED lightpad
s &ngene sgene ngene
C D UvsX UvsY
kDa UVSX UVSY Gp32 Bsu 22pM  27uM  33pM  45uM  58uM  7.8yM 1.7 M 34pM 57uM  69uM  8BuM  114uM
28
%
B O | «Bsu,68kDa
50
20 | - «UvsX, 44.8kDa o &° &° &° o &0 & N &° & & X o &
w «4Gp32,34kDa
» Gp32 Bsu
25 e 4.4puM 8.8uM 176puM  235uM  265uM  356uM 0.1pM 04uM 09uM 1.8pM 22pM 29uM
20 / K
s -~ <UysY, 17.5kDa
© o o > & > & © »° &> > ®° >° <&
. Multiplexed RT-RPA; Multiplexed RT-RPA .
Singleplexed RPA (n gene) Singleplexed RT-RPA (ngene) LwaCas13a-based s/n gene detection Freshly prepared Lyophilized
El 5 3 3
S 10000 S 10000+ S 10000+ v 8
=2 =2 = = 100004 T
5 S T 5 5 .
€ k< k< € T
19 »
g 5000 % 5000 2 3
2 . o . o . -
5 5 g 5000 £ 5000
= = S S
[ [ (. [
o [ o Py -
= 2 3 =
k] kil k] k]
¢ 0 ¢ o g od e o -
L WY W @ © ] @ A ) e A o R el
& N S S S &P L & L&
¥ & & &> o il
N $ < S N S
P e
Q!

Figure 4. One-pot formulation, easy visualization, and local production of components
for RPA and multiplexed CRISPR-based detection.

(A) The one-pot reaction scheme and its analytical sensitivity compared to the standard two-
pot setup. For all, s- and n-gene amplicons generated from multiplexed RPA were detected
with LwaCas13a-based reaction programmed with s- and n-targeted crRNAs. Data from 3
independent replicates at each RNA input dilution are shown. (B) Easy visualization of
multiplexed Cas13-based detection. A sample equipment setup with a LED transilluminator,
appropriate lighting gels for visualization of fluorescein (FAM) and rhodamine X (ROX),
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and a smartphone for image capturing is shown. Smartphone-captured images of FAM and
ROX signal generated from multiplexed Casl3a/b-based detection of the s and n genes of
SARS-CoV-2. (C) SDS-PAGE analysis of locally produced and purified RPA components:
UvsX, UvsY, Gp32, and Bsu polymerase large fragment (Bsu LF). (D) Optimizations of
protein concentrations in in-house RPA. RPA reactions with varying concentrations of
UvsX, UvsY, Gp32, and Bsu LF were performed with pUC57-2019-nCoV-N plasmid as a
DNA template (at 10,000 copies/ul). Thereafter, the RPA products were used in a
LwaCasl13a-based detection. FAM fluorescence generated over 120 min for each RPA
condition is shown. (E, F) Optimally formulated in-house RPA in amplification of N gene
of SARS-CoV-2 from pUC57-2019-nCoV-N plasmid (E) and serially diluted SARS-CoV-2
RNA (F). LwaCas13a-based detection was then used to detect n-gene amplicons, with FAM
fluorescence intensity generated after 90 min at 37°C shown. (G) Optimized in-house RT-
RPA for multiplexed detection. Multiplexed RT-RPA to amplify the s and n genes of SARS-
CoV-2 was performed using serially diluted SARS-CoV-2 RNA as a template. Detection of
s and n amplicons was monitored through FAM fluorescence signal generated by Casl3a-
mediated s and n gene detection. The reaction was measured after 90 min at 37°C. (H)
Lyophilized multiplexed in-house RT-RPA has similar sensitivity as freshly prepared
reactions. Amplification and detection of the SARS-CoV-2 s and n gene are as in (G). Data
are mean + s.d. from 3 replicates. RNase-free water was used as input of all negative control
reactions.
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Figure 1-figure supplement 1: Optimizing the RT-RPA amplification of SARS-CoV-2 n gene.

(A) Four regions within the orfiab, s, and n genes of SARS-CoV-2 genome selected for detection are
highlighted. (B) Binding positions of different primers to the SARS-CoV-2 n gene. (C) Testing efficiency
of different primer pairs on SARS-CoV-2 RNA. RT-RPA using each primer pair was performed with
SARS-CoV-2 RNA at two different concentrations as a template. Cas13a-based detection with lateral-
flow readout was then used to assess successful amplification. Experiments with R1 reverse primers
(Qian et al.) and R2 reverse primers (bottom) were performed using different SARS-CoV-2 RNA
dilutions, but with an identical control primer pair (F1, R1) included in both sets of experiments, allowing
us to compare relative performance of all primer pairs. Based on this screening, we selected the (F4, R1)
primer pair for subsequent n gene amplifications. D) Multiplexed RPA reactions with pairwise
combinations of RPA primers (4 different primer pairs; 6 pairwise combinations). A multiplexed RPA
is individually assessed with a LwaCas13a-based detection reaction, each programmed with a specific
crRNA for the SARS-CoV-2 gene, and lateral-flow readout. Successful amplification was marked by
production of a strong-colored band at a test band (T), which indicates target-activated Casl3a activity
and resulting in efficient cleavage of the FAM-biotin reporter.
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Figure 1-figure supplement 2: Evaluation of the sensitivity and specificity of the
Multiplexed RT-RPA assay with real-time fluorescence detection.

(A) Optimizing total primer concentrations in multiplexed RPA with 1:1 malar ratio of n to s
primer. Multiplexed RPA for the s and n gene of SARS-CoV-2 was performed using indicated
primer concentrations and serially diluted SARS-CoV-2 genomic RNA template. In the second
step, generated s and » amplicons were detected using a multiplexed CRISPR-Cas reaction
containing LwaCas13a and PsmCas13b enzymes. LwaCasl13a is programmed with a crRNA
targeting the s amplicon and cleaves a FAM/IABKFQ -functionalized polyU reporter once target-
activated (left), while PsmCas13b is programmed with a crRNA targeting the » amplicon and
cleaves a Cy5/IABkRQ-functionalized polyA reporter (right). (B) Fine-tuning primer
concentrations in the multiplexed RPA reaction. Multiplexed RPA for the s and » gene of SARS-
CoV-2 was performed using indicated primer concentrations, with serially diluted SARS-CoV-
2 genomic RNA as a template. Amplicons were detected in a multiplexed CRISPR-Cas reaction,
via FAM fluorescence generated from s-targeted LwaCas13a (left) and Cy5 fluorescence from
N-targeted PsmCas13b (right). (C) Optimizing RNase H concentrations in the RT-RPA reaction.
RT-RPA for s gene amplification from serially diluted SARS-CoV-2 RNA, followed by
LwaCas13a-based detection, was used. (D) Orthogonality of LwaCasl3a and PsmCas13b in a
multiplexed CRISPR-Cas detection. RPA reactions were performed with only s primers (s), only
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n primers (n), or combined s and » primers (s+7n). Endpoint fluorescence intensities of the
multiplexed detection reactions (90 min) containing all components for LwaCasl3-based
detection of the s gene and PsmCas13b-based detection of the n gene were shown. Generated
FAM (left) and Cy5 (right) fluorescence indicated cleavage of the reporters by the s-targeted
LwaCas13a and the n-targeted PsmCas13b, respectively. For C-F, negative controls have no
SARS-CoV-2 RNA template input. Data are mean + s.d. from 3 replicates. (E) Analytical
sensitivity of increasing of RPA pellet. Multiplexed RT-RPA for the s and n gene of SARS-
CoV-2 was performed using indicated number of RPA pellets, with diluted SARS-CoV-2
genomic RNA at C; 37 as a template. Subsequently, the amplicons were detected via FAM
fluorescence generated from LwaCasl3a-based reaction programmed with s- and n-targeted
crRNAs.


https://doi.org/10.1101/2022.03.17.22272589
http://creativecommons.org/licenses/by-nc/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2022.03.17.22272589; this version posted March 18, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in
perpetuity.
It is made available under a CC-BY-NC 4.0 International license .

39

kDa

250

130 [ G - gy
95
72

55

36

28
17 a

10

Coomassie

Figure 1-figure supplement 3: Protein purification of LwaCas13a and PsmCas13b.
12% SDS-PAGE gel of purified PsmCas13b and LwaCas13a. Each lane was loaded with 6 pg
of protein. PsmCas13b was loaded twice.
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Figure 1-figure supplement 4: Optimizing PsmCas13b-based detection of the SARS-CoV-2
N gene.

(A) Varying PsmCas13b enzyme and crRNA amount in the detection reaction. The concentration
of Cy5-functionalized polyA reporter was 250 nM in all conditions in (A). (B) Varying the amount
of Cy5-polyA reporter in the detection reaction. 135 nM PsmCas13b and 67.5 nM crRNA were
used for all conditions in (B). The n amplicon from the same RPA reaction was used as a substrate
for all PsmCas13b-based detection reactions, which were performed for 90 min at 37 °C, without
any special additive in the RPA nor the CRISPR-Cas reactions. Endpoint fluorescence intensities
were shown. Negative control reactions in (B) have no SARS-CoV-2 RNA template input. Error
bars, + s.d. from 2 replicates (A) and 3 replicates (B).
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Figure 1-figure supplement S: Comparison of LwaCas13a- and PsmCas13b-based detection.
The n amplicons from the RPA reactions performed with serially diluted SARS-CoV-2 RNA were
used as substrates for all Cas13-based detection reactions, which were performed for 90 min at 37
°C. The concentrations of all other components in the CRISPR-Cas reactions were identical, and
no special additive was added to the RPA nor the CRISPR-Cas reactions. (A) Kinetics of
fluorescence signal generation from PsmCasl3b-mediated detection is slower than that of
LwaCasl13a. (B) When we calculated signal-to-noise (S/N, with noise defined as fluorescence
intensity obtained from a no input sample performed in parallel), PsmCas13b generates higher
signal-to-noise than LwaCas13a, primarily due to lower background fluorescence in the negative
control sample for PsmCas13b. However, LwaCas13a-mediated detection still has higher positive

rates (B, C) than PsmCas13b. Error bars, = s.d. from 3 replicates.
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Figure 1-figure supplement 6: RfxCas13d-based detection of SARS-CoV-2 RNA.

(A) SDS-PAGE gel of purified RfxCas13d (112 kDa) and RfxCas13d-RBD (120 kDa). Each lane
was loaded with 2 ng of protein. (B) RfxCasl13d exhibited collateral cleavage preference in
degrading a polyU reporter over RNaseAlert®. An n gene amplicon of SARS-CoV-2 was used as
a substrate in a Casl3d-mediated detection. Two reaction conditions as well as two potential
collateral reporters of RfxCas13d were tested. Fluorescence signal generated after 60 min of the
CRISPR-Cas reaction for each condition (performed once) is shown. (C) Comparison of
LwaCas13a, RfxCas13d, and RfxCas13d-RBD in SHERLOCK detection of the SARS-CoV-2 n
gene. RfxCas13d-RBD has improved collateral cleavage efficiency over RfxCas13d, but still does
not match LwaCas13a. Fluorescence signal generated over time using the FAM-polyU reporter is
shown, at 2 ng (left) and 20 ng (right) RNA input amount. Error bands in (C) + s.d. from 3
replicates.
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Figure 1-figure supplement 7: Screening of additives to enhance multiplexed RPA and
CRISPR-Cas reactions.
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(A) Screening for additives that enhance multiplexed RT-RPA. Left: nine additives were assessed
in a conventional two-step (RPA, then LwaCasl3a-based CRISPR-Cas) SHERLOCK detection
for the s gene of SARS-CoV-2. Middle: four active additives were evaluated further in triplicates,
using less RNA input. Right: two best-performing additives—triglycine and taurine—were finally
assessed in a multiplexed RPA reaction for the s and n gene of SARS-CoV-2. Two serial dilutions
of SARS-CoV-2 RNA were used as a template; negative control has no SARS-CoV-2 RNA
template input. Generated s and n amplicons were detected in separate LwaCas13a-based detection
reactions, whose FAM fluorescence signal is shown. (B) Screening for additives that improve the
multiplexed CRISPR reaction. Twenty-two additives were assessed in the multiplexed CRISPR-
Cas detection, using an RPA product from a multiplexed. Endpoint FAM (Qian et al.) and Cy5
(bottom) fluorescence intensities were normalized against intensities obtained from the no-additive
controls. Data are mean + s.d. from 3 replicates. L-Arginine EE. 2HCI, L-Arginine ethyl ester
dihydrochloride. TMAO, trimethylamine N-oxide. (C) Cumulative benefits of triglycine additive
in the multiplexed RPA and betaine monohydrate additive in the multiplexed CRISPR-Cas
reaction. Multiplexed RPA to amplify the s and n genes of SARS-CoV-2 was performed in the
presence or absence of 40 mM triglycine, using serially diluted SARS-CoV-2 RNA as a template,
and multiplexed RPA was allowed to proceed for 25 min at 42 °C. Multiplexed CRISPR-Cas
reactions to detect the s and n amplicons were then performed in the presence or absence of 500
mM betaine. FAM and CyS5 fluorescence signal (indicative of Casl3a-mediated s gene and
Casl3b-mediated n gene detection respectively) is shown. RNase-free water was used as input of
all negative control reactions. Data are mean + s.d. from 3 replicates.
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Figure 1-figure supplement 8: Optimizing betaine monohydrate concentration in
multiplexed CRISPR-Cas detection.

FAM fluorescence indicated cleavage of the FAM reporter by the s-targeted LwaCas13a, while
CyS5 fluorescence was from cleavage of the Cy5 reporter by the n-targeted PsmCas13b. FAM (A)
and Cy5 (B) fluorescence signal generated after 30 min of the multiplexed CRISPR-Cas reaction
for each condition are shown. The target was a diluted RPA product at 1:300 dilution. Error bars,
+ s.d. from 3 replicates.
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Figure 1-figure supplement 9: Effect of crRNA ratio and pH in multiplexed CRISPR-Cas

13 based det

ection
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(A) LwaCasl3a-based detection of a diluted RPA product at different concentration of
LwaCasl13a (45 — 90 nM) and LwaCas13a-crRNA (45 — 90 nM) for the s gene.

(B) PsmCas13b-based detection of purified N amplicon at different concentration of PsmCas13b
(45 — 135 nM) and PsmCas13b-crRNA (45 — 135 nM) for the n gene.

(C) Identifying optimal buffer conditions for LwaCasl3a and PsmCas13b. The multiplexed
CRISPR-based detection reaction prepared in Tris-HCI or HEPES buffer (pH 6.8 — 8.0) were
performed using a diluted multiplexed RPA product as input. Error bars, + s.d. from 3 replicates.
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Figure 1-figure supplement 10: Effects of cryoprotectants on lyophilized CRISPR-Cas13a

reactions.

LwaCas13a-based detection reactions were prepared with or without 5% (w/v) PEG20000 and 6%
(w/v) trehalose added as a cryoprotectant. MgCl, was omitted from all reactions and was added at
the rehydration step. The detection was performed at 37 °C using n gene RPA product at various
dilution levels and monitored under FAM channel using a real-time thermal cycler. The input
volume of the RPA dilutions was 2 pL except for the 1:100 dilution sample in which we used
either 2-uL or 4-uL input volume. The end-point fluorescence in tubes was visualized using a

BIluPAD transilluminator.
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Figure 1-figure supplement 11: lyophilized RT-RPA for multiplexed amplification of the
S and N genes

Left vs middle graphs: all-in-one lyophilized RT-RPA for multiplexed amplification of the s and
n genes has similar sensitivity as freshly prepared RT-RPA. Non-volatile salt KOAc (the high
concentration of which likely destabilizes protein components of RT-RPA upon lyophilization)
and the typical reaction initiator Mg(OAc)> were excluded, while all other components required
for multiplexed RT-RPA including all protein components for RPA, reverse transcriptase,
RNase H, primer pairs, and other substrates and buffering/crowding compounds can be
lyophilized together. The lyophilized RT-RPA pellets were reconstituted with 12.7 pul of serially
diluted SARS-CoV-2 RNA, Mg(OAc),, and KOAc, and incubated at 42°C for 25 min.
Thereafter, the multiplexed RPA products were used in a freshly prepared Casl3a-based
detection with s- and n-targeted crRNAs. FAM fluorescence generated over 120 min for each
condition is shown. Middle vs right graphs: lyophilized LwaCas13a-based detection reaction
has similar sensitivity as freshly prepared reactions.
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Figure 2—figure supplement 1: The lyophilized multiplexed CRISPR-based detection is
robust across major SARS-CoV-2 variants. Performance of the multiplexed CRISPR-based
detection for (A) ancestral Wuhan strain, Alpha variant, Delta variant, and (B) Omicron variant.
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FAM and CyS5 fluorescence intensities at 60 minutes were normalized against averaged intensities
obtained from the no template control.
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Figure 3—figure supplement 1: Mutation prevalence across Omicron sub-lineages
Percentages of mutations prevalence across four SARS-CoV-2 Omicron sub-lineages (BA.1,
BA.1.1, BA.2, and BA.3) were obtained from Outbreak.info as of 15 March 2022; BA.1 (n =
1,005,355), BA.1.1 (n=827,907), BA.2 (n =316,708), and BA.3 (n = 694))
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crRNA %F
SGF3675-3677A 3’ tatgatcaaac--------- ttcgattttctgacaca 57 -
Wuhan 5/  atactagtttoeiRerpAAd@aagctaaaagactgtgt 3’ -
Alpha 5" atactagtttg--------- aagctaaaagactgtgt 3’ | 94.0
Beta 5" atactagtttg--------- aagctaaaagactgtgt 3’ | 96.2
Gamma 5" atactagtttg--------- aagctaaaagactgtgt 3’| 93.1
Delta 57 atactagtttgaagctaaaagactgtgt 37 99.0
Omicron 5/ atactagtttfg--------- aagctaaaagactgtgt 3’ | 85.4
HV69/70A 3’ aaccaaggtacgat------ agagaccctggtta 5’ -
Wuhan 57 ttggttccatgctatctctgggaccaat 37 -
Alpha 5" ttggttccatgcta—————- tctctgggaccaat 3" ] 88.1
Beta 57 ttggttccatgctapbleEygetctctgggaccaat 37| 92.3
Gamma 57 ttggttccatgcta|lXeERRet ctctgggaccaat 37| 96.6
Delta 57 ttggttccatgcta|lXeERRet ctctgggaccaat 37 96.9
Omicron 57 ttggttccatgta —————— tctctgggaccaat 37| 84.5%*
*%F for sublineage; BA.1 (95)and BA.2 (0)
Y144A 37 aaaacccacaaa---tggtgtttttgttgtt 57 -
Wuhan 57 ttttgggtgtttEdMdaccacaaaaacaacaa 37 -
Alpha 5" ttttgggtgttt--—-accacaaaaacaacaa 3" ] 86.1
Beta 57 ttttgggtgtttEdMdaccacaaaaacaacaa 37 100
Gamma 57 ttttgggtgtttEM@accacaaaaacaacaa 37 100
Delta 57 ttttggEtgtttattaccacaaaaacaacaa 37 62.8
Omicron 57 ttttgg-—-————---- accacaaaaacaacaa 37 85.0
EF156/157AR158G 37 ttcaacctacctttcac------ ctcaaataaga 57 -
Wuhan 57 aagttggatggaaagtggagtttattct 37 -
Alpha 57 aagttggatggaaagtggagtttattct 37 99.0
Beta 57 aagttggatggaaagtggagtttattct 37 100
Gamma 57 aagttggatggaaagtggagtttattct 37 100
Delta 5" aagttggatggaaagtg-——-—--— gagtttattct 3" ] 98.8
Omicron 57 aagttggatggaaagtggagtttattct 37 100
L452R 37 ttccaaccaccattaatattaatagcca 57 -
Wuhan 57 aaggttggtggtaattataattacgt 37 -
Alpha 57 aaggttggtggtaattataattacgt 37 98.0
Beta 57 aaggttggtggtaattataattacgt 37 100
Gamma 57 aaggttggtggtaattataattacgt 37
Delta 5" aaggttggtggtaattataattacggt 3" ] 96.8
Omicron 57 aaggttagtggtaattataattacgt 37 84.7

Figure 3—figure supplement 2:

Multiple sequence alignments of the guide RNA

spacer

targeting a specific mutation representative of SARS-CoV-2 variant sequences. %F,
frequency of the sequence among the variant genomes. The associated dataset was given in Figure
3—source data 2. Black shading highlights the mismatches to the corresponding crRNA. The
underlines highlight the anticipated targeted variants and targeted sequences of each design.
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Forward Primer %F Reverse Primer %F
SGF3675-3677A 57 agttgggtgatgcgtattatgacatggttg 37 - 37 catacgtagtcgacatcacaatgattagga 57 -
‘Wuhan 5 agttgggtgatgcgtattatgacatggttyg 37 - 57 gtatgcatcagctgtagtgttactaatcct 37 -
Alpha 5 agttgggtgatgcgtattatgacatggttyg 3’ 100 57 gtatgcatcagctgtagtgttactaatcct 37 99.0
Beta 57 agttgggtgatgcgtattatgacatggttg 37 100 57 gtatgcatcagctgtagtgttactaatcct 37 100
Gamma 5 agttgggtgatgcgtattatgacatggttyg 37 100 57 gtatgcatcagctgtagtgttactaatcct 37 100
Delta 57 agttgggtgatgcgtattatgacatggttg 37 100 57 gtatgcatcagctgt gtgttactaatcct 37 90.0
Omicron 5 agttgggtgatgcgtattatgacatggttyg 3’ 100 57 gtatgcatcagctgtagtgttactaatcct 37 99.8
HV69/70A 57 attaccctgacaaagttttcagatcctcag 3’ - 3’ ggacaggatggtaaattactaccacaaata 57 -
‘Wuhan 57 attaccctgacaaagttttcagatcctcag 37 - 57 cctgtcctaccatttaatgatggtgtttat 37 -
Alpha 57 attaccctgacaaagttttcagatcctcag 37 100 57 cctgtcctaccatttaatgatggtgtttat 37 99.0
Beta 57 attaccctgacaaagttttcagatcctcag 37 100 57 cctgtcctaccatttaatgatggtgtttat 37 100
Gamma 57 attaccctgacaaagttttcagatcctcag 37 100 57 cctgtcctaccatttaatgatggtgtttat 37 100
Delta 57 attaccctgacaaagttttcagatcctcag 37 99.8 57 cctgtcctaccatttaatgatggtgtttat 37 99.0
Omicron 57 attaccctgacaaagttttcagatcctcag 37 99.8 57 cctgtcctaccatttaatgatggtgtttat 37 99.8
Y144A 57 acgctactaatgttgttattaaagtctgtg 3’ - 3’ tcaaataagatcacgcttattaacgtgaaa 57 -
‘Wuhan 5 acgctactaatgttgttattaaagtctgtg 37 - 57 agtttattctagtgcgaataattgcacttt 37 -
Alpha 57 acgctactaatgttgttattaaagtctgtg 37 99.0 57 agtttattctagtgcgaataattgcacttt 37 100
Beta 57 acgctactaatgttgttattaaagtctgtg 37 100 57 agtttattctagtgcgaataattgcacttt 37 100
Gamma 57 acgctactaatgttgttattaaagtctgtg 37 100 57 agtttattctagtgcgaataattgcacttt 37 100
Delta 5 acgctactaatgttgttattaaagtctgtg 37 99.4 57 agtttattctagtgcgaataattgcacttt 37 99.6
Omicron 5 acgctactaatgttgttattaaagtctgtg 37 100 57 agtttattctagtgcgaataattgcacttt 37 99.8
EF156/157AR158G 57 Same as Y144A 3’ - 3’ attaacgtgaaaacttatacagagagtcgg 57 -
‘Wuhan 57 Same as Y144A 37 X 57 taattgcacttttgaatatgtctctcagece 37 -
Alpha 57 Same as Y144A 37 X 57 taattgcacttttgaatatgtctctcagec 37 100
Beta 57 Same as Y144A 37 x 57 taattgcacttttgaatatgtctctcagcece 37 100
Gamma 57 Same as Y144A 37 x 57 taattgcacttttgaatatgtctctcagece 37 100
Delta 57 Same as Y144A 37 x 57 taattgcacttttgaatatgtctctcagcece 37 99.1
Omicron 57 Same as Y144A 37 X 57 taattgcacttttgaatatgtctctcagcece 37 100
L452R 57 acaggctgcgttatagcttggaattctaac 37 - 37 ccatatctaacaaatccttcagattagagt 57 -
‘Wuhan 5 acaggctgcgttatagcttggaattctaac 37 - 57 gtatagattgtttaggaagtctaatctca 37 -
Alpha 5 acaggctgcgttatagcttggaattctaac 37 100 57 gtatagattgtttaggaagtctaatctca 37 100
Beta 57 acaggctgcgttatagcttggaattctaac 37 96.2 57 gtatagattgtttaggaagtctaatctca 37 100
Gamma 57 acaggctgcgttatagcttggaattctaac 37 100 57 gtatagattgtttaggaagtctaatctca 3’ 100
Delta 57 acaggctgcgttatagcttggaattctaac 37 99.8 57 ggtatagattgtttaggaagtctaatctca 37 98.8
Omicron 5 acaggctgcgttatagcttggaattctaac 37 99.5 57 gtatagattgtttaggaagtctaatctca 37 99.8

Figure 3—figure supplement 3: Multiple sequence alignments of primer pairs targeting a
specific mutation representative of SARS-CoV-2 variant sequences. %F, frequency of the
sequence among the variant isolates. The associated dataset was given in Figure 3—source data 2.
Black shading highlights the mismatches to the corresponding crRNA. The underlines highlight the
anticipated targeted variants and targeted sequences of each design.
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Figure 3-figure supplement 4: Kinetic tracing of CRISPR-Casl3a detection reaction

underlying Figure 3B

Screening of primer sets and crRNA for cross-reactivity against the high viral RNA titers (C; 28)
of ancestral Wuhan, the alpha, and the delta strains, as well as the omicron strain. Kinetics of FAM
fluorescence signal generation from the SARS-CoV-2 gene detection (as indicated) via a
singleplexed CRISPR-Cas13a reaction, using cultured SARS-CoV-2 viral RNA extracts, except
the omicron RNA extract from clinical sample, verified to be positive with different coronaviruses
via RT-qPCR. Data are mean + s.d. from 3 replicates. RNase-free water was used as input of all

negative control reactions.
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Figure 3—figure supplement 5: Singleplexed Detection of SARS-CoV-2 Delta and Omicron
variants.

(A) LwaCasl3a-based Delta variant detection based on EF156/157AR158G performed on a
dilution series of a SARS-CoV-2 Delta RNA extract with determined C; value. FAM fluorescence
at 60 minutes were subtracted with background signal generated in negative control whose input
is RNase-free water. Data are mean + s.d. from 3 replicates. (B) LwaCas13a-based Delta variant
detection based on EF156/157AR158G performed on Clinical Delta samples with determined C;
value. FAM fluorescence at 60 minutes were normalized against intensities obtained from the no
template control. Data are mean =+ s.d. from 3 replicates. (C) LwaCas13a-based Omicron variant
detection based on HV69/70A performed on a dilution series of a SARS-CoV-2 Omicron RNA
extract with determined C; value. FAM fluorescence at 60 minutes were subtracted with
background signal generated in negative control whose input is RNase-free water. Data are mean
+ s.d. from 3 replicates. (D) LwaCasl3a-based Omicron variant detection based on HV69/70A
performed on Clinical Delta samples with determined C; value. FAM fluorescence at 60 minutes
were normalized against intensities obtained from the no template control. Data are mean + s.d.
from 3 replicates.
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Figure 3—figure supplement 6: Kinetic traces of CRISPR-Cas13a/b detection reactions for
Figure 3C and 3E.
(A) Multiplexed LwaCas13a-mediated EF156/157AR158G (s gene) and PsmCas13b-mediated
pan-SARS-CoV-2 (n gene) detection (B) Multiplexed LwaCas13a-mediated HV69/70A (s gene)
and PsmCas13b-mediated pan-SARS-CoV-2 (n gene) detection. Kinetics of FAM (left) and Cy5
(right) fluorescence signal generation via a multiplexed CRISPR-Cas13a/b reaction performed
on a dilution series with determined C; value of Delta RNA extracts from laboratory culture (A)
or Omicron RNA extracts from clinical samples (B) were shown. RNase-free water was used as
input of all no template control (NTC) reactions.
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Figure 3—figure supplement 7: Exclusivity (cross-reactivity) testing of primer and crRNA
targeting HV69/70A detection against the high viral RNA titers (C¢25) of ancestral Wuhan,
the alpha, and the delta strains, as well as the omicron strain

Kinetics of FAM fluorescence signal generation from the SARS-CoV-2 s gene harboring
HV69/70A mutation detection via a singleplexed CRISPR-Cas13a reaction, using cultured
SARS-CoV-2 viral RNA extracts, except the omicron RNA extract from clinical sample, verified
to be positive with different coronaviruses via RT-qPCR. Data are mean + s.d. from 3 replicates.
RNase-free water was used as input for negative control reactions.
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Figure 3—figure supplement 8: Exclusivity evaluation of designed crRNAs
Distribution of the SARS-COV-2 variant genome hits from BLAST search using crRNA spacer

complementary sequences as queries. The associated dataset was given in Figure 3—source data
1.
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Figure 4-figure supplement 1: Effects of the reaction temperature on SHINE protocol.

A one-pot SHINE detection was performed using s gene primers and LwaCas13a-crRNA
targeting s gene at varying temperature ranging from 35.0 - 45.1 °C. FAM fluorescence was
monitored using a real-time PCR (CFX Connect Real-Time PCR System, Bio-Rad). Error bars, +
s.d. from 3 replicates.


https://doi.org/10.1101/2022.03.17.22272589
http://creativecommons.org/licenses/by-nc/4.0/

60

150

Signal-to-noise ratio

CJ Negative mmm C,27 == C;30

Figure 4-figure supplement 2: Comparing ROX-based vs Cy5-based polyA reporter for
PsmCas13b-based detection.

PsmCas13b-based detection of RT-RPA products with serially diluted SARS-CoV-2 RNA as
input was performed with either 250 nM Rhodamine X (ROX)-PolyA reporter, 500 nM ROX-
PolyA, or 500 nM Cy5-PolyA reporter. Signal-to-noise ratios (defined as fluorescence
intensities of the samples divided by those from negative input samples) generated after 22.5
min of the CRISPR-Cas reaction for each condition are shown. Error bars, + s.d. from 3
replicates.
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Figure 4—figure supplement 3: Direct-eye and smartphone-based visualization of
multiplexed CRISPR-based detection.

(A) An example of equipment setup. We used a dual blue/white LED transilluminator. (B)
Lighting gels with appropriate light filtering for visualization of FAM and ROX. (C) Images
taken by manual camera application (Qian et al.) and auto-exposure (bottom) using different
combinations of LED light source, excitation filters, emission filters, and phone-based image
acquisition for visualization of FAM and ROX signals generated from multiplexed CRISPR-
based detection reactions.
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Figure 4—figure supplement 4: Raw smartphone images vs processed images of FAM/ROX-
labeled multiplexed detection samples.

The acquired images were processed using Curves adjustment menu and Channel mixers

adjustment menu in Photoshop CC 2017 (Adobe Systems) to improve contrast and filter out blue
color background, respectively.
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Figure 4-figure supplement 5: Activity of in-house RPA under standard reaction
conditions.

RPA amplification reactions using in-house enzyme components were performed based on the
standard reaction condition as described in the methods section. The copy number of the DNA
template (T7 promoter linked to the SARS-CoV-2 s gene) used as input was varied as indicated.
NTC is a negative control with RNase-free water as input. After incubation at 37°C for 60 min,
RPA products were mixed with Novel Juice DNA staining reagent (BIO-HELIX), separated on
2% (w/v) agarose gel and visualized under blue light (BluPAD, BIO-HELIX). Positions of DNA
template (T7 promoter-s gene, 137 bp) and amplicons were indicated with black arrowheads.
The Novel Juice DNA stain also weakly stains proteins present in the reaction (white
arrowheads).
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Table S1. Nomenclature of the SARS-CoV-2 lineages referenced in this study

This study WHO label |NextStrain clade| PANGO lineage
Alpha Alpha 20I (Alpha, V1) B.1.1.7
Beta Beta 20H (Beta, V2) B.1.351
Gamma Gamma 20J (Gamma, V3) P.1
Delta Delta 21A (Delta) B.1617.2
211 (Delta)
20J (Delta)
Omicron Omicron 21K (Omicron) BA.l
BA.1.1
21L (Omicron) BA.2
20M (Omicron) BA.3

64


https://doi.org/10.1101/2022.03.17.22272589
http://creativecommons.org/licenses/by-nc/4.0/

Table S2. Oligonucleotides used in this study

65

Name Sequence Sources Ref.
RT-RPA primer
SL_s-RP A-Forward_vl gaaattaatacgactcactatagggs AGGTTTCAAACTTTACTTGCTT | IDT Patchsung et al.,

GUAAUUUUUAAACUAU

[0)

TACATAGA 2020
SL_s-RPA-Reverse vl |TCCTAGGTTGAAGATAACCCACATAATAAG IDT | Patchsung et al.,
2020
SL_orfla-RPA- gaaattaatacgactcactatagggCGAAGTTGTAGGAGACATTAT | IDT | Patchsung et al.,
Forward vl ACTTAAACC 2020
SL_orfla-RPA- TAGTAAGACTAGAATTGTCTACATAAGCAGC IDT | Patchsung et al.,
Reverse vl 2020
SI_Ol‘f 1b-RPA- gaaattaatacgactcactatagge TGATGCCATGCGAAATGCTGG IDT Patchsung et al.,
Forward vl TATTGTTGG 2020
SI orfl1b-RPA- CTGCAGTTAAAGCCCTGGTCAAGGTTAATA IDT | Patchsung et al.,
Reverse vl 2020
SI n-RPA-Forward vl gaaattaatacgactcactatagggCGGCAGTCAAGCCTCTTCTCG IDT Patchsung et al.,
a o TTCCTCATC 2020
SI n-RPA-Reverse vl  |[CAGACATTTTGCTCTCAAGCTGGTTCAATC IDT | Patchsung et al.,
2020
SI-n-RPA-Forward v2 gaaattaatacgactcactataggg TTCTCGTTCCTCATCACGTAGT | IDT This study
B CGCAACAG
SI-n-RPA-Forward v3 gaaattaatacgactcactatagggeAACAGTTCAAGAAATTCAACT IDT This study
B CCAGGCAGC
SI-n-RPA-Forward v4 gaaattaatacgactcactatagggGAACTTCTCCTGCTAGAATGG IDT This study
B CTG
SI-n-RPA-Forward v5 gaaattaatacgactcactatagggGAACTTCTCCTGCTAGAATGG IDT This study
B CTGGCAATG
SI-n-RPA-Forward v6 gaaattaatacgactcactatagggCTAGAATGGCTGGCAATGGCG | IDT This study
B GTGATGCTG
SGF3675-3677Del F gaaattaatacgactcactatagg AGTTGGGTGATGCGTATTATGA IDT This study
B CATGGTTG
SGF3675-3677Del R AGGATTAGTAACACTACAGCTGATGCATAC IDT This study
HV69-70Del F gaaattaatacgactcactatagg ATTACCCTGACAAAGTTTTCAG IDT This study
B ATCCTCAG
HV69-70Del R ATAAACACCATCATTAAATGGTAGGACAGG IDT This study
Y 144Del F gaaattaatacgactcactataggc ACGCTACTAATGTTGTTATTAA IDT This study
B AGTCTGTG
Y144Del R AAAGTGCAATTATTCGCACTAGAATAAACT IDT This study
EF156-157Del R GGCTGAGAGACATATTCAAAAGTGCAATTA IDT This study
L452R F gaaattaatacgactcactatagg ACAGGCTGCGTTATAGCTTGGA | IDT This study
B ATTCTAAC
L452R R TGAGATTAGACTTCCTAAACAATCTATACC IDT This study
crRNA
13a SL s-crRNA vl gauuuagacuaccccaaaaacgaaggggacuaaaacGCAGCACCAGCU Syntheg Patchsung et al.,
o h GUCCAACCUGAAGAAG 0 2020
13a_SL_orfla-crRNA_v1 |gauuuagacuaccccaaaaacgaaggggacuaaaacCCAACCUCUUCU | Syntheg | Patchsung et al.,

2020
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Name Sequence Sources Ref.
13a_SI orflb-crRNA vl |gauuuagacuaccccaaaaacgaaggggacuaaaacGGAACUCCACUA| Syntheg | Patchsung et al.,
- - CCUGGCGUGGUUUGUA 0 2020
13a SI n-crRNA vl gauuuagacuaccccaaaaacgaaggggacuaaaacAAAGCAAGAGC Syntheg Patchsung et al,,
- a AGCAUCACCGCCAUUGC o 2020
Psm13b SI n-crRNA-v1 |aaagcaagagcagcaucaccgeccauugccaGUUGUAGAAGCUUAU | Genscri This study
- CGUUUGGAUAGGUAUGACAAC pt
crRNA template for IVT
SGF3675-3677Del ATACTAGTTTGAAGCTAAAAGACTGTGTgttttagtceectte | [DT This study
gtttttggggatagtctaaatc CCTATAGTGAGTCGTATTAATTTC
HV69-70Del TTGGTTCCATGCTATCTCTGGGACCAATgttttagtceccttegt| DT This study
ttttggggtagtctaaatc CCTATAGTGAGTCGTATTAATTTC
Y 144Del TTTTGGGTGTTTACCACAAAAACAACA Agttttagtccectte IDT This study
gtttttgggatagtctaaatc CCTATAGTGAGTCGTATTAATTTC
EF156-157Del AAGTTGGATGGAAAGTGGAGTTTATTC Tgtittagtceectte | [DT This study
gtttttggggatagtctaaatc CCTATAGTGAGTCGTATTAATTTC
L452R AAGGTTGGTGGTAATTATAATTATCGGTgttttagtceectteg| IDT This study
tttttggggtagtctaaatc CCTATAGTGAGTCGTATTAATTTC
Reporter IDT
Casl3a_reporter /FAM/mArArUrGrGrCmAmArArUrGrGrCmA/Bio| IDT | Patchsung et al.,
/ 2020
FAM PolyU reporter /FAM/rUrUrUrUrUrC/IABKFQ/ IDT | Patchsung et al.,
2020
CyS5 PolyA reporter /Cy5/tArArArArA/IAbRQSp/ IDT This study
ROX PolyA reporter /ROX/rArArArArA/IAbRQSp/ IDT This study
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Table S3. Specific RT-RPA conditions for each figure. Aside from parameters shown in the
table which were varied during optimizations, all other parameters are as given in the “Optimized
multiplexed RT-RPA” methods section.

Figure #

Primer identity
and
concentrations

RNase H
Concentrations

Additive

RNA input

Figure 2A

177 nM each s
primer and 222 nM
n primer

0.025 U/uL

40 mM Triglycine

53

Figure 2B-2E

177 nM each s
primer and 222 nM
n primer

0.025 U/uL

40 mM Triglycine

12.4

Figure 2F

177 nM each s
primer and 222 nM
n primer

0.025 U/uL

40 mM Triglycine

12.4

Figure 3A-3B

704 nM each
primer for each
variant

0.025 U/uL

40 mM Triglycine

12.4

Figure 3C

177 nM each s(
EF156/157AR158G
) primer and 177
nM #z primer

0.025 U/uL

40 mM Triglycine

12.4

Figure 3D

177 nM each
S(EF156/157AR158
G) primer and 177
nM 7 primer

0.025 U/uL

40 mM Triglycine

12.4

Figure 3E

177 nM each
HV69/70A primer
and 177 nM n
primer

0.025 U/uL

40 mM Triglycine

12.4

Figure 3F

177 nM each
HV69/70A primer
and 177 nM n
primer

0.025 U/uL

40 mM Triglycine

12.4

Figure 4A

177 nM each s
primer and 222 nM
n primer

0.025 U/uL

40 mM Triglycine

53

Figure 1-figure
supplement 1C

709 nM each n
primer

6.3 uL

Figure 1-figure
supplement 1D

355 nM each
primer for each
gene

6.3 uL

Figure 1-figure
supplement 2A, 2B

varying
concentration of s
and N primer pair

0.025 U/uL

6.3 uL

Figure 1-figure
supplement 2C

709 nM each s
primer

Varying RNase H
concentrations

6.3 uL
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Primer identity

RNase H

Figure # and . Additive RNA input
. Concentrations
concentrations

Figure 1-figure 704 nM each n 0.025 U/uL 40 mM Triglycine 5.3 uL
supplement 2D primer, 704 each s

primer, and 177 nM

each s priemr and

222 nM n primer

for s, n and s+n

respectively
Figure 1-figure 704 nM each n 0.025 U/ul 40 mM Triglycine 5.3 uL
supplement 2E primer
Figure 1-figure 709 nM each n - - 6.3 uL
supplement 4 primer
Figure 1-figure 709 nM each n 1 U/uL - 6.3 uL
supplement 5 primer
Figure 1-figure 709 nM each n - - 6.3 uL
supplement 6 primer
Figure 1-figure 177 nM each s and | 0.025 U/uL Varying additives 3.2uL
supplement 7A n primer
Figure 1-figure 177 nM each s and | 0.025 U/uL - 6.3 uL
supplement 7B n primer
Figure 1-figure 177 nM each s and | 0.025 U/uL With and without 40 32uL
supplement 7C n primer mM Triglycine
Figure 1-figure 177 nM each s 0.025 U/uL 40 mM Triglycine 53 uL
supplement 8 primer and 222 nM

n primer
Figure 1-figure 704 nM each n 0.025 U/uL 40 mM Triglycine 5.3 uL
supplement 10 primer
Figure 1-figure 177 nM each s 0.025 U/uL 40 mM Triglycine 53 uL
supplement 11 primer and 222 nM

n primer
Figure 2—figure 177 nM each s 0.025 U/uL 40 mM Triglycine 12.4 uL.
supplement 1 primer and 222 nM

n primer
Figure 3—figure 704 nM each 0.025 U/uL 40 mM Triglycine 12.4 uL.
supplement 4 primer for each

variant
Figure 3—figure 704 nM each 0.025 U/uL 40 mM Triglycine 12.4 uL.
supplement 5 S(EF156/157AR158

G) primer
Figure 3—figure 177 nM each 0.025 U/uL 40 mM Triglycine 12.4 uL.
supplement 6 S(EF156/157AR158

G or HV69/70A)

primer and 177 nM

n primer
Figure 3—figure 704 nM each 0.025 U/uL 40 mM Triglycine 12.4 uL.
supplement 7 s(HV69/70A)

primer
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Table S4.Specific Cas13-based reaction conditions for each figure. Aside from parameters shown in the table which were varied
during optimizations, all other parameters are as given in the “Optimized multiplexed Cas13-based detection with fluorescence readout”
methods section.

Figure Buffer identity | Cas enzyme | crRNA identity | RNA reporter | additive | MgCl, Equipment used to
and identity and | and identity and concentration | monitor Cas-based
concentration concentration | concentration concentration reactions

Figure 2 20 mM HEPES | 45nM 22.5nM 250 nM 750 mM | 24 mM Tecan microplate

Multiplexed pH 6.8 LwaCas13a, LwaCas13a PolyU-FAM, | betaine reader

LwaCas13a- 135 nM crRNA targeting s | 500 nM

PsmCas13b PsmCas13b, gene, 67.5 nM PolyA-ROX

detection PsmCas13b

crRNA targeting
n gene

Figure 2 20 mM HEPES | 45nM 22.5nM 250 nM 750 mM | 24 mM Tecan microplate

LwaCas13a pH 6.8 LwaCas13a LwaCas13a PolyU-FAM betaine reader

Dual S/N crRNA targeting s

detection gene, 22.5 nM

LwaCas13a
crRNA targeting
n gene

Figure 3A-3B | 40 mM Tris pH | 45nM 22.5nM 250 nM - 6 mM Tecan microplate
7.4 LwaCas13a LwaCas13a PolyU-FAM reader

crRNA targeting
each variant
Figure 3C 40 mM TrispH | 45nM 22.5nM 250 nM 750 mM | 24 mM Tecan microplate
7.4 LwaCas13a, LwaCas13a PolyU-FAM, | betaine reader
135 nM crRNA targeting | 500 nM
PsmCas13b, each variant, 67.5 | PolyA-ROX
nM PsmCas13b
crRNA targeting
n gene

Figure 3D 40 mM TrispH | 45nM 22.5nM 250 nM 750 mM | 24 mM Tecan microplate
7.4 LwaCas13a, LwaCas13a PolyU-FAM, | betaine reader

crRNA targeting
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Figure Buffer identity | Cas enzyme | crRNA identity | RNA reporter | additive | MgCl, Equipment used to
and identity and | and identity and concentration | monitor Cas-based
concentration concentration | concentration concentration reactions

135 nM each variant, 67.5 | 500 nM
PsmCas13b nM PsmCas13b PolyA-ROX
crRNA targeting
n gene
Figure 3E 40 mM TrispH | 45nM 22.5nM 250 nM - 24 mM Tecan microplate
6.8 LwaCas13a, LwaCasl13a PolyU-FAM, reader
135 nM crRNA targeting | 500 nM
PsmCas13b HV69/70A, 67.5 | PolyA-ROX
nM PsmCas13b
crRNA targeting
n gene
Figure 3F 40 mM TrispH | 45nM 22.5nM 250 nM - 24 mM Tecan microplate
6.8 LwaCas13a, LwaCasl13a PolyU-FAM, reader
135 nM crRNA targeting | 500 nM
PsmCas13b HV69/70A, 67.5 | PolyA-ROX
nM PsmCas13b
crRNA targeting
n gene
Figure 4A 40 mM TrispH | 45nM 22.5nM 250 nM - 6 mM Real-time PCR
7.4 LwaCas13a LwaCas13a PolyU-FAM
crRNA targeting s
gene, 22.5 nM
LwaCas13a
crRNA targeting
n gene
Figure 4B 20 mM HEPES | 45nM 22.5nM Only 250 nM | 750 mM | 24 mM Naked eye
pH 6.8 LwaCas13a, LwaCas13a PolyU-FAM, | betaine visualization
135 nM crRNA targeting s | only 500 nM
PsmCas13b, gene, 67.5 nM PolyA-ROX,
PsmCas13b or both
crRNA targeting

n gene
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Figure Buffer identity | Cas enzyme | crRNA identity | RNA reporter | additive | MgCl, Equipment used to
and identity and | and identity and concentration | monitor Cas-based
concentration concentration | concentration concentration reactions

Figure 1- 40 mM Tris pH | 45nM 22.5nM 1 uM FAM- - 6 mM Lateral flow strip

figure 7.4 LwaCas13a LwaCas13a Bio

supplement crRNA for each

1C, 1D gene

Figure 1- 20 mM HEPES | 45nM 22.5nM 250 nM - 24 mM Tecan microplate

figure pH 6.8 LwaCas13a, LwaCas13a PolyU-FAM, reader

supplement 135 nM crRNA targeting s | 500 nM

2A, 2B, 2D PsmCas13b, gene, 67.5 nM PolyA-Cy5

PsmCas13b
crRNA targeting
n gene

Figure 1- 40 mM TrispH | 45nM 22.5nM 250 nM - 6 mM Tacan microplate

figure 7.4 LwaCas13a LwaCas13a PolyU-FAM reader

supplement 2C crRNA for s gene

Figure 4B 20 mM HEPES | 45nM 22.5nM Only 250 nM | 750 mM | 24 mM Naked eye
pH 6.8 LwaCas13a, LwaCas13a PolyU-FAM, | betaine visualization

135 nM crRNA targeting s | only 500 nM
PsmCas13b, gene, 67.5 nM PolyA-ROX,
PsmCas13b or both
crRNA targeting
n gene

Figure 4D, 4E, | 40 mM Tris pH | 45nM 22.5nM 250 nM - 6 mM Tacan microplate

and 4F 7.4 LwaCasl3a LwaCasl3a PolyU-FAM reader

crRNA for n gene

Figure 4G 40 mM TrispH | 45nM 22.5nM 250 nM - 6 mM Real-time PCR
7.4 LwaCas13a LwaCas13a PolyU-FAM

crRNA targeting
S gene, 22.5 nM
LwaCas13a
crRNA targeting
n gene

Figure 4H 40 mM TrispH | 45nM 22.5nM 250 nM - 6 mM Real-time PCR
7.4 LwaCas13a LwaCas13a PolyU-FAM
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Figure Buffer identity | Cas enzyme | crRNA identity | RNA reporter | additive | MgCl, Equipment used to
and identity and | and identity and concentration | monitor Cas-based
concentration concentration | concentration concentration reactions

crRNA targeting
S gene, 22.5 nM
LwaCasl3a
crRNA targeting
n gene

Figure 1- 40 mM TrispH | 45nM 22.5nM 1 uM FAM- - 6 mM Lateral flow strip

figure 7.4 LwaCas13a LwaCas13a Bio

supplement 1 crRNA for each

gene

Figure 1- 40 mM TrispH | 45nM 22.5nM 1 uM FAM- - 6 mM Lateral flow strip

figure 7.4 LwaCas13a LwaCas13a Bio

supplement 1D crRNA for each

gene

Figure 1- 20 mM HEPES | 45nM 22.5nM 250 nM - 24 mM Tecan microplate

figure pH 6.8 LwaCas13a, LwaCasl3a PolyU-FAM, reader

supplement 135 nM crRNA targeting s | 500 nM

2A, 2B, 2D PsmCas13b, gene, 67.5 nM PolyA-Cy5

PsmCas13b
crRNA targeting
n gene

Figure 1- 40 mM TrispH | 45nM 22.5nM 250 nM - 6 mM Tacan microplate

figure 7.4 LwaCasl3a LwaCasl3a PolyU-FAM reader

supplement crRNA for s gene

2C

Figure 1- 40 mM TrispH | 45nM 22.5nM 250 nM - 6 mM Tacan microplate

figure 7.4 LwaCasl3a LwaCasl3a PolyU-FAM reader

supplement crRNA for s gene

D or n gene

Figure 1- 40 mM TrispH | 45nM 22.5nM 250 nM . 6 mM Tacan microplate

figure 7.4 LwaCasl3a LwaCasl3a PolyU-FAM reader

supplement crRNA for n gene

2E
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Figure Buffer identity | Cas enzyme | crRNA identity | RNA reporter | additive | MgCl, Equipment used to
and identity and | and identity and concentration | monitor Cas-based
concentration concentration | concentration concentration reactions

Figure 1- 20 mM HEPES | Varying Varying 250 nM - 6 mM Varioskan

figure pH 6.8 PsmCas13b PsmCas13b PolyA-Cy5 microplate reader

supplement 4A amount crRNA

Figure 1- 20 mM HEPES | 135 nM 67.5 1M varying - 6 mM Varioskan

figure pH 6.8 PsmCas13b PsmCas13b PolyA-Cy5 microplate reader

supplement 4B crRNA amount

Figure 1- 20 mM HEPES | 45nM 22.5nM 250 nM - 6 mM Varioskan

figure pH 6.8 LwaCas13a LwaCas13a PolyU-FAM microplate reader

supplement 5 crRNA for n gene

LwaCas13a

Figure 1- 20 mM HEPES | 135 nM 67.5 1M 500 nM - 6 mM Varioskan

figure pH 6.8 PsmCas13b PsmCas13b PolyA-Cy5 microplate reader

supplement 5 crRNA

PsmCas13b

Figure 1- 40 mM TrispH | 45nM 28.4 nM 250 nM - 6 mM Varioskan

figure 7.4 RfxCas13d RfxCas13d PolyU-FAM microplate reader

supplement 6B crRNA reporter or 125

nM RNase
Alert

Figure 1- 40 mM TrispH | 45nM 22.5nM 500 nM - 6 mM Tecan microplate

figure 7.4 RfxCasl3d or | LwaCasl3a PolyU/FAM reader

supplement 6C RfxCas13d- crRNA or 28.4 reporter
RBD or nM RfxCas13d
LwaCas13a crRNA

Figure 1- 40 mM TrispH | 45nM 22.5nM 250 uM - 6 mM Tacan microplate

figure 7.4 LwaCas13a LwaCas13a PolyU-FAM reader

supplement 7A crRNA for target
gene

Figure 1- 20 mM HEPES | 45nM 22.5nM 250 nM Varying 24 mM Tecan microplate

figure pH 6.8 LwaCas13a, LwaCas13a PolyU-FAM, additives reader

supplement 7B 135 nM crRNA targeting s | 500 nM
PsmCas13b, gene, 67.5 nM PolyA-Cy5

PsmCas13b
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Figure Buffer identity | Cas enzyme | crRNA identity | RNA reporter | additive | MgCl, Equipment used to
and identity and | and identity and concentration | monitor Cas-based
concentration concentration | concentration concentration reactions

crRNA targeting
n gene

Figure 1- 20 mM HEPES | 45nM 22.5nM 250 nM With and | 24 mM Tecan microplate

figure pH 6.8 LwaCas13a, LwaCas13a PolyU-FAM, | without reader

supplement 7C 135 nM crRNA targeting s | 500 nM 500 mM

PsmCas13b, gene, 67.5 nM PolyA-Cy5 betaine
PsmCas13b
crRNA targeting
n gene

Figure 1- 20 mM HEPES | 45nM 22.5nM 250 nM Varying 24 mM Tecan microplate

figure pH 6.8 LwaCas13a, LwaCas13a PolyU-FAM, | betaine reader

supplement 8 135 nM crRNA targeting s | 500 nM amount
PsmCas13b, gene, 67.5 nM PolyA-Cy5
PsmCas13b
crRNA targeting
n gene

Figure 1- 40 mM Tris pH | Varying Varying amount 250 nM - 6 mM RT-PCR machine

figure 7.4 amount of of LwaCas13a PolyU-FAM

supplement 9A LwaCas13a crRNA targeting s

gene

Figure 1- 20 mM HEPES | Varying Varying amount 500 nM - 6 mM Varioskan

figure pH 6.8 amount of of PsmCas13b PolyA-Cy5 microplate reader

supplement 9B PsmCas13b crRNA targeting

n gene
Figure 1- Varying type of | 45 nM 45 nM 250 nM - 6 mM Tecan microplate
figure bufters LwaCas13a, LwaCas13a PolyU-FAM, reader
supplement 9C 45 nM crRNA targeting s | 500 nM
PsmCas13b gene, 45 nM PolyA-Cy5
PsmCas13b
crRNA targeting

n gene
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Figure Buffer identity | Cas enzyme | crRNA identity | RNA reporter | additive | MgCl, Equipment used to
and identity and | and identity and concentration | monitor Cas-based
concentration concentration | concentration concentration reactions

Figure 1- 40 mM Tris pH | 45nM 22.5nM - 6 mM Real-time PCR

figure 7.4 LwaCas13a LwaCas13a

supplement 10 crRNA targeting

n gene

Figure 1- 40 mM TrispH | 45nM 22.5nM 250 nM 750 mM | 24 mM Tecan microplate

figure 7.4 LwaCas13a LwaCas13a PolyU-FAM betaine reader

supplement 11 crRNA targeting
S gene, 22.5 nM
LwaCas13a
crRNA targeting
n gene (s/n gene
detection)

Figure 4— 20 mM HEPES | 45nM 22.5nM 250 nM 750 mM | 24 mM Tecan microplate

figure pH 6.8 LwaCas13a, LwaCas13a PolyU-FAM betaine reader

supplement 2 135 nM crRNA targeting s | with 500 nM
PsmCas13b, gene, 67.5 nM PolyA-Cy5,
PsmCas13b 250 nM or 500
crRNA targeting | nM PolyA-
n gene ROX
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Table S5. The limit of detection (LoD) of the multiplexed CRISPR-based detection of SARS-
CoV-2 RNA. Estimated LoDs at 95% positive rate (95% LoD) from LwaCas13a-mediated s gene
detection, PsmCas13b-mediated n gene detection, LwaCas13a-mediated s and n gene detection, or
combined LwaCasl3a-mediated s gene and PsmCas13b-mediated » gene detection determined
using Probit regression. Calculation was performed using MedCalc (MedCalc software Ltd).

95% LoD qPCR C; (95% CI)

At 60 minutes

CRISPR reaction time
Detecting the s gene via LwaCas13a 36.83*
Detecting the » gene via PsmCas13b 36.78*

Detecting either the s or n gene via LwaCas13a

36.48 (35.99 — 36.97)

Detecting either the s or n  gene
LwaCas13a/PsmCas13b

via

37.01*

*The margins of error were negligible.
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Appendix 1

The linear correlation between qPCR Ct value and RNA copy number obtained from
ddPCR.

RT-qPCR or ddPCR analyses were performed on paired samples from a dilution series of RNA
extract from the cultured SARS-CoV-2 Wuhan strain. The experiment was carried out in triplicate
(Appendix Table 1). Associated instructions were described in the Materials and Methods section.
Linear regression analysis was performed. (Appendix Figure 1)
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Appendix Figure 1 A standard plot of qPCR Ct value versus copies per pL obtained from
ddPCR. Data are mean from three replicates. Linear regression equation: logio (Copies per puL

input) = -0.2669 (qPCR Cy) + 10.187, R?= 0.9967. Dashed lines represent the 95% confidence
intervals

Appendix Table 1 Raw data underlying Appendix Figure 1

qPCR Ct Copies per pL input

Dilution|  Triplicates Mean| SD Triplicates Mean | SD

Ix |27.15]27.20|27.23|27.19 | 0.04 | 912 | 896 | 984 |930.67| 46.88

10x (30.31{30.30{30.30| 30.30 | 0.01 |114.8]137.2|123.6|125.20| 11.29

100x |34.12|33.75/33.86/ 3391 | 0.19 | 8.4 | 124 | 12 |10.93| 2.20

1000x |38.30(38.25|37.36|37.97 | 0.53 |1.12| 0.4 | 24 | 1.31 | 1.01
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