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Abstract 55 
 56 
The COVID-19 pandemic has demonstrated a clear need for high-throughput, multiplexed, and 57 
sensitive assays for detecting SARS-CoV-2 and other respiratory viruses as well as their 58 
emerging variants. Here, we present a cost-effective virus and variant detection platform, called 59 
microfluidic CARMEN (mCARMEN), that combines CRISPR-based diagnostics and 60 
microfluidics with a streamlined workflow for clinical use. We developed the mCARMEN 61 
respiratory virus panel (RVP) to test for up to 21 viruses, including SARS-CoV-2, other 62 
coronaviruses and both influenza strains, and demonstrated its diagnostic-grade performance 63 
on 525 patient specimens in an academic setting and 166 specimens in a clinical setting. We 64 
further developed an mCARMEN panel to enable identification of 6 SARS-CoV-2 variant 65 
lineages, including Delta and Omicron, and evaluated it on 2,088 patient specimens, with near-66 
perfect concordance to sequencing-based variant classification. Lastly, we implemented a 67 
combined Cas13 and Cas12 approach that enables quantitative measurement of SARS-CoV-2 68 
and influenza A viral copies in samples. The mCARMEN platform enables high-throughput 69 
surveillance of multiple viruses and variants simultaneously, enabling rapid detection of SARS-70 
CoV-2 variants. 71 
 72 
Introduction   73 
 74 
COVID-19 has exposed critical gaps in our global infectious disease diagnostic and surveillance 75 
capacity1. The pandemic rapidly necessitated high-throughput diagnostics to test large 76 
populations2, yet early diagnostic efforts met technical challenges that cost the United States 77 
precious time in its early response3. Other challenges developed as the pandemic progressed 78 
that point towards an additional need for highly multiplexed surveillance technologies. These 79 
challenges include the co-circulating human respiratory viruses that cause symptoms similar to 80 
COVID-194,5 and emerging SARS-CoV-2 variants of concern (VOCs) with mutations that impact 81 
viral fitness and clinical disease prognosis6,7. 82 
 83 
An ideal diagnostic would have surveillance capabilities to process hundreds of patient samples 84 
simultaneously, detect multiple viruses, differentiate between viral variants, and quantify viral 85 
load8,9; yet no such test currently exists. As it stands, there is a trade-off between clinically 86 
approved high-throughput diagnostics and multiplexed methods in the number of patient 87 
samples and/or pathogens tested simultaneously10–12. As examples, reverse transcription-88 
quantitative PCR (RT-qPCR) is high-throughput by testing at least 88 samples, but for 1-3 89 
analytes at a time; multiplexed techniques such as Cepheid Xpert Xpress can detect 4 90 
respiratory viruses in up to 16 samples per run, and BioFire can detect 22 respiratory pathogens 91 
in 1 sample simultaneously13. Only a few clinical diagnostic methods comprehensively detect 92 
SARS-CoV-2 variant mutations14–16 which is why this has largely been achieved through next-93 
generation sequencing (NGS)17,18, even though it is time-consuming, expensive, and requires 94 
bioinformatic expertise to interpret6,19–22.  95 
 96 
CRISPR-based diagnostics offer an alternative approach to detecting multiple viruses and 97 
variants23–25. CRISPR effector proteins Cas1226,27 or Cas1328,29 activate upon CRISPR RNA 98 
(crRNA)-target binding which unleashes their collateral cleavage activity on a fluorescent 99 
reporter for readout of viral positivity status30–34. The crRNA-target binding events are highly 100 
specific and altered by the presence of sequence variation. Maximally active crRNA design has 101 
been accelerated by machine learning and other computational methods35. Nonetheless, most 102 
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CRISPR diagnostics detect one to three targets per sample30,36–39,, which is not sufficient for 103 
differential diagnosis via comprehensive microbe or variant identification. 104 
 105 
To scale up the capabilities of CRISPR-based diagnostics, we developed Combinatorial Arrayed 106 
Reactions for Multiplexed Evaluation of Nucleic acids (CARMEN)40 which parallelizes nucleic 107 
acid detection. The first generation of CARMEN, referred to here as CARMEN v1, could detect 108 
169 human-associated viruses in 8 samples simultaneously. In CARMEN v1, samples and 109 
Cas13-crRNA complexes remain separately confined for barcoding and emulsification prior to 110 
pairwise droplet combination for detection by fluorescence microscopy. This allows each sample 111 
to be tested against every crRNA. CARMEN v1 is a powerful proof-of-concept for multiplexed 112 
CRISPR-based detection, but it is difficult to use in a clinical setting given its use of custom-113 
made imaging chips and readout hardware, manually intensive 8-10 hour workflow, and low-114 
throughput sample evaluation.  115 
 116 
To fulfill the public health need for a clinically relevant surveillance technology that detects 117 
multiple viruses and variants quickly, we developed microfluidic CARMEN (mCARMEN). 118 
mCARMEN builds on CARMEN v1 and uses commercially available Fluidigm microfluidics and 119 
instrumentation. To our knowledge, mCARMEN is the only diagnostic that combines 120 
surveillance capabilities into a single technology platform with the ability to test hundreds of 121 
samples in a day for multiple respiratory viruses and variants, while also being able to quantify 122 
viral genomic copies. 123 
 124 
Results  125 
 126 
CARMEN implementation on Fluidigm for respiratory virus detection 127 
 128 
CARMEN v140 is limited by custom instrumentation requirements and labor-intensive protocols 129 
which is why we sought to develop a scalable technology that could be broadly implemented. 130 
Microfluidic CARMEN (mCARMEN) meets these requirements and eliminates the color-coding 131 
and dropletization needs of CARMEN v1 by using commercially available integrated fluidic 132 
circuits (IFCs) on the Fluidigm Biomark for <$13 USD per sample (Fluidigm, San Francisco, CA) 133 
(Fig. 1a, Supplementary Table 1&2). By leveraging Fluidigm microfluidics, we overcame the 134 
need for a custom microscope and chips as well as data analysis expertise, which were 135 
required for CARMEN v1. The Fluidigm IFCs use a specific number of assay combinations: 192 136 
samples by 24 detection assays or 96 samples by 96 detection assays which are all spatially 137 
separated (Supplementary Table 3). After manual IFC loading, the Fluidigm controller moves 138 
the samples and detection assays through individual channels on the IFC until they reach the 139 
chip reaction chamber, where they are thoroughly mixed. We measure fluorescence on the 140 
Fluidigm Biomark with our custom automated protocols that take images of the IFC chip every 5 141 
minutes for 1-3 hours at 37°C (Extended Data Fig. 1a).  142 
 143 
In our first implementation of the mCARMEN platform, we designed a panel to detect 21 144 
clinically relevant human respiratory viruses (Supplementary Table 4). This includes all viruses 145 
covered by BioFire RP2.1 - SARS-CoV-2, four other human-associated coronaviruses and both 146 
influenza strains - as well as a few additional illness inducing viruses41. To generate maximally 147 
active virus-specific crRNAs and PCR primers to detect the 21 viruses, we applied the assay 148 
design method ADAPT (Activity-informed Design with All-inclusive Patrolling of Targets; 149 
described in methods)35. We were able to encompass the full genomic diversity of these viral 150 
families by including multiple primers, if needed.  151 
 152 
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We compared the performance of mCARMEN to CARMEN v1 for detecting synthetic DNA 153 
fragments recapitulating the 21 viral targets, and found mCARMEN had the same (13 viruses) 154 
or better (8 viruses) analytical sensitivity compared with CARMEN v1 (Fig. 1b and 1c, Extended 155 
Data Fig. 1b). Both mCARMEN and CARMEN v1 had 100% analytical specificity, but 156 
mCARMEN was 100% sensitive to 102 copies/μL and 98.4% sensitive to 101 copies/μL while 157 
CARMEN v1 was only 86% and 77.8% sensitive, respectively. Moreover, the mCARMEN 158 
reaction rate is accelerated compared with CARMEN v1, resulting in faster initial detection and 159 
signal saturation of targets (Fig. 1d, Extended Data Fig. 1c). This is likely due to the higher 160 
temperature at reaction initiation for mCARMEN (37°C) than for CARMEN v1 (25°C), and the 161 
extensive sample-detection assay mixing that occurs in the mCARMEN IFC, rather than merged 162 
droplets mixing by diffusion in CARMEN v1.  163 
 164 
We then benchmarked the performance of both CARMEN diagnostics against RT-qPCR (CDC 165 
2019-nCoV Kit) and/or unbiased metagenomic NGS on patient specimens. We obtained a set of 166 
6 SARS-CoV-2-positive, 4 SARS-CoV-2-negative, and 8 influenza A virus (FLUAV)-positive 167 
patient specimens for initial testing. mCARMEN and CARMEN v1 had 100% concordance with 168 
RT-qPCR, NGS, and each other (Fig. 1e). We also compared performance using two different 169 
fluorescent reporters, RNase Alert (IDT, Coralville, IA) and a custom 6-Uracil-FAM (polyU) 170 
reporter31. We found enhanced sensitivity when using a polyU fluorescent reporter due to 171 
LwaCas13a‟s preference to cleave at uracils28,29 (Supplementary Fig. 1a&b).  172 
 173 
Aside from SARS-CoV-2 and influenza viruses, the remaining 19 viruses detectable by 174 
mCARMEN lack a recognized gold-standard clinical diagnostic. Thus, we compared mCARMEN 175 
to unbiased metagenomic NGS results for the characterization of 58 pre-pandemic unknown 176 
samples collected from patients with a presumed upper respiratory infection (Fig. 1f, 177 
Supplementary Table 5, Supplementary Fig. 1c&d). Both mCARMEN and NGS detected the 178 
same respiratory viruses in 13 specimens (7 FLUAV, 2 HCoV-229E, 1 HCoV-NL63, 1 HCoV-179 
OC43, 1 HMPV, and 1 HRV), neither detected respiratory viruses in 42 specimens, and they 180 
had differing results for 3 specimens, with 93% overall concordance based on an average of ~3 181 
million reads per specimen. Nine of the 13 specimens positive by both methods assembled 182 
complete genomes while the remaining 3 assembled partial or no genomes but had >10 reads 183 
(2 FLUAV, 1 HMPV, 1 HRV). mCARMEN missed 1 virus-positive specimen detected by NGS, a 184 
partial FLUAV genome. We found no sequencing reads spanning the mCARMEN amplicon, 185 
suggesting degradation was responsible for the result. mCARMEN detected virus in 2 186 
specimens (1 FLUAV, 1 HRV) where NGS did not detect any viral reads. While we cannot rule 187 
out false positive results, metagenomic sequencing has been shown to have poor sensitivity for 188 
low viral copy samples5,19,42.   189 
 190 
Streamlining mCARMEN for future clinical use 191 
 192 
With a drive towards clinical applications, we aimed to optimize the mCARMEN workflow. To do 193 
so, we decreased the manual labor and processing time from >8 hours to <5 hours by 194 
implementing automated RNA extraction, using a single-step RNA-to-DNA amplification with 1 195 
primer pool, and reducing the duration of detection readout (Fig. 2a, Extended Data Fig. 2a). 196 
We then preliminarily evaluated the optimized workflow on 21 SARS-CoV-2 positive and 8 197 
negative patient specimens, and found greater sensitivity over the original two-step amplification 198 
method (Extended Data Fig. 2b).  199 
 200 
For an end-to-end mCARMEN workflow, we developed software to be used alongside clinical 201 
testing to provide patient diagnoses (Supplementary Fig. 2). The software uses the final image 202 
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at 1 hour post-reaction initiation as input, then automatically validates controls to make 1 of 3 203 
calls: “detected,” “not detected,” or “invalid” for each combination of sample and crRNA. 204 
 205 
Lastly, we wanted to condense mCARMEN for focused clinical use and did so by developing a 206 
respiratory virus panel (RVP) to detect 9 of the most clinically-relevant viruses (SARS-CoV-2, 207 
HCoV-HKU1, HCoV-OC43, HCoV-NL63, FLUAV, FLUBV, HPIV-3, HRSV, and HMPV) and a 208 
human internal control, (RNase P). These nine viruses were included on RVP based on if they 209 
heavily circulate in the population and have capacity to cause respiratory virus symptoms, while 210 
others were excluded if genomic diversity was difficult to account for concisely, such as HRV43. 211 
We first conducted range-determining limit of detection (LOD) studies for the 9 viruses on 212 
mCARMEN RVP in a research laboratory. The preliminary LOD was within the range of 100-213 
1,000 copies/mL for SARS-CoV-2, FLUAV, FLUBV, HCoV-HKU1, HCoV-NL63, HCoV-OC42, 214 
and 1,000-20,000 copies/mL for HPIV-3, HMPV, HRSV (Extended Data Fig. 3a, Supplementary 215 
Table 6), with robust performance from the SARS-CoV-2 crRNA as well as all RVP crRNAs in 216 
combination (median AUCs of 1 and 0.989, respectively) (Extended Data Fig. 3b-g). 217 
 218 
To benchmark mCARMEN RVP performance to comparator assay results, we analyzed 385 219 
SARS-CoV-2-positive and 140 negative patient specimens, and compared these results to both 220 
prior and concurrent RT-qPCR evaluation (Fig. 2b). By the time of comparative evaluation the 221 
number of RT-qPCR positive specimens dropped from 385 to 316, suggesting significant viral 222 
degradation either from extended sample storage or multiple freeze-thaw cycles. Nonetheless, 223 
mCARMEN was able to identify all 316 (100% sensitivity) of the concurrent RT-qPCR positive 224 
specimens. We noted mCARMEN further detected SARS-CoV-2 in 42 specimens that tested 225 
positive by prior RT-qPCR, but were missed by concurrent RT-qPCR testing suggesting 226 
mCARMEN is more robust to low viral quantity.  227 
 228 
To confirm RT-qPCR sensitivity relative to mCARMEN, we tested the impact of multiple freeze 229 
thaw cycles at several concentrations of SARS-CoV-2 seed stock on assay reproducibility. We 230 
found the freeze thaw cycles had no impact on mCARMEN sensitivity across all concentrations, 231 
while RT-qPCR was negatively impacted by freeze thaw cycles at the lowest concentration 232 
implying the 42 discrepant specimens had low initial viral quantities (Supplementary Fig. 3a-d).  233 
 234 
Indeed, if we categorize putative true positives as all specimens that tested positive by prior RT-235 
qPCR as well as present-day RT-qPCR and/or mCARMEN, mCARMEN would have 100% 236 
sensitivity compared to 88% for RT-qPCR. mCARMEN also detected SARS-CoV-2 in 3 237 
specimens that tested negative by both prior and concurrent RT-qPCR (Supplementary Fig. 3d). 238 
While we cannot rule out the possibility of false-positives, several pieces of evidence suggest 239 
they are more likely to be true positives: mCARMEN demonstrates higher sensitivity over 240 
concurrent RT-qPCR testing, these specimens are from suspected SARS-CoV-2 cases based 241 
on clinical features, and mCARMEN did not detect SARS-CoV-2 in any clinical specimens prior 242 
to the pandemic (Fig. 1, Supplementary Fig. 1). 243 
  244 
We further evaluated the analytical sensitivity of RVP by correlating RVP fluorescence signals to 245 
Ct values obtained from concurrent RT-qPCR testing (CDC 2019-nCoV). Of the 316 specimens 246 
positive for SARS-CoV-2 by mCARMEN RVP and both RT-qPCR results, 217 had Ct values 247 
<30, suggesting moderate-to-high viral genome copies. By RVP, all 217 specimens (100%) 248 
reached signal saturation by 1 hour post-reaction initiation (Fig. 2c&d, Supplementary Fig. 3e). 249 
The remaining 100 specimens had Ct values between 30-36 and all but 6 samples (94%) 250 
reached signal saturation by 1 hour. In total, 98% (311/316) of the specimens reached 251 
saturation by 1 hour indicating mCARMEN can rapidly deem viral positivity status for a range of 252 
Ct values. Even 17 of the 42 (~40%) RVP positive specimens, but not concurrently RT-qPCR 253 

https://paperpile.com/c/MLTG5I/ZJ7s8


ACCELE
RATED ARTIC

LE
 PREVIEW

6 

positive, reached saturation by 1 hour; the slower saturation of the remaining 25 specimens 254 
further suggests detection issues caused by low viral genome copy number (Extended Data Fig. 255 
4a-c). We also evaluated RVP fluorescence for detecting an internal control and human 256 
housekeeping gene, RNase P. We found 520 of the 525 (99%) patient specimens reached 257 
saturation for RNase P by 1 hour (Extended Data Fig. 4d, described in methods).  258 
 259 
Additionally, we used unbiased metagenomic NGS as a metric to evaluate RVP performance. 260 
As controls for NGS, we sequenced a set of true SARS-CoV-2 negative specimens (i.e., 261 
negative by all three results, RVP and 2x RT-qPCR) (n=16), and true SARS-CoV-2 positives 262 
(n=15) with a range of Ct values (15-34) (Extended Data Fig. 4e, Supplementary Table 5). 263 
Fifteen out of the 16 true negatives had no more than 2 reads mapped to the SARS-CoV-2 264 
genome, in line with <10 reads expected for negative specimens, while 1 specimen had 11 265 
reads by NGS (average ~8.8 million reads per specimen). All true positive specimens had >10 266 
aligned viral reads, ranging from 16 to 802,306 reads, by NGS (100% sensitivity). Only 267 
specimens with Ct values <25 (n=8) were able to assemble complete genomes, while 268 
specimens with Ct values >25 (n=7) had  <200 reads map to SARS-CoV-2.  269 
 270 
By NGS, we then evaluated 22 RVP and RT-qPCR discordant specimens, and 8 specimens for 271 
which RVP detected other respiratory viruses. The 22 discordant samples included 13 positive 272 
by RVP and prior testing but concurrently negative by RT-qPCR, 6 positive by prior testing, but 273 
negative by concurrent RVP and RT-qPCR, and 3 positive by RVP but negative by both RT-274 
qPCR results. All but 1 of the 22 (95%) discordant specimens had <10 viral reads by NGS. The 275 
single specimen with >10 reads was positive by RVP and prior RT-qPCR, but not concurrent 276 
testing, yet just 22 reads mapped to SARS-CoV-2. NGS additionally failed to detect other 277 
respiratory viruses in the 8 RVP-positive specimens. RVP identified 4 SARS-CoV-2 co-278 
infections (2 HCoV-HKU1, 1 HPIV-3 and 1 HRSV), and 4 viruses in SARS-CoV-2-negative 279 
specimens (3 FLUAV and 1 HCoV-NL63). Given these specimens also had <10 viral reads 280 
aligned by NGS, we can neither validate our results as positive nor rule out the possibility of 281 
false-negatives by NGS; these samples are likely low viral quantity implying mCARMEN and 282 
RT-qPCR are more sensitive.  283 
 284 
Evaluation of RVP performance in a clinical setting 285 
 286 
We implemented mCARMEN RVP in the CLIA-certified Clinical Microbiology Laboratory at 287 
Massachusetts General Hospital (MGH) to establish assay sensitivity and specificity for clinical 288 
validation following FDA guidelines. We first evaluated the limit of detection (LOD), defined as 289 
the lowest concentration yielding positive results for at least 19 of 20 replicates. After 290 
recapitulating the 9 viral targets on RVP, we found the LOD for HCoV-HKU1, HCoV-NL63, 291 
HCoV-OC43, FLUAV, and FLUBV were 500 copies/mL while HMPV and SARS-CoV-2 were 292 
1,000 copies/mL, and HPIV-3 and HRSV were 10,000 copies/mL (Fig. 3a&b, Extended Data 293 
Fig. 5a, Supplementary Table 7). The LOD likely varies between viral targets for a few reasons: 294 
the crRNAs have varying activity levels on their intended target and differing input materials 295 
were used based on sample availability. 296 
 297 
After establishing the single analyte LODs, we asked whether co-infections impacted the 298 
sensitivity for each virus detected by RVP. To do so, we added SARS-CoV-2 at a constant, 2x 299 
LOD, concentration to the remaining 8 viruses on RVP at varying concentrations at or above 300 
their respective LOD (Extended Data Fig. 5b). We observed no loss in our ability to detect 301 
SARS-CoV-2. However, we noticed a decrease in signal intensity for the other viruses at lower 302 
concentrations, yet only one virus, HPIV-3, had a 10-fold higher LOD. 303 
 304 
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Although we observed no cross-reactivity between RVP panel members in the research setting 305 
(Fig. 1 and 2), we followed FDA guidelines to conduct more stringent assay inclusivity and 306 
specificity analyses against common respiratory flora and other viral pathogens. In silico 307 
analysis revealed the primers on RVP are >92% inclusive of the known genetic diversity of each 308 
viral species, with additional inclusivity coming from crRNA-target recognition, for an overall 309 
>95% inclusivity (Supplementary Table 8). When examining off-target activity in silico, FDA 310 
defines cross-reactivity as >80% homology between one of the primers or probes to any 311 
microorganism. We found no more than 75% homology between the RVP primer and crRNA 312 
sequences to other closely related human pathogens (Supplementary Table 9). This implies that 313 
off-target detection will rarely, if ever, occur.  314 
 315 
Following in silico analysis, we evaluated RVP specificity experimentally. We computationally 316 
designed position-matched synthetic gene fragments from closely related viral species, 317 
including both human- and non-human-infecting species. When evaluating these gene 318 
fragments, only SARS-CoV-2 and RaTG13 showed cross-reactivity (Fig. 3c, Extended Data Fig. 319 
6). This cross-reactivity is expected, however, because the RaTG13 amplicon evaluated shares 320 
100% nucleotide identity with the SARS-CoV-2 amplicon in our assay. We did not observe any 321 
cross-reactivity when using viral seed stocks, genomic RNA, or synthetic RNA from ATCC or 322 
BEI (Supplementary Table 10). Therefore, we found RVP to have 100% analytical specificity.  323 
 324 
Finally, the FDA recommends testing a minimum of 30 known-positive clinical specimens for 325 
each pathogen in an assay, as well as 30 negative specimens. Where positive specimens are 326 
not available, the FDA allows the creation of contrived samples, by spiking viral genomic 327 
material at clinically-relevant concentrations into a negative specimen. Each virus evaluated 328 
must have a minimum of 95% agreement performance, both positive percent agreement (PPA) 329 
and negative (NPA), to clinically-approved comparator assays.  330 
 331 
At MGH, archived clinical specimens had been evaluated at the time of collection using one of 332 
two comparator assays: Cepheid Xpert Xpress SARS-CoV-2/Flu/RSV multiplexed assay or 333 
BioFire RP2.0 multiplexed assay (Extended Data Fig. 7, Supplementary Table 5). These 334 
included 166 specimens with 137 total viral clinical results: 31 FLUAV, 30 SARS-CoV-2, 30 335 
HRSV, 29 FLUBV, 8 HMPV, 5 HCoV-NL63, 1 FLUBV and HCoV-NL63 co-infection, 1 HCoV-336 
HKU1,1 HCoV-OC43 and 30 clinically negative. Given these specimens can be degraded by 337 
multiple freeze thaws, we concurrently tested all specimens by BioFire RP2.0 or TaqPath 338 
COVID-19 Combo Kit for the SARS-CoV-2 specimens. We also supplemented this evaluation 339 
with 30 contrived samples for each of the following viruses for which we did not have enough 340 
positive specimens: HCoV-HKU1, HCoV-OC43, HCoV-NL63, HPIV-3, and HMPV (described in 341 
methods), for a total of 150 contrived samples.  342 
 343 
All of the RVP viral targets individually had 100% NPA, and all, except HMPV, had >95% PPA 344 
to their respective previous comparator assay result, exceeding the minimum clinical 345 
performance set by the FDA (Fig. 3d). Of the 137 previously positive clinical results, mCARMEN 346 
correctly detected viral nucleic acids 95% (130/137) of the time. For specimens that were 347 
evaluated concurrently, mCARMEN and the comparator assay had 9 discordant results 348 
(128/137) with equivalent sensitivity for all but the HMPV specimens; BioFire did not detect virus 349 
in 3 specimens (1 FLUAV, 1 FLUBV, and 1 HRSV) and mCARMEN did not detect virus in 6 350 
specimens (1 FLUAV, 1 FLUBV, 1 HRSV, and 3 HMPV). Both mCARMEN and BioFire identified 351 
5 specimens with co-infections (HCoV-NL63 in a FLUAV specimen, HPIV-3 in a FLUBV 352 
specimen, HCoV-HKU-1 in 2 HRSV specimens, and HCoV-NL63 in a HRSV specimen). 353 
Together with the original clinically detected co-infection, there were 6 (1.1%) co-infections in 354 
our specimen set (Extended Data Fig. 5c). Overall, mCARMEN and BioFire were 99.4% 355 
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(1485/1494 individual tests) concordant (Fig. 3e, Extended Data Fig. 7). For the contrived 356 
samples, mCARMEN correctly identified 99% (148/150) (Fig. 3e). 357 
 358 
We used unbiased metagenomic NGS to further evaluate 9 discordant specimens (2 FLUAV, 2 359 
FLUBV, 2 HRSV, and 3 HMPV), generating an average of 13 million reads per specimen. Either 360 
no viral reads were present by NGS or partial genomes were assembled, but the RVP amplicon 361 
was missing, making it unlikely for our assay to return a positive result (Extended Data Fig. 7, 362 
Supplementary Table 5). Based on these results and our previous NGS testing, which indicated 363 
NGS was not as sensitive as RVP or the comparator assays, we cannot determine the viral 364 
positivity status of these specimens.  365 
 366 
Quantification of viral copies using Cas12 and Cas13 kinetics 367 
 368 
Similar to widely-used multiplexed approaches, like BioFire13, the original design of CARMEN40 369 
did not provide a true quantitative assessment of viral genome copies present in a sample. 370 
Establishing the total viral quantity in a patient is important for assessing the stage of infection, 371 
transmission risk, and most effective treatment plan8,9. The gold standard assay for sample 372 
quantification, RT-qPCR, leverages the standard curve - serial dilutions of a given target at a 373 
known concentration - as a means of using Ct values to approximate viral quantity44. We wanted 374 
to determine if a similar approach could be applied to mCARMEN. 375 
 376 
To make mCARMEN quantitative, we took advantage of the existence of multiple CRISPR/Cas 377 
proteins with differing reaction kinetics and enzymatic activities, and the 3 fluorescent channels 378 
detected by the Fluidigm Biomark (Fig. 4a). We incorporated DNA-targeting CRISPR/Cas12 into 379 
the Cas13 reaction, and used protein-specific reporters in different fluorescent channels, HEX 380 
and FAM, respectively to maximize our multiplexing capabilities. To capture reaction kinetics, 381 
images of the IFC chip are taken every 5 minutes for 3 hours to generate sigmoidal curves from 382 
the fluorescent signals over time. When considering enzymatic activities, Cas13 has enhanced 383 
sensitivity compared to Cas12 since the process of reverse transcribing the dsDNA sample 384 
input for Cas13 detection results in increased starting concentration. Thus, we use Cas12 to 385 
capture the kinetic curves of higher copy material on the standard curve and Cas13 to capture 386 
lower copy material.  387 
 388 
We integrated our quantification efforts into RVP, since this assay was extensively evaluated in 389 
both research and clinical settings. We manually designed Cas12 crRNAs in the same region of 390 
the viral genome that the RVP Cas13 crRNAs target for a two-step standard curve generation 391 
on the same target amplicon for Cas12- and Cas13-RNPs individually. The first step requires 392 
plotting the fluorescence for a range of concentrations (Cas12: 107-103 copies/μL; Cas13: 103-393 
100 copies/μL) at each time point to calculate the IC50 through a sigmoidal, four parameter 394 
logistic (4PL) curve, R2 >0.9 (Fig. 4b, Extended Data Fig. 8). In some cases, we could not 395 
determine the IC50 value because signal saturation occurred too quickly or not at all and 396 
therefore, that concentration was excluded from analysis. In the second step, we plotted the IC50 397 
values onto a semilog line, where concentration is logarithmic and time is linear, to generate the 398 
standard curves (Fig. 4c). We compared these results to a standard curve generated from RT-399 
qPCR using the same serial dilutions and found a linear relationship between SARS-CoV-2 and 400 
FLUAV IC50 values to Ct values (R2 0.901 and 0.881, respectively) (Fig. 4d). In all, these results 401 
suggest that by using Cas12 and Cas13 in combination, we could extrapolate viral quantification 402 
- spanning a 100-106 range of target concentrations - from patient specimens with performance 403 
similar to RT-qPCR.  404 
 405 
Allelic discrimination distinguishes between SARS-CoV-2 variant lineages 406 

https://paperpile.com/c/MLTG5I/GOXw9
https://paperpile.com/c/MLTG5I/beMeX
https://paperpile.com/c/MLTG5I/6hGwz+cHNmK
https://paperpile.com/c/MLTG5I/C1DHY
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 407 
Since current clinical diagnostics are not well positioned to identify mutations - single nucleotide 408 
polymorphisms (SNPs), insertions, or deletions - carried in SARS-CoV-2 variant lineages6,17,18, 409 
we wanted to develop a single platform with both diagnostic and surveillance capabilities for 410 
comprehensive detection of 26 SARS-CoV-2 spike gene mutations. We selected these 26 411 
mutations to distinguish between or to detect mutations shared amongst the Alpha, Beta, 412 
Gamma, Delta, and Epsilon variant lineages (Supplementary Table 11; B.1.1.7, B.1.351, P.1, 413 
B.1.617.2, and B.1.427/9 using PANGO nomenclature system, respectively; WHO Tracking 414 
SARS-CoV-2 variants), and then used a generative sequence design algorithm (manuscript in 415 
prep.) to produce crRNAs for allelic discrimination.  416 
 417 
With the continuous emergence of mutations that can lead to increased transmissibility or 418 
enhanced virulence, we also wanted to greatly streamline assay generation for each new 419 
SARS-CoV-2 mutation or variant. Thus, we developed an easily adaptable method to track 420 
these changes that we call the mCARMEN variant identification panel (VIP). VIP has two non-421 
overlapping primer pair sets within conserved regions of the spike gene to amplify the full-length 422 
sequence for use with any crRNA pair. These 26 crRNA pairs, individually or in combination, 423 
allow us to track existing variants as well as identify emerging variants (Fig. 5a). Initially, we 424 
tested over 60 combinations of crRNAs on unamplified synthetic material to identify the crRNA 425 
pairs with the largest fluorescence ratio for expected divided by unexpected signal at each 426 
mutation (Supplementary Fig. 4). 427 
 428 
We validated the flexible VIP method by testing RNA extracted from SARS-CoV-2 viral seed 429 
stocks, for the ancestral (Washington isolate: USA-WA1, ATCC) lineage, and Alpha, Beta, 430 
Gamma, Delta, and Epsilon lineages (Fig. 5b, Extended Data Fig. 9). As expected, the WA 431 
SARS-CoV-2 viral seed stock isolate showed ancestral signals for all mutations tested. Alpha, 432 
Beta, Gamma, Delta, and Epsilon had expected signals for every mutation confirmed by NGS 433 
(Supplementary Table 11, description in methods). Though each crRNA has different kinetics 434 
owing to varying hit-calling thresholds, we almost always observed a higher expected signal 435 
above the unexpected signal, which is important in the prevention of false positive results 436 
(Supplementary Fig. 5).  437 
 438 
For clinical relevance, we developed an automated variant calling procedure that evaluates the 439 
mutation-specific signal in SARS-CoV-2-positive patient specimens and returns a variant 440 
lineage result (Supplementary Fig. 6a, described in methods). For some mutations at the same 441 
or similar genomic position we observed cross-reactive signals which we overcame by 442 
comparing the maximum fluorescent ratios between those mutations and assigning the positive 443 
call to the higher of the two (Supplementary Fig. 6b).  444 
 445 
We applied VIP and the analysis pipeline to identify the variant lineage in 101 known SARS-446 
CoV-2-positive patient specimens: 24 Alpha, 23 Beta, 24 Gamma, 6 Delta, and 24 Epsilon. Of 447 
the 101 specimens with NGS results, all but 3 (97%) specimens (1 Beta and 2 Gammas) were 448 
given the correct variant lineage identification (Fig. 5c&d, Supplementary Fig. 7a, 449 
Supplementary Table 5). The Beta specimen had signal for a Beta-specific SNP, K417N, but 450 
also had signal for Δ156/57, a Delta-specific SNP. The Gamma specimens had no unique 451 
signals and shared signals for mutations overlapping with the Beta lineage resulting in a 452 
“Variant not Identified” call.  453 
 454 
Focusing on the results for the individual mutations themselves, we found that only 1 mutation, 455 
E484K, had more than 5 specimens differ in their results between NGS and VIP (Fig. 5e). The 7 456 
E484K discrepancies are attributed to our comparison of cross-reactive signals between E484K 457 

https://paperpile.com/c/MLTG5I/IPtCR
https://paperpile.com/c/MLTG5I/rEWGR+69pWF


ACCELE
RATED ARTIC

LE
 PREVIEW

10 

and T478K, thus new crRNA designs are likely needed to optimally differentiate these signals 458 
(Supplementary Fig. 6b, 7b&c). Altogether, we found VIP had 97.7% concordance to NGS at 459 
allelic discrimination.  460 
 461 
VIP identifies Omicron at local and state-wide levels  462 
 463 
In November 2021, the SARS-CoV-2 variant lineage, Omicron (BA.1), was first identified by 464 
NGS in South Africa and was quickly associated with a rapid increase in case counts (WHO 465 
Coronavirus (COVID-19) Dashboard)45,46. By December, Omicron was detected in the US and 466 
has since driven the recent global COVID-19 wave47. However, detection and tracking of 467 
Omicron has been challenging, with NGS reporting lagging behind by 7-14 days from collection 468 
date. Though S gene target failure (SGTF) by the Thermo Fisher TaqPath COVID-19 Combo Kit 469 
can be associated with Omicron, the failure is not specific to Omicron47,48. The swift emergence 470 
of Omicron has revealed a need for a nucleic-acid based diagnostic with turn-around times 471 
similar to RT-PCR, but with mutation-specific information that only NGS currently provides. 472 
mCARMEN is uniquely poised to fulfill this need by providing results the same day and ~1 week 473 
before NGS.  474 
 475 
At the time of Omicron emergence, mCARMEN VIP was already able to uniquely differentiate it 476 
from the other SARS-CoV-2 variants by specifically detecting 9 Omicron-tagging mutations 477 
amongst our variant panel (Fig. 6a). The unique combination of these spike gene mutations 478 
allows for the specificity required to make the proper variant lineage call. In particular, just the 479 
combination of S477N and N501Y covers 98.6% of Omicron sequences in GISAID and is 480 
99.997% specific to Omicron (Extended Data Fig. 10a). We rapidly applied VIP to 430 481 
specimens collected at Harvard University CLIA Laboratory (HUCL) from December 6-16 and 482 
found the rate of Omicron increased from 15% to 80% in 10 days, overtaking the previously 483 
predominant variant, Delta (Fig. 6b, Extended Data Fig. 10b).  484 
 485 
Based on the public health importance of this data, the Massachusetts Department of Public 486 
Health (MADPH) requested our support for Omicron surveillance across the state. By 487 
mCARMEN VIP, we tested 1,557 specimens collected across the state of Massachusetts for the 488 
presence of Delta or Omicron from December 13-22 2021. We observed the rate of Omicron 489 
increase from ~8% to 77% across Massachusetts in 10 days (Fig. 6c, Extended Data Fig. 10c). 490 
In partnership with MADPH and the Broad Genomics Platform, we were able to confirm the 491 
mCARMEN variant lineage results with lineage results determined by NGS and found 99.5% 492 
(1,549/1,557) concordance between mCARMEN and NGS (Fig. 6d, Extended Data Fig. 10d). Of 493 
the 8 discordant samples, 7 had low signal for all mutations evaluated by VIP, suggesting low 494 
viral quantity. The remaining discordant specimen had clear signal for several Omicron-specific 495 
mutations yet by NGS had Delta signatures, which would suggest likely contamination or 496 
sample swap in one of the two tests. In all, mCARMEN VIP was applied in real-time to a local 497 
Omicron outbreak and a state-wide Omicron wave with near perfect concordance to NGS, by 498 
providing results the same or following day while NGS lagged behind by ~4-7 days (Fig. 6e).  499 
 500 
Discussion 501 
 502 
Here, we report mCARMEN, a high-throughput, multiplexed, and microfluidic diagnostic and 503 
surveillance platform with panels for respiratory viruses and SARS-CoV-2 variants that can be 504 
parallelized to test 300-550 patient specimens in an 8 hour working day. To make mCARMEN a 505 
clinically relevant technology, we built on CARMEN v140 by streamlining the workflow and 506 
incorporating commercially available Fluidigm instrumentation. We validated mCARMEN on 507 
2,881 patient specimens for the detection of 9-21 human respiratory viruses (RVP) or SARS-508 

https://paperpile.com/c/MLTG5I/hbcrE+pLF4
https://paperpile.com/c/MLTG5I/ei3Z
https://paperpile.com/c/MLTG5I/ei3Z+Qo7j
https://paperpile.com/c/MLTG5I/beMeX
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CoV-2 variant mutations (VIP) with high concordance to comparator assays which passed the 509 
FDA‟s performance criteria for all but one virus. Notably, when testing previously positive clinical 510 
specimens, we found a substantial proportion were not positive by concurrent testing, but were 511 
positive by mCARMEN. This suggests sample degradation issues - a known problem when 512 
detecting RNA viruses in clinical specimens42,49 - that mCARMEN is more robust to handling 513 
than RT-qPCR or NGS. Though we cannot rule out false positives, we did not detect SARS-514 
CoV-2 in specimens prior to the pandemic and we had 100% concordance with true virus-515 
negative specimens.  516 
 517 
To enhance mCARMEN‟s clinical diagnostic relevance and meld it with surveillance technology 518 
requirements, we further maximized its multiplexing capabilities by discriminating between 519 
mutations for variant lineage classification in patient specimens and quantifying viral genomic 520 
copies. Currently, variant lineage classification is only evaluated by NGS, which is costly and 521 
relies on specialized expertise found outside the clinic17,19. VIP gives similarly rich information 522 
about key SARS-CoV-2 mutations at 5-10x cheaper, per sample, than NGS, and is far more 523 
comprehensive than current nucleic acid-based diagnostics. Importantly, since we routinely 524 
design guides to preemptively identify mutations of interest in the spike gene in preparation for 525 
emerging variants, VIP was poised to differentiate Omicron immediately. VIP allowed us to 526 
identify the rapid emergence of Omicron in Massachusetts ~8 days before NGS and provided 527 
us specificity, unlike the widely used Spike Gene Target Failure (SGTF) of RT-PCR. Given the 528 
number of mutations detected by VIP, we expect to observe distinct mutation signatures 529 
between variant lineages that will allow us to differentiate these and future variants of concern 530 
from each other without assay redesign.  531 
 532 
We also adapted mCARMEN for dual Cas12 and Cas13 detection by capitalizing on the 533 
differing protein kinetics. A few groups have studied Cas12 and Cas13 reaction kinetics to 534 
inform assay quantification50,51, but the range of concentrations being quantified has been 535 
limited due to reaction saturation. We expanded the quantifiable concentration range to 5-6 536 
orders of magnitude, which is similar to RT-qPCR. These mCARMEN applications have the 537 
potential to provide a more holistic diagnosis to the patient, but validation on patient samples is 538 
needed. 539 
 540 
We rapidly developed mCARMEN for use in the COVID-19 pandemic, but faced challenges 541 
during the clinical validation and approval process needed for a large-scale roll-out. Specifically, 542 
it was difficult to obtain at least 30 previously confirmed clinical specimens for each virus on 543 
RVP with enough material available for extensive concurrent testing, while also facing specimen 544 
degradation issues that inevitably occur over time. Although our findings indicate that 545 
mCARMEN‟s performance exceeds the FDA‟s requirements for emergency use authorization 546 
(EUA), such authorization has not yet been granted.  547 
 548 
Further work will be required to bring mCARMEN fully to the clinic, such as obtaining FDA 549 
approval, integrating RVP and VIP into a single panel, decreasing the amount of manual labor 550 
and easing Fluidigm equipment constraints. Nonetheless, we have taken substantial steps to 551 
streamline the assay workflow while enhancing sensitivity without sacrificing specificity. By 552 
combining high-throughput, multiplexed pathogen testing with variant tracking, the mCARMEN 553 
platform is highly scalable and amenable to clinical laboratory settings for the detection of 554 
respiratory pathogens and variants. This technology also has the potential to test for other types 555 
of infectious disease52 and can be used on other sample types40,53 to achieve even more 556 
comprehensive diagnostic and surveillance capabilities. 557 
 558 
 559 

https://paperpile.com/c/MLTG5I/mbfri+XWco7
https://paperpile.com/c/MLTG5I/rEWGR+tzN7L
https://paperpile.com/c/MLTG5I/LlscK+93e9E
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 560 
 561 
 562 
 563 
Figure 1. Implementation of CARMEN using a microfluidic system improves sensitivity 564 
and speed. a, Schematic of CARMEN v1 (top) and mCARMEN (bottom) workflows. b, Heatmap 565 
showing mCARMEN fluorescent data across 21 human respiratory viruses (synthetic DNA 566 
fragments and corresponding viral Cas13 crRNAs) that were serially diluted from 103-101 567 
copies/μL and amplified using two separate primer pools. All samples were background 568 
subtracted from the NTC-noMg negative control. c, Concordance between CARMEN v1 and 569 
mCARMEN from b. Blue: targets at 103 copies/μL; green: targets at 102 copies/μL; red: targets 570 
at 101 copies/μL. d, Fluorescence kinetics of amplified SARS-CoV-2 DNA gene fragments from 571 
104-101 copies/μL at 0, 60, and 180 minutes post-reaction initiation. Blue: mCARMEN; red: 572 
CARMEN v1. e, A 21 human respiratory virus panel was tested on clinical specimens from 6 573 
SARS-CoV-2 positive, 4 SARS-CoV-2 negative NP swabs, and 8 FLUAV positive specimens, 574 
collected prior to Dec. 2019, and 5 no target controls (NTCs). The heatmap shows fluorescent 575 
signals from SARS-CoV-2 crRNA, FLUAV crRNA and no crRNA control. Blue: mCARMEN; red: 576 
CARMEN v1. f, Concordance of mCARMEN and NGS on 58 suspected respiratory virus 577 
infected patient specimens collected prior to Dec. 2019 shown as a bar graph; overall 578 
concordance shown as a confusion matrix. Black: detected by both mCARMEN and NGS; blue: 579 
detected by mCARMEN only; green: detected by NGS only. mCARMEN values are shown as 580 
the normalized fluorescence signal (FAM/ROX) (FAM signal divided by the signal for the 581 
passive reference dye, ROX, at 1 hour post-reaction initiation). CARMEN v1 values are shown 582 
as the raw fluorescence signal (FAM) at 3 hours post-reaction initiation. NTC, no target control; 583 
NTC-extract, no target control taken through extraction, cDNA synthesis, amplification, and 584 
detection; NTC-cDNA, no target control taken through cDNA synthesis, amplification, and 585 
detection; NTC-amp, no target control taken through amplification and detection; NTC-det, no 586 
target control taken through detection; NTC-noMg, no target control expected to have no 587 
fluorescent signal due to lack on Mg2+ needed to activate Cas13.  588 
 589 
Figure 2. Evaluation of an automated and condensed mCARMEN workflow. a, Schematic 590 
of the streamlined mCARMEN workflow for testing of 188 patient specimens using a panel of 9 591 
human respiratory viruses, RVP (SARS-CoV-2, HCoV-HKU1, HCoV-OC43, HCoV-NL63, 592 
FLUAV, FLUBV, HPIV-3, HRSV, HMPV) and a human internal control (RNase P). b, 593 
Concordance of RVP and RT-qPCR results. Top, RT-qPCR results were obtained from 594 
concurrent testing with mCARMEN testing; bottom, RT-qPCR results were obtained from 595 
original testing. c, Scaled normalized fluorescence at 1 hour post-reaction initiation for 525 NP 596 
swabs ranked by increasing SARS-CoV-2 signal (blue); the respective RNase P signal (gray) is 597 
also shown. Normalized fluorescence signal (FAM/ROX), (FAM signal divided by the signal for 598 
the passive reference dye,, ROX, signal at 1 hour post-reaction initiation)scaled from 0 to 1. 599 
NTC-noMg signal was set as 0 and the maximum normalized fluorescence value at 1 hour was 600 
set as 1. Dashed horizontal line: threshold for RVP positivity, calculated by multiplying the NTC-601 
extract fluorescence value by 1.8; NTC-extract: no template control taken through the entire 602 
workflow. Gray X, the single failed sample excluded from concordance calculations and other 603 
analyses. d, Scatter plot of the scaled normalized fluorescence values from b compared to viral 604 
Ct values obtained from concurrent testing with the CDC 2019-nCoV Kit. Green: positive SARS-605 
CoV-2 signal detected by both RVP and RT-qPCR; gray: inconclusive RT-qPCR result 606 
indicating that one or two of the three technical replicates were undetermined; black: 607 
undetermined RT-qPCR result indicating that all three technical replicates were negative for 608 
SARS-CoV-2. Dashed horizontal lines: threshold for RVP positivity. Dashed vertical line: Ct 609 
value of 40 (CDC positivity cutoff).  610 
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 611 
Figure 3. Clinical evaluation of RVP at a CLIA-certified laboratory. a, Workflow for limit of 612 
detection (LOD) studies following the FDA guidelines for establishing assay sensitivity. b, 613 
Fluorescent values for SARS-CoV-2 target LOD at the indicated SARS-CoV-2 concentrations; 614 
20 replicates were performed. c, Normalized fluorescence signal for each virus on the RVP 615 
using the on-target sequence (Should Detect), closely related sequences (Should Not Detect), 616 
and a no target control NTC (see Supplementary Table 2 for sequence information [AU: 617 
Correct?]). Should and Should Not Detect activities were based on ADAPT design predictions 618 
(see Methods for details). Closest to further relatives are based on percent nucleotide homology 619 
to the corresponding on-target sequence. d, Positive percent and negative percent agreement 620 
(PPA, NPA, respectively) for each virus on the RVP, calculated based on clinical data in 621 
Supplementary Table 5. e, Concordance of the performance of the RVP to concurrent 622 
comparator assays for 166 retrospective patient specimens tested (left) and 150 contrived 623 
samples (right).  624 
 625 
Figure 4. Viral quantification using both Cas12 and Cas13 in combination. a, Schematic of 626 
the procedure for use of both Cas12 and Cas13 for quantification of viral copy number in 627 
samples. Fluorescence is plotted over time to determine the IC50 value at each concentration 628 
using a sigmoidal 4PL fit. The IC50 values are then plotted by concentration to generate a 629 
semilog line with an R2 value >0.8 for Cas12 and Cas13 individually. After line generation, the 630 
IC50 value of each patient sample is plotted onto these lines to determine viral copies/μL. b, 631 
Normalized fluorescence ratio of Cas13 crRNA (top) and Cas12 crRNA (bottom) signal over 632 
time at varying concentrations of synthetic SARS-CoV-2 Orf1ab RNA. c, Plots showing semilog 633 
lines generated by IC50 values from the Cas12 and Cas13 crRNA signals, as well as Ct values 634 
from RT-qPCR for >4 target concentrations of SARS-CoV-2 (left) and FLUAV (right) 635 
syntheticRNA. Blue: Cas13; Orange: Cas12; Gray: Ct from RT-qPCR. d, Comparison of 636 
mCARMEN IC50 values to RT-qPCR Ct values using linear regression, with the best line fit 637 
shown as a dashed line. Black: SARS-CoV-2; Gray: FLUAV.  638 
 639 
Figure 5. SARS-CoV-2 variant identification using SNP-determining Cas13 crRNA 640 
combinations. a, Schematic of procedure for the mCARMEN variant identification panel (VIP). 641 
The entire SARS-CoV-2 spike gene is amplified to detect the presence of a mutation by 642 
differentiating between the ancestral, no mutation, sequence or the derived, mutation-643 
containing, sequence with highly specific Cas13 crRNAs. b, SARS-CoV-2 viral seed stocks from 644 
ancestral (WA), Alpha, Beta, Gamma, Delta, or Epsilon variant lineages (106 copies/mL) were 645 
amplified by 2 primer pairs and tested for the presence or absence of spike gene mutations. 646 
Data are shown as the log2 of the maximum crRNA fluorescence ratio at any time point up to 647 
180 minutes post-reaction initiation. Log2 fluorescence ratios were calculated by (-648 
1)*ancestral/mutation or mutation/ancestral representing either the presence of the ancestral 649 
sequence (blue) or the derived sequence (purple), respectively. * indicates that the particular 650 
mutation was confirmed by NGS. c, Comparison of the performance of and NGS on 106 SARS-651 
CoV-2-positive variant patient specimens, based on the final variant call as assessed by unique 652 
combinations of mutations (see Methods for details). Black: variant correctly identified by both 653 
VIP and NGS; Yellow: NGS only; Green: VIP only. d, Plot showing the log2 maximum crRNA 654 
fluorescence ratio of mutation/ancestral (positive, derived) or ancestral/mutation (negative, 655 
ancestral) at any time point up to 180 minutes post-reaction initiation for 106 variant patient 656 
specimens tested for various SNPs by VIP. Patient specimens are classified as Alpha (purple), 657 
Beta (blue), Gamma (teal), Delta (green), or Epsilon (yellow) based on a combination of 658 
mutations expected for that variant lineage. e, Analysis of how VIP compares to NGS for the 659 
106 variant patient specimens. Black: mutation correctly identified by both VIP and NGS; 660 
Yellow: NGS only; Green: VIP only; Gray: ancestral for VIP and NGS. 661 
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 662 
Figure 6. Rapid and specific identification of the Omicron variant using mCARMEN VIP. a, 663 
Expected mutations across 6 SARS-CoV-2 variant lineages (Alpha, Beta, Gamma, Delta, 664 
Epsilon, Omicron) detectable by VIP. Blue boxes represent the presence of a mutation; white 665 
boxes represent the absence of a mutation. b, Proportion of Omicron and Delta variant lineages 666 
as assessed by VIP in specimens (n=430) collected on December 6-16 at the Harvard 667 
University CLIA Laboratory (HUCL). Green: Omicron; Black: Delta. Error bars represent 668 
binomial sampling 95% confidence intervals. c, Proportion of Omicron and Delta variant 669 
lineages as assessed by VIP and NGS in specimens (n=1,557) collected on December 13-22 670 
from throughout the state of Massachusetts. Blue: Omicron; Black: Delta; Closed circles: 671 
mCARMEN; Open circles: NGS. Error bars represent binomial sampling 95% confidence 672 
intervals. d, Scatter plot of the proportion of Omicron based on the VIP and NGS variant lineage 673 
results. The linear regression line fit is shown as a blue line; R2 = 0.998. MA, Massachusetts. e, 674 
Comparison of the time delay from specimen extraction to determination of the variant lineage 675 
for VIP and NGS. Data represents the proportion of Omicron from specimens collected at HUCL 676 
and within the state of Massachusetts. Blue closed circles: VIP MA specimens from c; Blue 677 
open circles: NGS MA specimens from c; Green: VIP HUCL specimens from b.  678 
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The code used for data analysis in this study is made available on Github: 764 
https://github.com/broadinstitute/mcarmen. 765 
 766 
Data availability  767 
All requests for raw and analyzed data and materials will be reviewed by the Broad Institute of 768 
Harvard and MIT to verify if the request is subject to any intellectual property or confidentiality 769 
obligations. Data and materials that can be shared will be released via a Material Transfer 770 
Agreement. RNA sequencing data have been deposited to the Sequence Read Archive under 771 
the BioProject Accession code: PRJNA802370 and will be made available upon request for 772 
academic use and within the limitations of the provided informed consent by the corresponding 773 
author upon acceptance. Source code is available on github: 774 
https://github.com/broadinstitute/mcarmen.  775 
 776 
Reporting summary 777 
Further information on research design is available in the Nature Research Reporting Summary 778 
linking to this article.  779 
 780 
 781 
Methods  782 
 783 
Patient samples / ethics statement 784 
Use of clinical excess of human specimens from patients with SARS-CoV-2 from the Broad 785 
Institute‟s Genomics Platform CLIA Laboratory was approved by the MIT IRB Protocol 786 
#1612793224. Additional SARS-CoV-2 samples were collected from consented individuals 787 
under Harvard Longwood Campus IRB #20-1877 and covered by an exempt determination (EX-788 
7295) at the Broad Institute. Other human-derived samples from patients with SARS-CoV-2 789 
were collected by the CDC and determined to be non-human subjects research; the Broad 790 
Office of Research Subject Protections determined these samples to be exempt (EX-7209). 791 
Human specimens from patients with SARS-CoV-2, HCoV-HKU1, HCoV-NL63, FLUAV, 792 
FLUBV, HRSV, and HMPV were obtained under a waiver of consent from the Mass General 793 
Brigham IRB Protocol #2019P003305. Researchers at Princeton were determined to be 794 
conducting not-engaged human subjects research by the Princeton University IRB. 795 
 796 
We gratefully acknowledge the personnel at Rhode Island Department of Public Health for the 797 
samples they provided, in particular: Ewa King, Ph.D., Associate Director of Health, and Richard 798 
C. Huard, Ph.D., D(ABMM), Chief Clinical Laboratory Scientist, both at the Division of State 799 
Laboratories and Medical Examiner at Rhode Island Department of Health.  800 
 801 
General mCARMEN Procedures  802 
Detailed description of running mCARMEN RVP as a standard operating procedure (SOP) can 803 
be found as Supplementary Note 1.  804 
 805 
Preparation and handling of synthetic materials  806 
crRNAs were synthesized by Integrated DNA Technologies (Coralville, IA), resuspended in 807 
nuclease-free water to 100 μM, and further diluted for input into the detection reaction. Primer 808 
sequences were ordered from Eton or Integrated DNA Technologies, resuspended in nuclease-809 
free water to 100 μM, and further combined at varying concentrations for pooled amplification. 810 
 811 
Preparation of in vitro transcribed (IVT) material  812 
DNA targets were ordered from Integrated DNA Technologies and in vitro transcribed (IVT) 813 
using the HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs, NEB). 814 
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Transcriptions were performed according to the manufacturer‟s recommendations with a 815 
reaction volume of 20 μL that was incubated overnight at 37°C. The transcribed RNA products 816 
were purified using RNAClean XP beads (Beckman Coulter) and quantified using NanoDrop 817 
One (Thermo Scientific). Depending on the experiment, the RNA was serially diluted from 1011 818 
down to 10-3 copies/μL and used as input into the amplification reaction.  819 
 820 
Extraction - Manual or Automated 821 
RNA was manually extracted from input material using the QIAamp Viral RNA Mini Kit 822 
(QIAGEN) according to the manufacturer's instructions. RNA was extracted from 140 μL of input 823 
material with carrier RNA and samples were eluted in 60 μL of nuclease free water and stored 824 
at −80 °C until use.RNA was automatically extracted using the MagMAX™ DNA Multi-Sample 825 
Ultra 2.0 Kit on a KingFisher™ Flex Magnetic Particle Processor with 96 Deep-Well Head 826 
(Thermo Fisher Scientific). RNA was extracted from 200 µL of input material and was run 827 
according to the “Extract RNA - Automated method (200-μL sample input volume)” protocol in 828 
TaqPath™ COVID-19 Combo Kit Protocol, on page 21-24. The MVP_2Wash_200_Flex protocol 829 
was used. Samples were eluted in 50 μL of elution solution and either directly added to the 830 
amplification reaction or stored at −80°C until use. 831 
 832 
Amplification: Qiagen or SSIV 833 
We followed the CARMEN v1 platform for two-step reverse transcription amplification then 834 
transitioned to a single-step amplification reaction after experiments depicted in Figure 1. We 835 
used the Qiagen OneStep RT-PCR Mix for Figures 2,3,5 and Invitrogen SuperScript IV One-836 
Step RT-PCR System for Figure 4. For the Qiagen OneStep RT-PCR, a total reaction volume of 837 
50 μL was used with some modifications to the manufacturers recommended reagent volumes. 838 
Specifically 1.25X final concentration of OneStep RT-PCR Buffer, 2x more Qiagen Enzyme Mix, 839 
and 20% RNA input. Final concentrations for all viral primers were 300 nM and 100 nM for 840 
RNase P primers. The following thermal cycling conditions were used: (1) reverse transcription 841 
at 50°C for 30 min; (2) initial PCR activation at 95°C for 15 min; (3) 40 cycles of 94°C for 30 s, 842 
58°C for 30 s, and 72 °C for 30 s. For Invitrogen SuperScript IV One-Step RT-PCR, a total 843 
reaction volume of 25 μL with 20% RNA input and final primer concentrations at 1 μM. The 844 
following thermal cycling conditions were used:  (1) reverse transcription at 50°C for 10 min; (2) 845 
initial PCR activation at 98°C for 2 min; (3) 35 cycles of 98°C for 10 s, 60°C for 10 s, and 72 °C 846 
for 1 min 30 s; (4) final extension at 72 °C for 5 min. See Supplementary Table 4 for information 847 
on primer sequences used in each mCARMEN panel.  848 
 849 
Fluidigm Detection  850 
The Cas13 detection reactions were made into two separate mixes: assay mix and sample mix, 851 
for loading onto a microfluidic IFC (depending on the experiment, either Gene Expression (GE) 852 
or Genotyping (GT) IFCs were used in either a 96.96 or 192.24 format) (Fluidigm): 853 
The assay mix contained LwaCas13a (GenScript) and on occasion LbaCas12a (NEB) 854 
concentration varied with experiment, 1× Assay Loading Reagent (Fluidigm), 69U T7 855 
polymerase mix (Lucigen), and crRNA concentration varied with experiment for a total volume of 856 
16 μL per reaction. See below for details pertaining to each mCARMEN panel.  857 
The sample mix contained 25.2U RNase Inhibitor (NEB), 1× ROX Reference Dye (Invitrogen), 858 
1× GE Sample Loading Reagent (Fluidigm), 1 mM ATP, 1 mM GTP, 1 mM UTP, 1 mM CTP, 9 859 
mM MgCl2 in a nuclease assay buffer (40 mM Tris-HCl pH 7.5, 1 mM DTT) and either a 500 nM 860 
quenched synthetic fluorescent RNA reporter (FAM/rUrUrUrUrUrUrU/3IABkFQ/ or 861 
VIC/rTrTrArTrTrArTrT/3IABkFQ/ Integrated DNA Technologies) or RNaseAlert v2 (Invitrogen) 862 
was used for a total volume of 12.6 μL. See below for details on each mCARMEN panel.  863 
 864 
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IFC Loading and Run: Syringe, Actuation Fluid, Pressure Fluid (Fluidigm), and 4 μL of assay or 865 
sample mixtures were loaded into their respective locations on a microfluidic IFC (depending on 866 
the experiment, either Gene Expression (GE) or Genotyping (GT) IFCs were used in either a 867 
96.96 or 192.24 format) and were run according to the manufacturer‟s instructions. The IFC was 868 
loaded onto the IFC Controller RX or Juno (Fluidigm) where the „Load Mix‟ script was run. After 869 
proper IFC loading, images over either a 1-3 hour period were collected using a custom protocol 870 
on Fluidigm‟s EP1 or Biomark HD.  871 
 872 
Fluidigm Data Analysis 873 
We plotted reference-normalized background-subtracted fluorescence for guide-target pairs. For 874 
a guide-target pair (at a given time point, t, and target concentration), we first computed the 875 
reference-normalized value as (median(Pt-P0)/(Rt-R0)) where Pt is the guide signal (FAM) at the 876 
time point, P0 is its background measurement before the reaction, Rt is the reference signal 877 
(ROX) at the time point, R0 is its background measurement, and the median is taken across 878 
replicates. We performed the same calculation for the no template (NTC) control of the guide, 879 
providing a background fluorescence value for the guide at t (when there were multiple technical 880 
replicates of such controls, we took the mean value across them). The reference-normalized 881 
background-subtracted fluorescence for a guide-target pair is the difference between these two 882 
values.  883 
 884 
21 Respiratory Viruses (Fig. 1)  885 
Design 886 
The oligonucleotide primers and CRISPR RNA guides (crRNAs) are designed for detection of 887 
conserved regions of the following respiratory viruses: SARS-CoV-2, HCoV-229E, HCoV-HKU1, 888 
HCoV-NL63, HCoV-OC43, FLUAV, FLUBV, HMPV, HRSV, HPIV-1,2,3,4, AdV, HEV-A,B,C,D, 889 
SARS-CoV, MERS-CoV, and HRV. More specifically, complete genomes for all viruses on the 890 
panel were downloaded from NCBI and aligned using MAFFT54. For viral species with fewer 891 
than 1000 sequences, MAFFT‟s „FFT-NS-ix1000‟ algorithm was used. For viral species with 892 
>1000 sequences, MAFFT‟s „FFT-NS-1‟ algorithm was used. These aligned sequences were 893 
then fed into ADAPT for crRNA design with high coverage using the „minimize guides‟ objective 894 
(>90% of sequences detected). Once highly conserved regions of the viral genome were 895 
selected with ADAPT for optimal guide design, primers were manually designed to amplify a 896 
100-250 bp target region with the crRNA predicted to bind in the middle of the fragment. 897 
ADAPT‟s constraints on primer specificity were relaxed and in some cases multiple primers 898 
were needed to encompass the full genomic diversity of a particular virus species. For optimal 899 
amplification, the primers were split into two pools. These primer pools and crRNA sequences 900 
are listed in Supplementary Table 4.  901 
 902 
Target control - PIC1 and PIC2  903 
The consensus sequences generated directly above after multiple genome alignment with 904 
MAFFT were used to order a 500 bp dsDNA fragment encompassing the primer and crRNA 905 
binding sites. RNA was generated following the method described in „General mCARMEN 906 
Procedure - Preparation of IVT Material‟ and diluted to 106 copies/μL in pools based on the 907 
primer pools mentioned above (PIC1, PIC2). The PICs were used as input into the CARMEN v1 908 
or mCARMEN detection reaction to function as a detection positive control.  909 
 910 
Sample Extraction: Manual or Automated   911 
Automated and manual extraction was performed according to methods described under 912 
„General mCARMEN Procedures - Extraction‟ 913 
 914 
Amplification: Two-Step 915 
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We followed the CARMEN v1 platform for two-step reverse transcription amplification, which 916 
was performed first by cDNA synthesis and then by PCR.  917 
 918 
cDNA synthesis using SSIV  919 
10 μL of extracted RNA was converted into single-stranded cDNA in a 40 μL reaction. First, 920 
Random Hexamer Primers (ThermoFisher) were annealed to sample RNA at 70°C for 7 min, 921 
followed by reverse transcription using SuperScript IV (Invitrogen) for 20 min at 55°C. cDNA 922 
was stored at −20°C until use. DNase treatment was not performed at any point during sample 923 
preparation.  924 
 925 
Q5 DNA amplification 926 
Nucleic acid amplification was performed via PCR using Q5 Hot Start polymerase (NEB) using 927 
primer pools (with 150 nM of each primer) in 20 μL reactions. Amplified samples were added 928 
directly into the detection reaction or stored at −20°C until use. The following thermal cycling 929 
conditions were used: (1) initial denaturation at 98°C for 2 min; (2) 45 cycles of 98°C for 15 s, 930 
50°C for 30 s, and 72°C for 30 s; (3) final extension at 72°C for 2 min. Each target was amplified 931 
with its corresponding primer pool, as listed under „oligonucleotides used in this study.‟  932 
 933 
Detection  934 
CARMEN-Droplet 935 
For colour coding, unless specified otherwise, amplified samples were diluted 1:10 into 936 
nuclease-free water supplemented with 13.2 mM MgCl2 prior to colour coding to achieve a final 937 
concentration of 6 mM after droplet merging. Detection mixes were not diluted. Colour code 938 
stocks (2 µL) were arrayed in 96W plates (for detailed information on construction of colour 939 
codes, see „Colour code design, construction and characterization‟). Each amplified sample or 940 
detection mix (18 µL) was added to a distinct colour code and mixed by pipetting. 941 
 942 
For emulsification, the colour-coded reagents (20 µL) and 2% 008-fluorosurfactant (RAN 943 
Biotechnologies) in fluorous oil (3M 7500, 70 µL) were added to a droplet generator cartridge 944 
(Bio Rad), and reagents were emulsified into droplets using a Bio Rad QX200 droplet generator 945 
or a custom aluminum pressure manifold. 946 
 947 
For droplet pooling, a total droplet pool volume of 150 µL of droplets was used to load each 948 
standard chip; a total of 800 µL of droplets was used to load each mChip. To maximize the 949 
probability of forming productive droplet pairings (amplified sample droplet + detection reagent 950 
droplet), half the total droplet pool volume was devoted to target droplets and half to detection 951 
reagent droplets. For pooling, individual droplet mixes were arrayed in 96W plates. A 952 
multichannel pipette was used to transfer the requisite volumes of each droplet type into a 953 
single row of eight droplet pools, which were further combined to make a single droplet pool. 954 
The final droplet pool was pipetted up and down gently to fully randomize the arrangement of 955 
the droplets in the pool. The pooling step is rapid (<10 min), and small molecule exchange 956 
between droplets during this period does not substantially alter the colour codes.   957 
 958 
mCARMEN  959 
We followed the methods under General CARMEN Procedures - Detection - Fluidigm detection 960 
with the following modifications: 42.5 nM LwaCas13 and 212.5 nM crRNA in each assay mix 961 
reaction, and 500 nM RNaseAlert v2 in each sample mix reaction.  962 
 963 
Data Analysis  964 
CARMEN v1 965 
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We followed the data analysis pipeline from CARMEN v140 to demultiplex and readout the 966 
fluorescence intensity of the reporter channel for each droplet reaction performed (MatLab 967 
2013). In brief, pre-merge imaging data was processed using custom Python3 scripts to detect 968 
fluorescently-encoded droplets in microwells and identify their inputs based on their 969 
fluorescence intensity in three encoding channels, 647 nm, 594 nm, and 555 nm. Subsequently, 970 
post-merge imaging data was analyzed to extract the reporter signal of the assay in the 488 nm 971 
channel, and those reporter fluorescence intensities were physically mapped to the contents of 972 
each microwell. Quality control filtering was performed based on the appropriate size of a 973 
merged droplet from two input droplets and the closeness of a droplet‟s color code to its 974 
assigned color code cluster centroid. The median and standard error were extracted from the 975 
replicates of all assay combinations generated on the array. 976 
 977 
mCARMEN  978 
We followed the methods under „General CARMEN Procedures - Fluidigm Data Analysis‟ and 979 
further visualized the data using Python3, R 4, and Prism 9. 980 
 981 
Single-step amplification troubleshooting  982 
The following RT-PCR kits were tested to determine the best performing assay: (1) OneStep 983 
RT-PCR Kit (Qiagen) (2) TaqPath™ 1-Step Multiplex Master Mix (Thermo Fisher), (3) One Step 984 
PrimeScript™ RT-PCR Kit (Takara), (4) GoTaq® Probe RT-qPCR Kit (Promega), (5) 985 
UltraPlex™ 1-Step ToughMix® (4X) (Quantbio), (6)  iTaq™ Universal One-Step Kits for RT-986 
PCR (Bio-Rad). Of the kits tested, the OneStep RT-PCR Kit (Qiagen) was chosen for the final 987 
mCARMEN protocol.  988 
 989 
OneStep RT-PCR Kit (Qiagen) 990 
All or a combination of the following thermal cycling condition ranges were tested to shorten 991 
assay run-time: reverse-transcription at 50 °C at 15-30 min, PCR activation at 95 °C at 5-15 min, 992 
denaturation step at 94 °C at 10-30 s, and extension step at 72 °C for 10 s to 1 min. The final 993 
extension at 72 °C for 10 min was omitted in all runs. The following primer pool conditions were 994 
also tested to optimize the assay: 150 nM, 300 nM, 500 nM, and 600 nM of virus-specific primer 995 
and 100 nM and 150 nM of RNaseP primers, with 5 μM of each virus-specific primer and 1.7 μM 996 
of RNaseP primers. Reaction volumes tested include: 20 μL with 10% RNA template input, 30 997 
μL with 20% RNA template input, and 50 μL with 20% RNA template input. The final 998 
amplification conditions used for the RVP panel are described under „General mCARMEN 999 
Procedures - Amplification‟.  1000 
  1001 
TaqPath™ 1-Step Multiplex Master Mix Kit (Thermo Fisher) 1002 
The TaqPath™ 1-Step Multiplex Master Mix Kit (Thermo Fisher) was used to amplify nucleic 1003 
acid according to the manufacturer's instructions, using custom primer pools in 20 μL reactions. 1004 
Primer pools of 150 nM, 300 nM, and 500 nM and anneal temperatures of 58 °C and 60 °C and 1005 
were all tested and compared to determine optimal conditions. The following thermal cycling 1006 
conditions were used: (1) UNG passive reference incubation at 25 °C for 2 min; (2) reverse-1007 
transcription incubation at 50 °C for 15 min; (3) enzyme activation at 95 °C for 2 min (4) 40 1008 
cycles of 95 °C for 3 s and 60 °C for 30 s. Amplified samples were directly added into the 1009 
detection reaction or stored at −20 °C until use.  1010 
 1011 
GoTaq® Probe RT-qPCR Kit (Promega) 1012 
The GoTaq® Probe RT-qPCR Kit (Promega) was used to amplify nucleic acid via RT-PCR 1013 
according to the manufacturer's instructions, using custom primer pools in 20 μL reactions. 1014 
Primer pools of 200 nM, 300 nM, and 500 nM were tested and compared to determine optimal 1015 
conditions. Each target in the panel was amplified with its corresponding primer pool. The 1016 
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following thermal cycling conditions were used: (1) reverse-transcription at 45 °C for 15 min and 1017 
95 °C for 2 min; (2) 40 cycles of 95 °C for 15 s, 60 °C for 1 min. Amplified samples were directly 1018 
added into the detection reaction or stored at −20 °C until use.   1019 
 1020 
UltraPlex™ 1-Step ToughMix® (4X) (Quantbio)  1021 
The UltraPlex™ 1-Step ToughMix® (4X) (Quantbio) was used to amplify nucleic acid via RT-1022 
PCR according to the manufacturer's instructions, using custom primer pools in 20 μL reactions. 1023 
Primer pools of 200 nM, 300 nM, and 500 nM were tested and compared to determine optimal 1024 
conditions. Each target in the panel was amplified with its corresponding primer pool. The 1025 
following thermal cycling conditions were used: (1) reverse-transcription at 50 °C for 10 min and 1026 
95 °C for 3 min; (2) 45 cycles of 95 °C for 10 s, 60 °C for 1 min. Amplified samples were directly 1027 
added into the detection reaction or stored at −20 °C until use.  1028 
 1029 
RVP Testing at Broad research laboratory (Fig. 2)  1030 
Design of 9-virus respiratory panel and RNase P 1031 
We designed this panel according to the methods described above under „Respiratory Panel - 1032 
Design‟ for these 9 viruses: SARS-CoV-2, HCoV-HKU1, HCoV-OC43, HCoV-NL63, FLUAV, 1033 
FLUAV-g4, FLUBV, HPIV-3, HRSV, and HMPV, with the addition of an RNase P primer pair and 1034 
crRNA. RNase P primers and crRNAs were designed within the same region of the gene as the 1035 
CDC RT-qPCR assay (Supplementary Table 4). 1036 
 1037 
Patient Specimen Validation 1038 
All patient specimens evaluated on RVP were additionally evaluated concurrently with the CDC 1039 
2019-nCoV Real-Time RT-PCR Diagnostic Panel for N1 and RNase P. A subset of specimens 1040 
were selected for further study using Next Generation Sequencing.  1041 
 1042 
The CDC 2019-nCoV EUA recommends a Ct cutoff of <40 for RNase P and/or SARS-CoV-2. 1043 
There were 8 specimens that failed quality control metrics and were therefore removed from 1044 
further analysis in the paper. 5 specimens were previously positive and 3 were negative by prior 1045 
RT-PCR testing done by the Broad Genomics Platform.  1046 
 1047 
Of the 525 patient specimens evaluated by mCARMEN only two specimens had no detectable 1048 
levels of RNase P above threshold, one of which was positive for SARS-CoV-2 while the other 1049 
was virus-negative. The RNase P negative, but virus-positive, specimen likely has a high 1050 
concentration of viral RNA, which sequesters amplification materials during the reaction, limiting 1051 
RNase P amplification. The double negative specimen suggests possible extraction failure or 1052 
sample integrity issues and was thus excluded from further analysis. 1053 
 1054 
RVP Detection 1055 
Specimen preparation was performed according to the method outlined in 'General mCARMEN 1056 
Procedures - Sample Extraction‟ with 200 µL of input material. Amplification was performed 1057 
according to methods outlined in 'General mCARMEN Procedures - Amplification‟ Detection 1058 
reactions were prepared as described in „General mCARMEN Procedures - Detection‟ with the 1059 
following modifications: 42.5 nM LwaCas13 and 212.5 nM crRNA in each assay mix reaction, 1060 
and 500 nM quenched synthetic fluorescent RNA reporter (FAM/rUrUrUrUrUrUrU/3IABkFQ/) in 1061 
each sample mix reaction. Results were analyzed following methods outlined under „General 1062 
mCARMEN Procedures - Data Analysis‟.  1063 
 1064 
CDC 2019-nCoV Real-Time RT-PCR Diagnostic Panel - Research Use Only  1065 
The CDC 2019-nCoV Real-Time RT-PCR Diagnostic Panel was performed using TaqPath 1-1066 
Step RT-qPCR Master Mix (Thermo Fisher) with 1 μL template RNA of either SARS-CoV-2 or 1067 
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RNase P in 10 μL reactions, run in triplicate. Primers from the 2019-nCoV RUO Kit (IDT) were 1068 
used. For SARS-CoV-2 a primer pool at 800 μM and probe at 200 μM was used. For RNaseP, a 1069 
primer pool at 500 μM and a probe at 125 μM was used. The following thermal cycling 1070 
conditions were used: (1) enzyme activation at 25 °C for 2 min; (2) reverse-transcription at 50 °C 1071 
for 15 min; (3) PCR activation at 95 °C for 2 min; (4) 45 cycles of 95 °C for 3 s and 55 °C for 30 1072 
s. Standard curves were made with spike-in of RNA template (SARS-CoV-2 and RNaseP) to 1073 
make a ten-fold serial dilution from 100 to 106 copies/μL. This was run on the QuantStudio™ 1074 
6 Flex System.  1075 
 1076 
Next Generation Sequencing 1077 
Metagenomic sequencing libraries were generated as previously described5,55. Briefly, extracted 1078 
RNA was DNase treated to remove residual DNA then human rRNA was depleted. cDNA was 1079 
synthesized using random hexamer primers. Sequencing libraries were prepared with Illumina 1080 
Nextera XT DNA library kit and sequence with 100-nucleotide or 150-nucleotide paired-end 1081 
reads. Data analysis was conducted on the Terra platform (app.terra.bio); all workflows are 1082 
publicly available on the Dockstore Tool Registry Service. Samples were demultiplexed using 1083 
demux_plus to filter out known sequencing contaminants. Viral genomes were assembled using 1084 
assemble_refbased, discordant specimens with viral genomes were assembled using 1085 
assemble_denovo and additionally visualized using classify_kraken, blastn, blastx, geneious, 1086 
and R. A virus was determined to be present if more than 10 reads mapped to a particular viral 1087 
genome. Full genomes were deposited into GenBank (BioProject Accession # PRJNA802370).  1088 
 1089 
Clinical Evaluation of RVP in CLIA-certified laboratory at MGH (Fig. 3)  1090 
Design  1091 
We designed this panel according to the methods described above under „RVP Testing at Broad 1092 
- Design‟. 1093 
 1094 
Controls  1095 
Automated Extraction, KingFisher Control: Extraction Negative Control (EC) is an RNA 1096 
extraction control and is prepared by adding 200 μL pooled human sample (negative for all 1097 
viruses on the panel) to a well with 280 μL of binding bead mix (preparation described in 1098 
'Automated Extraction, KingFisher'). The EC should yield a positive result for the RNaseP 1099 
crRNA and primer pair and a negative result for all other targets. 1100 
 1101 
Nucleic acid amplification controls: No Template Control (NTC) is a negative control for nucleic 1102 
acid amplification and is prepared by adding 10 μL nuclease-free water (instead of RNA) into 40 1103 
μL of OneStep RT-PCR Kit (Qiagen) mastermix. This should yield a negative result for all 1104 
targets on the panel. Combined Positive Control (CPC) is a positive control for nucleic acid 1105 
amplification and is prepared by pooling in vitro transcribed synthetic RNA of all the targets on 1106 
the panel to 103 copy/µL. 11 µL aliquots of this mix are stored at -80°C until use, when 10 μL 1107 
are added to 40 μL of OneStep RT-PCR Kit (Qiagen) mastermix. This should yield a positive 1108 
result for all targets on the panel.  1109 
 1110 
Cas13-Detection Controls: Negative Detection Control (NDC) is a negative control for the 1111 
Fluidigm-detection step and is prepared by adding nuclease-free water (instead of amplified 1112 
RNA) to the sample mix without MgCl2. This should yield a negative result for all targets on the 1113 
panel. No crRNA control (no-crRNA) is a negative control for the Fluidigm-detection step and is 1114 
prepared by adding nuclease-free water (instead of 1 µM crRNA) to the assay mix. This should 1115 
yield a negative result for all targets on the panel.  1116 
 1117 
Batch preparation of sample and assay mixtures 1118 

https://paperpile.com/c/MLTG5I/h6dOz+pvKL5
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Sample and assay mixtures can be prepared in advance for multiple 96-sample batches 1119 
following similar methods, with the following changes: the batch sample mix contained all 1120 
reagents described above, excluding 9 mM MgCl2, and the batch assay mix contained all 1121 
reagents described above, excluding 2x Assay Loading Reagent. Both mixtures were calculated 1122 
with 10% overage. Both mixtures were stored at −80 °C until use. 9 mM MgCl2 was added to the 1123 
sample mix and 2x Assay Loading Reagent was added to each assay mix before use. 1124 
 1125 
SYBR RT-qPCR of viral seed stock and genomic RNA from ATCC and BEI Resources  1126 
Quantification of all viral seed stock and genomic RNA received from ATCC and BEI resources 1127 
was performed using the Power SYBR Green RNA-to-Ct 1-Step Kit (ThermoFisher). Reactions 1128 
were run in triplicate with 1 μL RNA input in 10 μL reactions. A primer mix at 500nM was used, 1129 
and all primer sequences used are listed in Supplementary Table 4. The following thermal 1130 
cycling conditions were used: (1) reverse transcription at 48 °C for 30 min; (2) enzyme activation 1131 
at 95 °C for 10 min; (3) 40 cycles of 95 °C for 15 s and 60 °C for 1 min; (4) melt curve of 95 °C 1132 
for 15 s, 60 °C for 15 s, and 95 °C for 15 s. Standard curves were made with spike-in of RNA 1133 
template to make a ten-fold serial dilution from 100 to 106 copies/μL. This was run on the 1134 
QuantStudio™ 6 Flex System.  1135 
 1136 
Limit of Detection (LOD) 1137 

Samples were prepared for the LOD experiments using either quantified viral isolates, genomic 1138 

RNA or IVT partial gene fragments. For the SARS-CoV-2, HCoV-OC43, HRSV, and HPIV-3 1139 

assays, quantified viral isolates of known titer (RNA copies/µL) spiked into pooled negative 1140 

human sample (negative for all viruses on the panel) in Universal Transport Media (UTM), to 1141 

mimic clinical specimen. The pooled human negative samples were incubated in the binding 1142 

bead mix solution according to the methods described in „General mCARMEN Procedures - 1143 

Extraction - Automated.‟ Since no quantified virus isolates for HCoV-NL63, HCoV-HKU-1, 1144 

FLUAV, FLUAV-g4, FLUBV, and HMPV were available for use at the time the study was 1145 

conducted, assays designed for RNA detection of these viruses were tested with either genomic 1146 

RNA from ATCC (FLUAV: cat# NR-43756; FLUBV: cat# VR-1804) or IVT RNA of known titer 1147 

were spiked into pooled negative human samples in UTM.  1148 

 1149 
RNA was extracted from 200 µL of input material using the MagMAX™ DNA Multi-Sample Ultra 1150 

2.0 Kit on a KingFisher™ Flex Magnetic Particle Processor with 96 Deep-Well Head (Thermo 1151 

Fisher Scientific). This was run according to the protocol listed in TaqPath™ COVID-19 Combo 1152 

Kit Protocol under “KingFisher, “Extract RNA - Automated method (200 μL input volume)” with 1153 

the following differences: To prepare the binding bead mix, the following was added: 265 μL 1154 

binding solution, 10 μL total nucleic acid magnetic beads, 5 μL Proteinase K with 10% overage 1155 

for multiple samples. 280 μL of the binding bead mix was added to each sample well. The 200 1156 

μL of input material includes negative human sample and RNA: 160 μL of pooled human 1157 

samples (negative for all viruses on the panel) was added to each sample well and incubated 1158 

for 20 minutes before 40 μL of RNA was spiked in. Samples were eluted in 50 μl of elution 1159 

solution and either directly added to the amplification reaction or stored at −80 °C until use. 1160 

 1161 
A preliminary LOD for each assay was determined by testing triplicates of RNA purified using 1162 

the extraction method described in 'RVP panel'. The approximate LOD was identified by 1163 

extraction, amplification, and detection of 10-fold serial dilutions of IVT RNA of known titer 1164 

(copies/µL) for 5 replicates. These concentrations ranged from 1e4-1e-3 copies/μL. The lower 1165 
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bound of the LOD range was determined as the lowest concentration where 5/5 replicates were 1166 

positive, and the upper bound was determined as the concentration 10-fold above the lower 1167 

bound.  1168 

 1169 
A confirmation of the LOD for each assay was determined by testing 20 replicates of RNA, 1170 

purified using the extraction method described in 'RVP panel'. The approximate LOD was 1171 

identified by extraction, amplification, and detection of 2-fold serial dilutions of the input sample, 1172 

quantified viral isolates, genomic RNA or IVT RNA. These concentrations ranged from 20-0.5 1173 

copies/μL, depending on the virus. The LOD was determined as the lowest concentration where 1174 

≥95% (19/20) of the replicates were positive.  1175 

 1176 
Specificity  1177 
In silico analysis - Inclusivity  1178 
Inclusivity was tested by performing an in silico analysis using all publicly available sequences 1179 
of all targets on the RVP panel. Complete genomes for all viruses were downloaded from NCBI 1180 
on April 2, 2021 and aligned using MAFFT v7. For viral species with less than 1000 sequences, 1181 
the FFT-NS-ix1000 algorithm was used to create the MAFFT alignment. For viral species with 1182 
>1000 sequences, the FFT-NS-1 algorithm was used to create the MAFFT alignment. The 1183 
primer and crRNA sequences were then mapped to the aligned viral sequences using a 1184 
consensus alignment to determine the percent identity (homology) and the number of 1185 
mismatches. The average homology and mismatches were taken across the total number of 1186 
sequences evaluated. Please note that mismatches below for crRNA sequences do not take 1187 
wobble base pairing (G-U pairing) into account. Results are summarized in Supplementary 1188 
Table 8. 1189 

  1190 
Additionally the SARS-CoV-2 crRNA and primer sequences were tested by NCBI BLAST+ 1191 
against the nr/nt databases (updated 03/31/2021, N=68965867 sequences analyzed) and the 1192 
Betacoronavirus database (updated 04/01/2021, N=140760). The search parameters were 1193 
adjusted to blastn-short for short input sequences. The match and mismatch scores are 1 and -1194 
3, respectively. The penalty to create and extend a gap in an alignment is 5 and 2, respectively. 1195 
Blast results confirmed only perfect matches to SARS-CoV-2. 1196 
 1197 
In silico analysis - Specificity  1198 
Complete genomes for all viruses were downloaded from NCBI on April 2, 2021 and aligned 1199 
using MAFFT. For viral species with less than 1000 sequences, FFT-NS-ix1000 was used. For 1200 
viral species with >1000 sequences, FFT-NS-1 was used for the MAFFT alignment. The primer 1201 
and crRNA sequences were then mapped to the aligned viral sequences using a consensus 1202 
alignment to determine percent identity (homology). The average homology was taken across 1203 
the panel sequences and the total number of sequences evaluated. Bolded text represents on-1204 
target primers/crRNA to the intended viral sequences. Not all sequence combinations were 1205 
evaluated since whole genome homology between many viruses is significantly less than 80%. 1206 
All primer and crRNA sequences do not have >80% homology to other, unintended viral or 1207 
bacterial sequences, making the panel highly specific to particular viruses of interest. More 1208 
specifically, no in silico cross-reactivity >80% homology between any primers and crRNA 1209 
sequences on RVP is observed for the following common respiratory flora and other viral 1210 
pathogens: SARS-CoV-1, HCoV-MERS, Adenovirus, Enterovirus, Rhinovirus, Chlamydia 1211 
pneumoniae, Haemophilus influenzae, Legionella pneumophila, Mycobacterium tuberculosis, 1212 
Streptococcus pneumoniae, Streptococcus pyogenes, Bordetella pertussis, Mycoplasma 1213 
pneumoniae, Pneumocystis jirovecii, Candida albicans, Pseudomonas aeruginosa, 1214 
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Staphylococcus epidermis, Streptococcus salivarius. In silico analysis results are summarized in 1215 
Supplementary Table 9. 1216 
 1217 
In vitro analysis  1218 
Targets were selected for in vitro specificity testing based on closely related viral species with 1219 
high nucleotide identity. The synthetic DNA targets contain the consensus sequence of a 1220 
particular virus that is position matched to location the RVP virus of interest targets in the viral 1221 
genome. Samples were prepared for specificity experiments according to methods described 1222 
above in „General mCARMEN Procedures - Preparation of IVT material,‟ and samples were 1223 
serially diluted down to a concentration of 106 and 105 copies/µL. For all samples prepared for 1224 
specificity experiments, RNA was extracted from 200 µL of input material using the MagMAX™ 1225 
DNA Multi-Sample Ultra 2.0 Kit on a KingFisher™ Flex Magnetic Particle Processor. This was 1226 
run according to the extraction, amplification, and detection methods described above under 1227 
„RVP Testing at Broad.‟  1228 
 1229 
Patient Specimen Validation  1230 
Specimen preparation prior to extraction 1231 
All patient specimens from the MGH Clinical Microbiology Lab were initially reported to be 1232 
positive for HCoV-HKU1, HCoV-NL63, and HMPV via BioFire FilmArray Respiratory Panel 1233 
(RP2) or positive for SARS-CoV-2, FLUAV (H3), FLUBV, and HRSV via Xpert® Xpress SARS-1234 
CoV-2/Flu/RSV (Cepheid). 200 µL of positive for SARS-CoV-2 were aliquoted as follows: 220 1235 
μL for testing using the RVP panel, 220 μL for testing using the TaqPath™ COVID-19 Combo 1236 
Kit, and all remaining specimens were stored at −80 °C. All negative specimens were aliquoted: 1237 
220 μL for RVP panel testing, 220 μL for TaqPath™ COVID-19 Combo Kit testing, 400 μL for 1238 
BioFire FilmArray Respiratory Panel (RP2) testing, and all remaining specimen was stored at 1239 
−80 °C. All other specimens were aliquoted: 220 μL for RVP panel testing, 400 μL for BioFire 1240 
FilmArray Respiratory Panel (RP2) testing, and all remaining specimen was stored at −80 °C. 1241 
 1242 
Preparation of contrived samples prior to extraction 1243 
Contrived patient samples of viruses HCoV-HKU1, HCoV-OC43, HCoV-NL63, FLUAV-g4, 1244 
HPIV-3, and HMPV were prepared by diluting either viral seed stock (HCoV-OC43 and HPIV-3) 1245 
or template RNA (HCoV-HKU1 and HCoV-NL63). See Supplementary Table 10 for viral seed 1246 
stock vendor details. The viral seed stock or template RNA is added to non-pooled human 1247 
specimens (negative for all targets, except RNase P, on the RVP panel) at a concentration 2 1248 
times the LOD; the concentrations for these samples ranged from 102 to 106 copies/µL.  1249 
 1250 
RVP 1251 
All materials were extracted, amplified, detected, and analyzed using methods described under 1252 
„General mCARMEN Procedures ‟ and „RVP Testing at Broad - Patient Specimen Validation.‟  1253 
 1254 
TaqPath™ COVID-19 Combo Kit 1255 
A subset of patient specimens, all SARS-CoV-2 and negative patient specimens, from the MGH 1256 
Clinical Microbiology Laboratory were verified using the TaqPath™ COVID‑19 Combo Kit 1257 
(ThermoFisher). These samples were initially reported to be positive for SARS-CoV-2 via 1258 
Xpert® Xpress SARS-CoV-2/Flu/RSV (Cepheid) or reported to be negative for all targets 1259 
(excluding RNaseP) on the RVP panel via BioFire FilmArray Respiratory Panel (RP2).The 1260 
TaqPath™ COVID‑19 Combo Kit was performed according to the manufacturer's instructions. 1261 
The assay was performed using the Applied Biosystems 7500.  1262 
 1263 
BioFire FilmArray Respiratory Panel (RP2)   1264 
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A subset of patient specimens from the MGH Clinical Microbiology Laboratory, all HCoV-HKU1, 1265 
HCoV-NL63, FLUAV (H3), FLUBV, HRSV, HMPV and negative patient specimens, were verified 1266 
using the BioFire FilmArray Respiratory Panel (RP2) (Biofire Diagnostics). These specimens 1267 
were either initially reported to be positive for HCoV-HKU1, HCoV-NL63, and HMPV via BioFire 1268 
FilmArray Respiratory Panel (RP2) or positive for FLUAV (H3), FLUBV, and HRSV via Xpert® 1269 
Xpress Flu/RSV (Cepheid). For each run, one patient specimens in UTM at 300 µL was verified 1270 
using the BioFire FilmArray Respiratory Panel (RP2) according to the manufacturer's 1271 
instructions. Any remaining specimen was stored at -80°C.  1272 
 1273 
Controls for this assay were received with the kit and ready for use. Control 1 is expected to be 1274 
positive for adenovirus, HMPV, Human Rhino/Enterovirus, FLUAV (H1-2009), FLUAV (H3), 1275 
HPIV-1, HPIV-2. Control 2 is expected to be positive for HCoV-229E, HCoV-HKU1, HCoV-1276 
NL63, HCoV-OC43, FLUAV (H1), FLUBV, HPIV-2, HPIV-3, HRSV.  1277 
 1278 
The results were automatically displayed on the FilmArray software with each target in a run 1279 
reported as “detected” or “not detected.” If either control fails, the software marks this run as 1280 
“invalid.” When sufficient human sample volume was available, samples with invalid results 1281 
were re-run.  1282 
 1283 
Analysis Software  1284 
The analysis software comprises python scripts executing the data analysis described in 1285 
Methods 2h and taking into account the controls described in Methods section 6aii. They are 1286 
packaged into an executable with graphical user-interface using the Python module Gooey 1287 
1.0.7.  1288 
 1289 
In short, the reference-normalized background-subtracted fluorescence is calculated for guide-1290 
target pairs for the measurement after 60 min. Then, the dynamic range and the separation 1291 
band are assessed.  1292 
 1293 
Separation band = (mean of positive controls - 3 standard deviations of positive controls) -  1294 
(mean of negative controls - 3 standard deviations of negative controls) 1295 
Dynamic range = | mean of positive controls - mean of negative controls| 1296 
 1297 
If the ratio of separation band to dynamic range is equal or less than 0.2, the whole assay is 1298 
invalid. Next, for the positive and negative controls, outliers based on three standard deviations 1299 
are identified. If a positive control has a too low value or a negative control a too high value, the 1300 
respective assay is invalid. For the remaining samples, hit calling is performed based on 1301 
comparing the signal to the water control. If the signal is 1.8x higher than the water control, the 1302 
guide-target pair is called a hit. Based on this hit calling, the extraction control, the negative and 1303 
positive detection controls and internal controls are verified. If their result does not correspond 1304 
to their expected hit status, either the respective assay or specimens is turned invalid. All 1305 
specimens to be valid need to be either positive for RNase P or at least one other assay. 1306 
Finally, the software annotates the results as csv files and visualizes them as an annotated 1307 
heatmap. 1308 
 1309 
Cas13- and Cas12-based detection with mCARMEN (Fig. 4)  1310 
Design for Cas12-based detection  1311 
Cas13 crRNAs from RVP were utilized. Cas12 crRNAs were manually designed in the same 1312 
region of the viral genome as the Cas13 crRNAs to reduce the need for additional primer design 1313 
while maintaining Cas12‟s PAM requirements. Only one additional primer was designed inorder 1314 
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to properly amplify all targets on RVP. All crRNAs and primers are listed in Supplementary 1315 
Table 4.  1316 
 1317 
Detection  1318 
We followed the methods under „General mCARMEN Procedures - Detection‟ with the following 1319 
modifications: 10-60 nM LwaCas13, 10-60 nM LbaCas12a, 125 nM Cas13a crRNA, and 125 nM 1320 
Cas12 crRNA in each assay mix reaction, and 500 nM quenched synthetic fluorescent RNA 1321 
reporter (FAM/rUrUrUrUrUrUrU/3IABkFQ/ and VIC/rTrTrArTrTrArTrT/3IABkFQ) in each sample 1322 
mix reaction.  1323 
 1324 
Data analysis  1325 
We generally followed the methods under „General mCARMEN Procedures - Analysis‟ this time 1326 
with also taking into account VIC signal separate from FAM signal. We used a custom python 1327 
script to determine whether the FAM signal of a reaction is significantly above background by 1328 
comparing it to the no-template control. If the background-subtracted and normalized 1329 
fluorescence intensity is 1.8 higher than the normalized and background-subtracted no-1330 
templated control, the assay is considered positive.  1331 
 1332 
Variant Testing (Fig. 5&6)  1333 
Design 1334 
The crRNAs for SNP discrimination were designed using a generative sequence design 1335 
algorithm (manuscript in prep.). This approach uses ADAPT‟s predictive model to predict the 1336 
activity of candidate crRNA sequences against on-target and off-target sequences35. These 1337 
predictions of candidate crRNA activity steer the generative algorithm‟s optimization process, in 1338 
which it seeks to design crRNA probes that have maximal predicted on-target activity and 1339 
minimal predicted off-target activity. Using this design algorithm, we selected the 26 mutations 1340 
to detect and discriminate between the variants (Supplementary Table 4). 1341 
 1342 
Amplification - SSIV One-Step RT-PCR System 1343 
The SuperScript™ IV One-Step RT-PCR System (Invitrogen, ThermoFisher Scientific) was 1344 
used to amplify nucleic acid according to the manufacturer's instructions, using custom primer 1345 
pools in 25 μL reactions. Primer pools were made at 10 μM. The following thermal cycling 1346 
conditions were used: (1) reverse-transcription incubation at 50 °C for 15 min; (2) enzyme 1347 
activation at 98 °C for 2 min (3) 35-40 cycles of 98 °C for 10 s, 60 °C for 10 s, and 72 °C for 1 1348 
min 30 s; (4) final extension at 72 °C for 5 min. Amplified samples were directly added into the 1349 
detection reaction or stored at −20 °C until use.  1350 
 1351 
Detection 1352 
We followed the methods under „General mCARMEN Procedures - Detection‟ with the following 1353 
modifications: 42.5 nM LwaCas13 and 2-212.5 nM crRNA in each assay mix reaction. 1354 
 1355 
Data analysis 1356 
Threshold calculation: 1357 
To determine if an ancestral or derived sequence is present, the signals between respective 1358 
ancestral and mutation crRNA pairs must be evaluated and compared (Supplementary Table 4). 1359 
First, background subtracted reporter fluorescence is normalized to the background subtracted 1360 
passive reference dye (ROX) fluorescence for each assay in the IFC. Next, the 1361 
ancestral:mutation and mutation:ancestral ratios are calculated for each five minute-interval time 1362 
point across 180 minutes. For each crRNA pair, the ratio reaching a crRNA pair-specific 1363 
threshold at the earliest time point is selected. If the ancestral:mutation ratio is selected, then 1364 
the sequence present is determined to be ancestral. If the mutation:ancestral ratio is selected, 1365 

https://paperpile.com/c/MLTG5I/2p2aH
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then the sequence present is determined to contain the mutation targeted by the mutation 1366 
crRNA within the SARS-CoV-2 spike gene. crRNA pair-specific thresholds were determined 1367 
based on ancestral and variant control samples, also referred to as the seedstock samples, 1368 
tested in parallel with the unknown samples. For a given crRNA pair, the threshold was set to 1369 
the lowest value with the maximum combined sensitivity and specificity when applied to the 1370 
seedstock samples. For crRNA‟s detecting a SNP at the same position, the second lowest 1371 
threshold with the maximum combined sensitivity and specificity was chosen if possible without 1372 
compromising the maximum combined sensitivity and specificity. For crRNA pairs targeting 1373 
mutations not represented in the variant control samples, a default crRNA pair threshold of 1.5 1374 
was set.  1375 
 1376 
“Variant Identified” hit calling parameters:  1377 

1) If no mutations are detected, a result of “Ancestral” is returned. 1378 
2) At least one unique crRNA specific to a single SARS-CoV-2 variant must be above the 1379 

fluorescence ratio threshold. If there is not one unique crRNA signal above threshold, a 1380 
result of “Variant Not Identified” will be returned. 1381 

3) If two or more mutations for a given variant fall below the threshold, a result of “Variant 1382 
Not Identified” will be returned. All other mutations must surpass the threshold. 1383 

4) If three or more unexpected mutations for a given variant are above threshold, a result of 1384 
“Variant Not Identified” will be returned. At most, two unexpected signals can occur as 1385 
long as parameters 1 and 2 are met. 1386 

 1387 
If all three parameters are met, the result of “Variant Identified” will be returned. If the 1388 
parameters are not met, a result of “Variant Not Identified” will be returned. Samples that 1389 
contain additional mutation signals that fall outside of the typical variant lineage mutation list 1390 
follow the below parameters. If 1-2 unexpected signals are observed slightly above threshold 1391 
yet all other signals are correct for a specific variant lineage then the unexpected signal will be 1392 
disregarded and the variant call will be made on the remaining signals. If more than two 1393 
unexpected signals are observed above threshold and either all other signals are correct for a 1394 
specific variant lineage or are not perfectly matching a result of “Variant Uncertain” will be 1395 
returned.   1396 
 1397 
*We would like to note that the variant identification pipeline will need to be updated as new 1398 
SARS-CoV-2 mutations and variant lineages arise for proper identification. 1399 
 1400 
There are a few exceptions worth mentioning: we observed crRNAs for SNPs E484Q, P681R, 1401 
N501T, and L452Q, had undesirable cross-reactive signals with a position matched or adjacent 1402 
mutation, and were, thus, excluded from further evaluation.  1403 
 1404 
 1405 
 1406 
 1407 
 1408 
 1409 
 1410 
 1411 
 1412 
 1413 
 1414 
 1415 
 1416 
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