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Abstract

Early detection of SARS-CoV-2 infection is key to managing the current global pandemic, as
evidence shows the virus is most contagious on or before symptom onset. Here, we intro-
duce a low-cost, high-throughput method for diagnosing and studying SARS-CoV-2 infec-
tion. Dubbed Pathogen-Oriented Low-Cost Assembly & Re-Sequencing (POLAR), this
method amplifies the entirety of the SARS-CoV-2 genome. This contrasts with typical RT-
PCR-based diagnostic tests, which amplify only a few loci. To achieve this goal, we
combine a SARS-CoV-2 enrichment method developed by the ARTIC Network (https:/artic.
network/) with short-read DNA sequencing and de novo genome assembly. Using this
method, we can reliably (>95% accuracy) detect SARS-CoV-2 at a concentration of 84
genome equivalents per milliliter (GE/mL). The vast majority of diagnostic methods meeting
our analytical criteria that are currently authorized for use by the United States Food and
Drug Administration with the Coronavirus Disease 2019 (COVID-19) Emergency Use
Authorization require higher concentrations of the virus to achieve this degree of sensitivity
and specificity. In addition, we can reliably assemble the SARS-CoV-2 genome in the sam-
ple, often with no gaps and perfect accuracy given sufficient viral load. The genotypic data in
these genome assemblies enable the more effective analysis of disease spread than is pos-
sible with an ordinary binary diagnostic. These data can also help identify vaccine and drug
targets. Finally, we show that the diagnoses obtained using POLAR of positive and negative
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clinical nasal mid-turbinate swab samples 100% match those obtained in a clinical diagnos-
tic lab using the Center for Disease Control’s 2019-Novel Coronavirus test. Using POLAR, a
single person can manually process 192 samples over an 8-hour experiment at the cost of ~
$36 per patient (as of December 7", 2022), enabling a 24-hour turnaround with sequencing
and data analysis time. We anticipate that further testing and refinement will allow greater
sensitivity using this approach.

Introduction

There have been over 650 million cases of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection to date (as of December 7%, 2022), claiming over 6.6 million lives
worldwide [1].

Identifying the infected is a critical first step toward pandemic containment. Early recogni-
tion of infected individuals is vital when a virus has a relatively high basic reproductive ratio
(RO) and evidence of asymptomatic transmission [2,3]. Highly sensitive tests (i.e., a low limit
of detection (LOD)) can facilitate the detection of early infections.

Most SARS-CoV-2 diagnostic assays authorized for detecting SARS-CoV-2 by the US Food
and Drug Administration (FDA) are based on viral nucleic acid detection. This is achieved by
amplifying a small number of specific viral target loci via real-time polymerase chain reaction
(RT-PCR)*. Although RT-PCR reactions can be extraordinarily specific, they suffer from criti-
cal limitations. First, since RT-PCR-based diagnostic tests only amplify a few target loci, the
assays will report a negative result if these loci are not present in the sample. Consequently,
RT-PCR-based diagnostic tests often produce an incorrect result when the sample is positive
but contains fragments or less than one whole viral genome. Second, as the virus mutates over
time, the efficacy of the primers used to amplify these loci may decline, which would cause a
false negative result [4]. For example, mutations in the gene that encode the spike protein, a
common target locus for RT-PCR-based diagnostic tests, found in several variants have
affected the efficacy of some RT-PCR-based diagnostic tests [5]. The most susceptible to this
issue are RT-PCR-based diagnostic tests which target only a single locus. In contrast, RT-PCR-
based diagnostic tests which target multiple loci are typically less affected [6]. Third, RT-PCR-
based diagnostic tests do not provide any genotypic information beyond the identity of a
causal organism. Such genotypic data can provide insight into the specific infecting strain and
aid in tracing transmission within communities [7]. Furthermore, the capacity to quickly and
efficiently generate these data could expedite the generation of new diagnostics, vaccines, and
precise antivirals [8].

Whole-genome sequencing has the potential to overcome these limitations. Sequencing
yields extensive genotypic information from genomes and genome fragments even when a
complete genome is not present in the sample. However, genome size and the presence of
repeat sequences can make genotypic characterization challenging, especially with short reads.
The SARS-CoV-2 virus has a relatively small genome that is free of any long repeat sequences,
making it amenable to complete characterization using even short reads [9].

To utilize this possibility, we developed Pathogen-Oriented Low-cost Assembly & Re-
sequencing (POLAR), which combines: (i) the enrichment of SARS-CoV-2 sequence using a
primer library designed by the ARTIC Network (https://artic.network/); (ii) a tagmentation-
mediated library preparation for multiplex sequencing on an Illumina platform; and (iii) an
ultra-fast and memory-efficient genome assembler (Fig 1). We show that POLAR is a reliable,
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Fig 1. Pathogen-oriented low-cost assembly & re-sequencing method overview. The patient is sampled in the clinic, and the total RNA
from this sample is extracted and reverse-transcribed into DNA. The sample is then enriched for SARS-CoV-2 sequence using a
SARS-CoV-2 specific primer library. The amplicons then undergo a rapid tagmentation-mediated library preparation. Data is then
analyzed and used to report patient results the next day.

https://doi.org/10.1371/journal.pone.0294283.9001

inexpensive, and high-throughput SARS-CoV-2 diagnostic. Specifically, POLAR makes it pos-
sible for a single person to process 192 patient samples in an 8-hour workday day at the cost of
~$36 per sample (S1 Table). Including sample preparation, sequencing, and data analysis time,
POLAR enables a 24-hour turnaround time. POLAR also achieves very high sensitivity. Its
limit of detection of 84 genome equivalents per milliliter outperforms nearly all diagnostics
currently authorized for use by the United States FDA with the Coronavirus Disease 2019
Emergency Use Authorization (EUA).

To perform POLAR, nucleic acids are first extracted from the patient sample, followed by
reverse transcription of all RNA into DNA. Next, multiplex PCR is performed using a SARS--
CoV-2 specific primer library to generate 400 bp amplicons that tile the viral genome with
~200 bp overlap, enriching the library for SARS-CoV-2 derived DNA. These amplicons are
then fragmented, ligated to adapters, and barcoded to enable multiplex sequencing using a
rapid tagmentation-mediated library preparation.

After sequencing of the library, the data are analyzed using a one-click open-source analysis
pipeline that we have created and dubbed the Bioinformatics Evaluation of Assembly and Re-
sequencing (BEAR) pipeline (https://github.com/aidenlab/BEAR). This analysis pipeline
determines whether a sample is "Positive” or “Negative.” This determination is based on the
percentage of bases in the SARS-CoV-2 reference sequence to which sequenced reads align
(breadth of coverage). Samples with breadth of coverage >5% are “positive.” This value was
determined empirically, and can also be calculated approximately from a linear regression
analysis of the linear portion of the calibration curve (see supplemental materials).

Collectively, this diagnostic method achieves a limit of detection of 84 genome equivalents
per milliliter, making it more sensitive than nearly all methods currently authorized for use by
the FDA with EUA. When the viral concentration is higher than 8,400 genome equivalents per
milliliter, the data are also used to assemble an end-to-end, error-free SARS-CoV-2 genome
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from the sample, de novo. The results produced using this diagnostic method were also vali-
dated using a bridge study where POLAR and the Center for Disease Control’s 2019-Novel
Coronavirus test were applied to the same 10 clinical samples (nasal mid-turbinate swabs),
yielding an exact match in 10 of 10 cases (5 positive, 5 negative).

Methods & materials
Quantified SARS-CoV-2 RNA

The SARS-CoV-2 RNA was obtained through the Biodefense and Emerging Infections
Research Resources Repository (BEI) Resources, the National Institute of Allergy and Infec-
tious Diseases (NIAID), and the National Institutes of Health (NIH). The viral genomic RNA
was contained in approximately 100 ul of TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0)
in a background of cellular nucleic acid and carrier RNA. The certificate of analysis lists the
amount of SARS-CoV-2 RNA molecules per volume of total RNA in the sample received (BEI,
Cat no: NR-52285, Lot: 70033700) as 5.5 x 10* genome equivalents per pl. For POLAR, 1 pl of
dilution was combined with 4.5 ul of nuclease-free water to serve as the 5.5 ul of starting
material.

Negative control RNA

The negative controls comprised of cellular RNA extract were derived from approximately 1
million K562 cells and 1 million HeLa cells cultured in our lab. These cells were used as the
starting material for an RNA extraction using the RNeasy Mini Kit (Qiagen, Cat no: 74104).
The final elution was collected in 30 pl of nuclease-free water. For POLAR, 5.5 pl of this elution
was used as the starting material.

Non-SARS-CoV-2 RNA

The following viral RNA samples were obtained through BEI Resources, NIAID, NIH: Human
Coronavirus 229E (BEI, NR-52728), Avian Coronavirus (BEI, Cat. No: NR-49096), Porcine
Respiratory Coronavirus (NR-48572), and Human Coronavirus NL63 (BEIL, Cat. No: NR-
44105). Each sample contained approximately 100 pl of viral genomic RNA in TE buffer (10
mM Tris-HCI, 1 mM EDTA, pH 8.0) in a background of cellular nucleic acid and carrier
RNA. For POLAR, 5.5 pl of the sample was used as the starting material.

Clinical sample RNA

The clinical samples comprised approximately 100 pl of nasal mid-turbinate swab samples in
viral transport media. These samples were used as the starting material for an RNA extraction
using the Quick-RNA Viral Kit (Zymo, Cat no: R1034). The final elution was collected in 15 ul
of nuclease-free water. The protocol was approved by the Institutional Review Board for Baylor
College of Medicine and Affiliated Hospitals. This protocol has a waiver of for performing
SARS-CoV-2 sequencing and having access to limited metadata.

Pathogen-oriented low-cost assembly & re-sequencing

To perform Pathogen-oriented Low-cost Assembly & Re-sequencing, 5.5 ul of sample mate-
rial, 0.5 ul of 10mM dNTPs Mix (NEB, N0447L), and 0.5 ul of 50uM Random Hexamers
(ThermoFisher, N8080127) are mixed. The sample material, hexamers, and dNTPs mixture
were then incubated at 65°C for 5 minutes, followed by a 1-minute incubation at 4°C to anneal
hexamers to the RNA.
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To reverse transcribe RNA into cDNA, we added 2 pul of 5X SuperScript™ IV Reverse Buffer
(ThermoFisher, 18090050), 0.5 ul of SuperScript™ IV Reverse Transcriptase (200 U/pl) (Ther-
moFisher, 18090050), 0.5 pl of 100mM DTT (ThermoFisher, 18090050), 0.5 pl of RNaseOUT
Recombinant Ribonuclease Inhibitor (ThermoFisher, 10777-019) to the hexamer annealed
RNA. The reaction was then incubated at 42°C for 50 minutes, followed by incubation at 70°C
for 10 minutes before holding at 4°C.

For the amplification of cDNA, we used the SARS-CoV-2-specific version 3 primer set
(with a total of 218 primers) designed by the ARTIC Network for SARS-CoV-2 [10]. The
primer schemes for the primer pools (“Primer Pool #1” and “Primer Pool #2”) were down-
loaded from the Artic Network Github (https://github.com/artic-network/artic-ncov2019/
tree/master/primer_schemes/nCoV-2019/V3) and ordered at a “LabReady” concentration of
100 uM in IDTE buffer (pH 8.0) from Integrated DNA Technologies (IDT). Multiplex-poly-
merase chain reaction (PCR) was performed in two separate reaction mixes prepared by com-
bining 5 ul of 5X Q5 Reaction Buffer (NEB, M0493S), 0.5 pl of 10 mM dNTPs (NEB, N0447L),
0.25 pl of Q5 Hot Start DNA Polymerase (NEB, M0493S) with either 12.7 pl of nuclease-free
water (Qiagen, 129114) and 4.05 pl of 10 pM “Primer Pool #1” or, 12.7 pl of nuclease-free
water (Qiagen, 129114) and 3.98 uL of 10uM “Primer Pool #2”. The final concentration of
each primer in the reaction mix was 0.015 uM. Next, 22.5 pl of the corresponding master mix
(Pool #1 or Pool #2) was combined with 2.5 pl of the reverse transcribed cDNA. The reaction
was then incubated at 98°C for 30 seconds for 1 cycle followed by 25 cycles at 98°C for 15 sec-
onds and 65°C for 5 minutes before holding at 4°C.

For post-PCR cleanup, Pool #1 or Pool #2 amplicons from each replicate were then mixed
and cleaned by adding a 1:1 volume of sparQ PureMag beads (QuantaBio, 95196-060) and
incubating at room temperature for 5 minutes. The beads were separated using a magnet, and
the supernatant was discarded. This was followed by two 200 pl washes of freshly made 80%
ethanol. Each sample was eluted in 11 pl of 10mM Tris-HCI (pH 8.0) and incubated for 2 min-
utes at 37°C followed by separation on a magnet. The DNA was then quantified using a
Qubit™ High Sensitivity Kit (ThermoFisher, Q32851) as per manufacturer’s instructions, and
the concentrations were used to ensure 1ng of amplicon DNA in 4 pl was carried per sample
into library preparation.

Library preparation was performed using the Nextera XT DNA Library Preparation Kit
(Illumina, FC-131-1096) and Nextera XT Index Kit v2 (Illumina, FC-131-2001/2002). 4 ul of 1
ng amplicon DNA was combined with a mix containing 1 pl of Amplicon Tagment Mix (Illu-
mina, FC-131-1096) and 5 pl of Tagment DNA Buffer (Illumina, FC-131-1096) and incubated
at 55°C for 5 minutes. The temperature was then lowered to 10°C followed by adding 2.5 pl of
Neutralize Tagment Buffer immediately after the cooling started, mixed by pipetting, and
incubated at room temperature for 5 minutes. After 5 minutes, the reaction was centrifuged at
280xG for 1 minute, and the next reaction was set up during centrifugation. 12.5 ul of a master
mix containing 7.5 pl of Nextera PCR Master Mix (Illumina, FC-131-1096) and 2.5 pl of each
Index primer i7 (Illumina, FC-1312001/2002) and Index primer i5 (Illumina, FC-131-2001/
2002) was combined with 12.5 pl of the tagmented amplicon DNA. The reaction was then
incubated on a thermal cycler with the following parameters: 1 cycle at 72°C for 3 minutes and
95°C for 30 seconds, 18 cycles at 55°C for 10 seconds, 72°C for 30 seconds, 72°C for 5 minutes
followed by a 4°C hold. Post PCR clean-up was done using 1:1.8 volume (45 pl beads in 25 pl
reaction) of sparQ PureMag beads (QuantaBio, 95196-060), washed twice with 80% ethanol,
eluted in 20 pl of 10mM Tris-HCI (pH 8.0) followed by incubation at 37°C for 2 minutes and
separated on a magnetic plate. 10 pl from each well of the plate was then transferred onto the
corresponding well on a new midi plate. A Library Normalization (LN) (Illumina, FC-131-
1096) master mix was created by combining the Library Normalization Additives 1 (LNA1)
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and Library Normalization Beads 1 (LNB1) reagents in a 15 pl conical tube. The reagents were
multiplied by the number of samples being processed: 23 pl of LNA1 and 4 ul of LNB1. The
mixture was then mixed by pipetting 10 times and then poured into a trough. Next, 22.5 ul of
LN master mix was placed into each sample well. To mix, we sealed the plate and vortexed
using a plate shaker at 1800 rpm for 30 minutes. The plate was then placed on a magnetic
stand to separate the beads. Once the liquid on the plate was clear, without disturbing the
beads, we discarded the supernatant. The beads were then washed twice by adding 22.5 ul of
LNWI to each well, sealing the plate, using the plate shaker at 1800rpm for 5 minutes, then
separating the beads on a magnetic plate and discarding the supernatant. After the washes,

15 ul of 0.1 N NaOH was added to each well. The plate was then sealed and vortexed at
1800rpm to mix the sample for 5 minutes. During the 5 minute mixing, 15 pl of LNS1 was
added to each well of a new 96-well PCR plate that was labeled as SGP. After the 5-minute elu-
tion step, the plate was placed on a magnetic stand, and 15 pl of the supernatant was trans-
ferred to the corresponding well of the SGP plate. The plate was then sealed and spun at
1000xG for 1 minute. POLAR can also be found on protocols.io (). The protocol described in
this peer-reviewed article is published on protocols.io (http://dx.doi.org/10.17504/protocols.io.
bearjad6) and is included for printing purposes as Supplemental File. In addition to this proto-
col, we also developed an automation-compatible variant of POLAR can also be found on pro-
tocols.io (http://dx.doi.org/10.17504/protocols.io.bhv5j686).

Downsampling FASTQs

In total, 20 million paired-end 75bp reads of preliminary data were generated from the librar-
ies in this study. To replicate the amount of data that would be expected from a NextSeq550
Mid-Output flow cell loaded with 384 libraries, all libraries were downsampled to less than
what would be expected, assuming equimolar pooling of each library for sequencing. Down-
sampling was done in a randomized fashion using “seqtk” with the random seed set to 713
[11]. For the limit of detection study, data were downsampled to 500 paired-end 76-base pair
Mumina reads (2 x 76 bp) to demonstrate that minimal data is sufficient for diagnosis. For de
novo assembly, data were downsampled to 150,000 paired-end 76-base pair Illumina reads (2
x 76 bp) to demonstrate that even obtaining only 50% of the expected number of reads would
be sufficient to generate accurate assemblies.

Bioinformatics Evaluation of Assembly and Re-sequencing (BEAR)
pipeline

First, the pipeline aligns the paired-end reads to a database of Betacoronaviruses reference
sequences using BWA with default parameters; if run on a cluster, this is done in parallel. The
database of Betacoronaviruses reference sequences is comprised of all extant reference
sequences in the NCBI Reference Sequence database in the Betacoronaviruses genus. SAMtools
is then used to sort, fixmates, merge and deduplicate the resulting alignments [12]. MEGAHIT
is then used with default parameters to generate a de novo assembly; if run on a cluster, this is
done in parallel with alignment. Next, Minimap?2 is used to generate a pairwise alignment file
using the de novo assembly produced by MEGAHIT as the query and the SARS-CoV-2 refer-
ence sequence (NCBI Reference Sequence: NC_045512.2) as the target. To filter out primer
reads, we first discarded all depths per base below a threshold of >1, and then removed islands
that had 25 or fewer consecutive positions covered. The breadth of coverage, or the amount
bases covered by >1 divided by the total number of bases in the reference sequence, is then cal-
culated using the depth per base file and stored in a “stats.csv” file.
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A Python script then analyzes, compiles, and visualizes these data into a single PDF. First,
the script creates a rescaled dot plot by plotting the contigs in a pairwise alignment file gener-
ated by Minimap2 to the reference genome [13]. For the rescaled dot plot, contigs are sorted,
and non-mapped contigs have been removed, leaving all remaining aligning contigs lying
along the diagonal. Next, the script creates a coverage track using the primer-filtered depth per
base data above the rescaled dot plot. Finally, the script determines the diagnostic result using
the breadth of coverage of the SARS-CoV-2 reference sequence where any breadth of coverage
value of >5% is determined to be positive. This diagnostic result is given in the form of a “+”

or “-” symbol and “Positive” or “Negative” for SARS-CoV-2 coronavirus in the top right cor-
ner of the report. The report also includes the breadth of coverage of sequenced reads aligned

to 17 different Betacoronaviruses for comparison in a bar graph below the diagnostic result.

SARS-CoV-2 coverage analysis

To compare SARS-CoV-2 coverage across starting concentrations, FASTQs were aligned to
the SARS-CoV-2 reference sequence (NCBI Reference Sequence: MT246667.1) using BWA
with default parameters [14]. The SAMtools suit was then used to sort, fixmates, merge, and
deduplicate these alignments [12]. To set a consistent maximum coverage value across cover-
age tracks for visualization, the SAMtools suite was also used to normalize the number of
alignments empirically. The resulting alignment file was then converted into a bigwig file
using the “bamCoverage” tool from the deepTools2 suite with the bin size set to 30 and for
duplicates to be ignored [15].

The RT-PCR primer regions were created by downloading the RT-PCR primers from the
UCSC genome browser (https://genome.ucsc.edu/covid19.html). Forward and reverse primers
were then manually paired to generate RT-PCR target regions for each pair. The BEDTools
suite was then used to merge these individual RT-PCR target regions into a single track to col-
lapse any overlapping target regions [16].

Lastly, the “pyGenomeTracks” module from the deepTools2 suite was then used to visualize
the coverage and bed tracks together [17].

Breadth of coverage scatter plot

To create the breadth of coverage scatter plot, data were plotted with Python using NumPy,
Seaborn, Matplotlib, and Pandas [18-21]. A position jitter was used to allow for better visuali-
zation of data points, which often overlapped at high concentrations of SARS-CoV-2. The jit-
ter parameters were calibrated to allow for optimal visualization of data points without
changing the relative position of each data point.

Assembly analysis

In order to determine the base accuracy of our assemblies, we compared our de novo
SARS-CoV-2 assembly to the SARS-CoV-2 reference assembly (NCBI Reference Sequence:
MT246667.1), our de novo Human coronavirus 229E assembly to the Human coronavirus
229E reference assembly (NCBI Reference Sequence: NC_002645.1), our de novo Avian Coro-
navirus assembly to the Avian Coronavirus Massachusetts reference assembly (GenBank:
GQ504724.1), our de novo Human Coronavirus NL63 assembly to the Human Coronavirus
NL63 reference assembly (GenBank: AY567487.2) and our de novo Porcine Respiratory Virus
to the PRCV ISU1 (GenBank: DQ811787.1) reference assembly using Quast with default
parameters [22].

To determine the number of contigs, total length, and genome fraction, each de novo
assembly, was mapped to the appropriate reference assembly using Minimap2 with default
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parameters to produce a pairwise alignment file [13]. The number of SARS-CoV-2 contigs was
determined by the number of entries in the pairwise alignment file. The total SARS-CoV-2
assembly length was calculated as the sum of the length of the contigs. The genome fraction, or
the percentage of the reference assembly that was assembled de novo, was calculated by divid-
ing the total de novo assembled length divided by the length of the reference. The base accuracy
percentage was converting the “mismatches per 100 kbp” metric produced from Quast into a
fraction. For SARS-CoV-2 variant analysis, contigs that mapped to the SARS-CoV-2 were ana-
lyzed using the Nextclade (v2.14.1) webapp with the Wuhan-Hu-1/2019 (MN908947) refer-
ence (Updated: 2023-06-16 12:00 (UTC)).

Parsing limit of detection values

To compare POLAR to other diagnostic tests, we used a publicly available dataset from Johns
Hopkins Center for Health Security’s COVID-19 Testing Toolkit (https://www.
centerforhealthsecurity.org/covid-19TestingToolkit/) of the reported performance of molecu-
lar diagnostic tests authorized for use by the FDA with EUA. Within the dataset, there was one
duplicated entry (“PhoenixDx SARS-CoV-2 Multiplex”) and one entry (“BioFire Respiratory
Panel 2.1 (RP2.1)”) without a limit of detection value. After deleting one of the duplicated
entries and the entry without a limit of detection, a python script was used to parse the limit of
detection of each entry. For assays that listed a range or multiple limits of detection, the lower
and, thus, more sensitive value was retained for comparison.

Results

Whole-genome sequencing of SARS-CoV-2 yields a highly sensitive
diagnostic
We began by evaluating the suitability of POLAR as a potential diagnostic methodology.

To do so, we created 5 successive 10-fold serial dilutions of a quantified SARS-CoV-2 geno-
mic RNA sample obtained from the American Tissue Culture Collection (ATCC), a material
widely used as a reference standard for diagnostic development. Specifically, we prepared posi-
tive controls containing 840,000 genome equivalents per milliliter, 84,000 genome equivalents
per milliliter, 8,400 genome equivalents per milliliter, 840 genome equivalents per milliliter,
and 84 genome equivalents per milliliter. We performed 20 replicates at each concentration.

We also prepared a series of negative controls: 2 replicates of nuclease-free water, processed
separately from the positive samples; 2 replicates of HeLa RNA extract, and 2 replicates of
K562 RNA extract. In addition, we included 20 replicates of nuclease-free water, prepared
side-by-side with the positive samples. These negative controls prepared side-by-side with pos-
itive samples were included to ensure that our method was not susceptible to false positives
due to cross-contamination. This common error modality is not well regulated in the current
EUA guidelines set by the FDA for diagnostic test development. In total, we performed
POLAR on 26 different negative controls. No replicate experiment was excluded from the
analysis for any reason.

Each of the above 126 samples was processed using POLAR and sequenced on a Next-
Seq550 Mid-Output flow cell. Although a single technician can manually perform 192 experi-
ments using the above workflow in an 8-hour shift, we did not perform all 192 experiments in
the initial test. We generated 20 million paired-end 75bp reads of preliminary data for these
samples.

To classify samples as positive or negative, we downsampled the data to 500 reads (2.5x cov-
erage) per sample and assessed whether the breadth of coverage (the percentage of the target
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Fig 2. The breadth of coverage across starting concentrations of SARS-CoV-2. The scatter plot shows the breadth of coverage for
samples from lower replicate dilution series and negative controls. The dashed red line represents the empirically determined
breadth of coverage threshold for positive samples. Alternative approaches to calculate this threshold are described in the
supplement and do not differ significantly from this value.

https://doi.org/10.1371/journal.pone.0294283.9002

genome covered by at least 1 read, once primers are filtered out) was >5%. This assessment
was completed for each of the above samples.

Of the 100 true positives, we accurately classified 99 (99%), with a single false negative at
the most dilute concentration, 84 genome equivalents per milliliter (Fig 2). All 80 higher-con-
centration samples (840 genome equivalents per milliliter or more) were accurately identified
as positive with an average breadth of coverage of 69.39%; 95% of the samples at 84 genome
equivalents/mL were accurately classified (19 of 20), with an average breadth of coverage of
19.05% (S2 Table). All but 1 of 26 true negatives were accurately classified as negative, with an
average breadth of coverage of 1.71%; the single misclassification was one of the cross-contam-
ination controls with a breadth of coverage of 5.77% (Fig 2).

These data highlight the accuracy of the diagnostic test even when the amount of starting
viral material, and the amount of sequence data generated are extremely low. These data estab-
lish that the limit of detection of our assay, defined in the EUA guidelines set by the FDA for
diagnostic test development, is 84 genome equivalents per milliliter [23].

POLAR can accurately detect lower concentrations of virus than nearly all
SARS-CoV-2 diagnostics in use under the FDA EUA

To compare POLAR to other diagnostic tests, we evaluated a compiled list of the reported per-
formance of 207 molecular diagnostic tests authorized for use by the FDA with EUA (as of
December 7', 2022) for the detection of SARS-CoV-2 [24]. For 137 of these diagnostic tests, a
limit of detection was reported to the FDA using a direct and comparable measure of viral con-
centration in an amount (for example, genomes or viruses) per unit volume. Diagnostic tests
that did not report a limit of detection using an explicit per unit volume (e.g., amount per
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swab, amount per reaction, or amount per sample) were excluded. Any diagnostic tests which
reported a limit of detection using an indirect measure of viral concentration based on infec-
tivity or cytotoxicity (e.g., Tissue Culture Infectious Dose (TCIDs5,)) was also excluded because
this measure of viral concentration varies depending on the technique and methodology used
for measurement. For 122 of these 137 comparable diagnostic tests, the limit of detection was
>84 genome equivalents per milliliter (Table 1). Note that the limit of detection for the more
sensitive of the two diagnostic tests developed by the CDC is 1,000 genome equivalents per
milliliter [25,26]. Thus, POLAR was more sensitive than 89.0% of all molecular diagnostic tests
authorized by the FDA, with EUA for detecting SARS-CoV-2 (as of December 7", 2022). It is
worth noting that many of the tests with a lower limit-of-detection than POLAR require large
sample volumes (500-1000 pl) as input for the test. While it is generally recommended to use
larger sample volumes for accurate COVID-19 diagnostic tests, depending on the sample type
required and age of the patient, individuals with COVID-19 may be unable to produce suffi-
cient sample volume for these tests [27,28].

We believe this enhanced limit of detection is likely because our method amplifies the entire
viral genome, whereas RT-PCR-based diagnostic tests only a handful ofloci (S3 Table). At low
starting concentrations of SARS-CoV-2, a sample can contain fragments of the viral genome
that are detectable via whole-genome sequencing but may lack the specific locus targeted by an
RT-PCR assay. For example, when examining the 19 different publicly available SARS-CoV-2
RT-PCR primer sets from the UCSC Genome Browser, we see that, even in aggregate, these
primers amplify only 6.82% of the SARS- CoV-2 genome (Fig 3, S3 Table). In contrast, the
primer library used in our method amplifies 99.77% of the SARS- CoV-2 genome.

POLAR enables the assembly of an end-to-end SARS-CoV-2 genome even
from samples with low viral concentrations

Next, we sought to determine if the sequencing data produced using POLAR could be used to
assemble the SARS-CoV-2 viral genome de novo.

To explore this question, we took 150,000 paired-end 76-base pair Illumina reads (2 x 76
bp) from each of 24 libraries, comprising 5 replicate sets including negative controls. We gen-
erated a de novo assembly for each library with the memory-efficient assembly algorithm
MEGAHIT using default parameters. We first qualitatively assessed the accuracy of these
assemblies by comparing them to the SARS-CoV-2 reference genome using a rescaled genome
dot plot (Fig 4). The contigs in the assemblies showed excellent correspondence with the
SARS-CoV-2 reference, without any deletions or insertions, including in the samples that con-
tained only 84 genome equivalents per milliliter.

We then quantified the accuracy of these using QUAST, a genome quality assessment tool
[22]. For the assemblies produced from samples with >8,400 equivalents per milliliter, the
assemblies consisted of a singular contig comprising >99.74% of the SARS-CoV-2 genome
(Table 2). The remaining 0.26% of the SARS-CoV-2 genome corresponds to short regions at
both ends of the genome, which are not amplified by the ARTIC primer set. While the assemblies
created from samples with 840 genome equivalents per milliliter and 84 genome equivalents per
milliliter are less contiguous, we can recover an average of 70.91% and 9.72% of the viral genome,
respectively. Remarkably, 100% of the bases in 17 of these 20 assemblies match their correspond-
ing bases in the SARS-CoV-2 reference genome. The 3 of the remaining 4 assemblies have only a
single base pair difference compared to the SARS-CoV-2 reference genome.

Collectively, these data demonstrate that POLAR produces de novo genome assemblies of
SARS-CoV-2 at viral concentrations at or below the limit of detection of the more sensitive of
the two diagnostic tests developed by the CDC [25,26]. Furthermore, at most of the
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Table 1. Compilation of the limit of detection of authorized molecular diagnostics for the detection of SARS-

CoV-2.
Name of Test Limit of Detection (copies/
mL)
PerkinElmer New Coronavirus Nucleic Acid Detection Kit 9
cobas SARS-CoV-2 & Influenza A/B 12
cobas SARS-CoV-2 & Influenza A/B DTC 12
cobas SARS-CoV-2 Nucleic Acid Test 12
SynergyDx SARS-CoV-2 RNA Test 20
SynergyDx SARS-CoV-2 RNA Test DTC 20
Diagnovital SARS-CoV-2 Real-Time PCR Kit 38
BD SARS-CoV-2Reagents for BD MAX System 40
BioGX SARS-CoV-2 Reagents for BD MAX System 40
TaqPath COVID-19 Pooling Kit 50
Wantai SARS-CoV-2 RT-PCR Kit 50
QuantiVirus SARS-CoV-2 Test Kit 50
Procleix SARS-CoV-2 Assay 60
TaqPath COVID-19 RNase P Combo Kit 2.0 75
Quick SARS-CoV-2rRT-PCR Kit 83
TaqPath COVID-19, FluA, FluB Combo Kit 100
Alinity m SARS-CoV-2 assay 100
DETECTR BOOST SARS-CoV-2 Reagent Kit 100
Real-Time Fluorescent RT-PCR Kit for Detecting SARS-CoV-2 100
RealStar SARS-CoV02 RT-PCR Kits U.S. 100
PhoenixDx 2019-nCoV 100
QuantiVirus SARS-CoV-2 Multiplex Test Kit 100
Abbott RealTime SARS-CoV-2 assay 100
PerkinElmer SARS-CoV-2 RT-qPCR Reagent Kit 120
Clinomics TrioDx RT-PCR COVID-19 Test 125
Bio-Rad Reliance SARS-CoV-2 RT-PCR Assay Kit 125
ID NOW COVID-19 125
STANDARD M nCoV Real-Time Detection Kit 125
SARS-CoV-2 RNA, Qualitative Real-Time RT-PCR 136
Xpert Xpress CoV-2/Flu/RSV plus 138
IntelliPlex SARS-CoV-2 Detection Kit 140
EURORealTime SARS-CoV-2 150
Accula SARS-CoV-2 Test 150
Bio-Speedy Direct RT-qPCR SARS-CoV-2 150
Bio-Speedy Direct RT-qPCR SARS-CoV-2 150
NeuMoDx SARS-CoV-2 Assay 150
ViroKey SARS-CoV-2 RT-PCR Test v2.0 200
Novel Coronavirus (2019-nCoV) Nucleic Acid Diagnostic Kit (PCR-Fluorescence 200
Probing)
SARS-CoV-2 Test Kit 200
KimForest SARS-CoV-2 Detection Kit v1 200
DiaPlexQ Novel Coronavirus (2019-nCoV) Detection Kit 200
1copy COVID-19 qPCR Multi Kit 200
Aptima SARS-CoV-2 Assay 212
NeuMoDx Flu A-B/RSV/SARS-CoV-2 Vantage Assay 250
Xpert Xpress SARS-CoV-2 250
(Continued)
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Table 1. (Continued)

Name of Test Limit of Detection (copies/
mL)
AMPIPROBE SARS-CoV-2 Test System 280
BioFire Respiratory Panel 2.1-EZ (RP2.1-EZ) 300
Novel Coronavirus (SARS-CoV-2) Fast Nucleic Acid Detection Kit 300
(PCR-Fluorescence Probing)
Fosun COVID-19 RT-PCR Detection Kit 300
MassARRAY SARS-CoV-2 Panel 310
BioFire COVID-19 Test 330
COVID-19 Coronavirus Real Time PCR Kit 350
SARS-COV-2 R-GENE, ARGENE 380
Xpert Omni SARS-CoV-2 400
Xpert Xpress SARS-CoV-2/Flu/RSV 400
Talis One COVID-19 Test System 500
BioCore 2019-nCoV Real Time PCR Kit 500
Gnomegen COVID-19-RT-qPCR Detection Kit 500
QIAstat-Dx Respiratory SARS-CoV-2 Panel 500
Simplexa COVID-19 Direct 500
Amplitude Solution with the TaqPath COVID-19 High-Throughput Combo Kit 525
FastPlex Triplex SARS-CoV-2 detection kit (RT-Digital PCR) 571
Primerdesign Ltd COVID-19 genesig Real-Time PCR assay 580
Rheonix COVID-19 MDx Assay 625
TaqPath COVID-19 Combo Kit 666
OPTI SARS-CoV-2 RT PCR Test 700
BD SARS-CoV-2/Flu for BD MAX System 700
Gnomegen COVID-19 RT-Digital PCR Detection Kit 761
Detect Covid-19 Test 800
CovidNow SARS-CoV-2 Assay 800
SARS-CoV-2 NGS Assay 800
Lyra Direct SARS-CoV-2 Assay 800
Lyra SARS-CoV-2 Assay 800
Lucira COVID-19 All-In-One Test Kit 900
Bio-Rad Reliance SARS-CoV-2/FluA/FluB RT-PCR Assay Kit 953
TagPath COVID-19 Fast PCR Combo Kit 2.0 1,000
CDC 2019-Novel Coronavirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel 1,000
BioGX Xfree COVID-19 Direct RT-PCR 1,000
Ezplex SARS-CoV-2 G Kit 1,000
Illumina COVIDSeq Test 1,000
AQ-TOP COVID-19 Rapid Detection Kit PLUS 1,000
ScienCell SARS-CoV-2 Coronavirus Real-time RT-PCR (RTqPCR) Detection Kit 1,000
Clarifi COVID-19 Test Kit 1,000
HDPCR SARS-CoV-2 Assay 1,000
Genetron SARS-CoV-2 RNA Test 1,000
U-TOP COVID-19 Detection Kit 1,000
GS COVID-19 RT-PCR KIT 1,000
SARS-CoV-2 Fluorescent PCR Kit 1,000
Detect/x -Rv 1,000
Smart Detect SARS-CoV-2 rRT-PCR Kit 1,100
Visby Medical COVID-19 1,112
(Continued)
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Table 1. (Continued)

Name of Test Limit of Detection (copies/
mL)
Hymon SARS-CoV-2 Test Kit 1,200
Allplex 2019-nCoV Assay 1,240
Linea COVID-19 Assay Kit 1,250
Cue COVID-19 Test 1,300
MatMaCorp COVID-19 2SF 2,000
Clear Dx SARS-CoV-2 Test 2,000
GK ACCU-RIGHT SARS-CoV-2 RT-PCR KIT 2,000
T2SARS-CoV-2 Panel 2,000
COVID-19 Nucleic Acid RT-PCR Test Kit 2,000
ViroKey SARS-CoV-2 RT-PCR Test 2,000
Gravity Diagnostics SARS-CoV-2 RT-PCR Assay 2,400
Gravity Diagnostics COVID-19 ASSAY 2,400
iAMP COVID-19 Detection Kit 2,400
NeoPlex COVID-19 Detection Kit 2,500
COVID-19 RT-PCR Peptide Nucleic Acid (PNA) kit 2,524
Cue COVID-19 Test for Home and Over The Counter (OTC) Use 2,700
qSanger-COVID-19 Assay 3200
PowerChek 2019-nCoV Real-time PCR Kit 4,000
GeneFinder COVID-19 Plus Real Amp Kit 5,000
Biosearch Technologies SARS-CoV-2 Real-Time and End-Point RT-PCR Test 5,000
NxTAG CoV Extended Panel Assay 5,000
Kaira 2019-nCoV Detection Kit 5,000
Phosphorus COVID-19 RT-qPCR Test 5,000
Fulgent Therapeutics, LLC 5,000
New York SARS-CoV-2 Real-time Reverse Transcriptase (RT)-PCR Diagnostic 5,000
Panel
GenePro SARS-CoV-2 Test 5,500
Advanta Dx SARS-CoV-2 RT-PCR Assay 6,250
Real-Q 2019-nCoV Detection Kit 6,250
Sherlock CRISPR SARS-CoV-2 Kit 6,750
AQ-TOP COVID-19 Rapid Detection Kit 7,000
LumiraDx SARS-CoV-2 RNA STAR Complete 7,500
LumiraDx SARS-CoV-2 RNA STAR Complete DTC 7,500
COV-19 IDx assay 8,500
Logix Smart Coronavirus Disease 2019 (COVID-19) Kit 9,350
WREN Laboratories COVID-19 PCR Test DTC 10,000
TRUPCR SARS-CoV-2 Kit 10,000
ExProbe SARS-CoV-2 Testing Kit 10,000
Solana SARS-CoV-2 Assay 11,600
SARS-CoV-2 DETECTR Reagent Kit 20,000
LabGun COVID-19 RT-PCR Kit 20,000
DTPM COVID-19 RT-PCR Test 22,000
PhoenixDx SARS-CoV-2 Multiplex 50,000
ARIES SARS-CoV-2 Assay 75,000
MobileDetect Bio BCC19 Test Kit 75,000
ePlex SARS-CoV-2 Test 100,000
Omnia SARS-CoV-2 Antigen Test 125,000

https://doi.org/10.1371/journal.pone.0294283.t001
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Fig 3. Genome coverage of SARS-CoV-2 across starting concentrations using POLAR. Coverage tracks demonstrate sequencing
depth across the SARS-CoV-2 genome produced by our method from samples with a range of starting SARS-CoV-2 genome
concentrations. Red-highlighted regions represent viral loci detected by RT-PCR-based diagnostic tests in use or development.

https://doi.org/10.1371/journal.pone.0294283.9003

concentrations examined, the de novo genome assemblies of SARS-CoV-2 produced using
POLAR are gapless and completely free of errors.

POLAR accurately assembles other coronaviruses while maintaining
specificity for SARS-CoV-2

SARS-CoV-2 is one of many coronaviruses that commonly infect humans. We, therefore,
sought to determine whether POLAR (which uses SARS-CoV-2 specific primers) could
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Fig 4. Dot plots showing the alignment of chromosome-length contigs from de novo assemblies to the SARS-CoV-2 reference.
Each rescaled genome dot plot (black boxes numbered 1 to 24) compares a de novo SARS-CoV-2 assembly (Y-axes) to the
SARS-CoV-2 reference genome (X-axes). Columns contain replicate assemblies at a given SARS-CoV-2 concentration. The de
novo assemblies displayed on the Y-axes have been ordered and oriented to match the reference viral genome to facilitate
comparison. Each line segment represents the position of an individual contig from the de novo assembly that aligned to the
reference genome. The dotted red line represents the limit of detection for the Center for Disease Control RT-PCR-based
diagnostic tests currently used to detect SARS-CoV-2. For rescaled dot plots, contigs were sorted, and unmapped contigs were
removed, leaving all remaining aligning contigs lying along the diagonal. Each de novo assembly was generated using 150,000
75-PE reads.
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accurately distinguish between SARS-CoV-2 and other coronaviruses. To do so, we applied
POLAR to samples containing genomic RNA obtained from ATCC from the following coro-
naviruses: Human Coronavirus NL63, Human Coronavirus strain 229E, Porcine Respiratory
Coronavirus strain ISU-1 and Avian Coronavirus.

Notably, for Porcine Respiratory Coronavirus strain ISU-1 and Human Coronavirus strain
229E our automated pipeline assembled the entire viral genome with no gaps (Fig 5). For
Avian Coronavirus, there was a single gap. These assemblies covered >98.6% of their respec-
tive reference genome assembly, with a base accuracy of >99.9% (Table 3).

At the same time, like our other SARS-CoV-2 negative controls, the data from these alter-
nate-virus experiments had a breadth of coverage of <5% when the sequenced reads were
aligned back to the SARS-CoV-2 reference genome. Thus, in all four cases, our pipeline accu-
rately determined that these true negatives did not contain SARS-CoV-2 and therefore were
accurately classified as negative. This highlights the potential of our approach for diagnosing
other coronaviruses, including instances of co-infection by multiple coronaviruses including,
but not limited to, SARS-CoV-2.
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Table 2. Assembly statistics of SARS-CoV-2 genome across starting concentrations.

Dotplot (#) ‘ Number of Contigs Total Length (bp) ‘ Genome Fraction (%) Base Accuracy (%)
840,000 equivalents per milliliter
1 1 29,793 99.75 100
2 1 29,808 99.80 100
3 1 29,808 99.80 100
4 1 29,808 99.80 100
84,000 equivalents per milliliter
5 1 29,808 99.80 100
6 1 29,779 99.71 100
7 1 29,794 99.76 100
8 1 29,808 99.80 100
8,400 equivalents per milliliter
9 1 29,793 99.75 100
10 1 29,793 99.75 100
11 1 29,794 99.76 100
12 1 29,779 99.71 100
840 equivalents per milliliter
13 9 26,587 89.02 100
14 20 18,839 63.08 99.99
15 7 28,490 95.39 99.99
16 29 21,980 73.59 99.99
84 equivalents per milliliter
17 31 11,484 38.45 100
18 14 5,554 18.60 100
19 16 8,446 28.28 100
20 8 6,004 20.10 100
0 equivalents per milliliter
21 3 809 2.71 -
22 6 1,871 6.26 -
23 3 1,107 3.71 -
24 1 322 1.11 -
https://doi.org/10.1371/journal.pone.0294283.t002
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Fig 5. Dot plots showing the alignment of contigs from de novo assemblies of non-SARS-CoV-2 viruses to their respective reference.
Genome dot plots comparing de novo assemblies and reference genomes for test samples spiked with non-SARS-CoV-2: Avian
Coronavirus, Human Coronavirus strain 229E, Porcine Respiratory Coronavirus, and Human Coronavirus NL63. The de novo assembly
is placed on the Y-axis, and the species-matched reference genomes are on the X-axis. The de novo assemblies displayed on the Y-axes
have been ordered and oriented to match the reference viral genomes to facilitate comparison.
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Table 3. Assembly statistics of non-SARS-CoV-2 viruses.

Virus Number of Contigs Total Length (bp) Genome Fraction (%) Base Accuracy (%)
Avian Coronavirus 2 27,271 99.25 99.95
Porcine Respiratory Coronavirus 1 27,398 99.44 99.98
Human Coronavirus 229E 1 26,936 98.6 99.93
Human Coronavirus NL63 23 25,984 94.3 99.98

https://doi.org/10.1371/journal.pone.0294283.t003

The BEAR pipeline is a fully automated analysis pipeline for transforming
POLAR sequence data into genome assemblies, comparative genomic
analyses, and diagnostic reports

To aid in analyzing data produced by POLAR, we also developed a one-click open-source anal-
ysis pipeline, dubbed the Bioinformatics Evaluation of Assembly and Re-sequencing (BEAR)
pipeline. The BEAR pipeline takes the sequence reads produced from a sample and performs
all the above analyses, generating a document containing (i) a visual comparison between the
de novo genome assembled from a sample to the SARS-CoV-2 reference genome using a
genome dot plot, (ii) a graph comparing the cross-alignment of sequenced reads to all repre-
sentative references sequences in the Betacoronavirus genus, and a diagnostic result (positive
or negative) based on whether the breadth of coverage of the SARS-CoV-2 genome is >5%
(Figs 6 and 7). In addition, we confirmed that the pipeline can run efficiently on a wide range
of single-core and high-performance computing platforms with a negligible (<1¢) computa-
tional cost per test (S4 Table). The BEAR pipeline, including documentation and a test data
set, is publicly available in the BEAR repository of the Aiden Lab GitHub page (https://github.
com/aidenlab/BEAR).

POLAR accurately classifies positive and negative clinical samples in a
blinded experiment, exhibiting 100% agreement with the CDC 2019-Novel
Coronavirus test

Next, we applied POLAR on 10 clinical samples, 5 negatives and 5 positives, in a blinded
experiment.

Viral
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Fig 6. Bioinformatics evaluation of assembly and re-sequencing pipeline overview. Workflow diagram describing the one-click
analysis pipeline. The pipeline aligns the sequenced reads to a database of coronaviruses; if run on a cluster, this is done in parallel.
Separately, the pipeline creates contigs from the sequenced reads. The resulting de novo assembly is then pairwise aligned to the
SARS-CoV-2 reference genome. A custom Python script then analyzes these data to determine the test result and compiles the dot plot
and alignment percentages into a single PDF.

https://doi.org/10.1371/journal.pone.0294283.9006
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Fig 7. Bioinformatics evaluation of assembly and re-sequencing report examples. Each report includes a genome dot plot of the de novo assembly
against the SARS-CoV-2 reference genome, with a coverage track of sequenced reads aligned to the SARS-CoV-2 reference genome above the dot plot.
The report also includes the breadth of coverage of sequenced reads aligned to 17 different Betacoronaviruses. Finally, the diagnostic answer is given in
the form of a “+” or “-” symbol and “Positive” or “Negative” for SARS-CoV-2 coronavirus in the top right corner of the report.

https://doi.org/10.1371/journal.pone.0294283.9007

We obtained these 10 nasal mid-turbinate swab samples collected in viral transport media
from 10 different patients. These samples had previously been tested using the CDC’s
2019-Novel Coronavirus (2019-nCOV) Real-time PCR diagnostic panel by the Respiratory
Virus Diagnostic Laboratory (RVDL), a CLIA-certified laboratory at Baylor College of Medi-
cine. Five of the samples had tested positive, and five had tested negative.

Although the authors of the present manuscript were aware of the facts in the preceding
paragraph, the authors were otherwise blinded as to whether each sample was positive or nega-
tive. For instance, the labeling and ordering of the samples were randomized. The authors
remained blinded throughout the experimentation, analysis, classification, and assembly
procedure.

Briefly, each of the 10 clinical samples was processed using the POLAR protocol and
sequenced on a NextSeq550 Mid-Output Flow-cell, as described above. We generated 150,000
paired-end 76-base pair Illumina reads (2 x 76 bp) for each of these samples and used the
BEAR pipeline to analyze these data.

The BEAR pipeline classified 5 clinical samples as positive (i.e., the breadth of SARS-CoV-2
coverage was >5%), and 5 as negative (Fig 8). The differences were unambiguous: 5 positive
clinical samples had an average breadth of coverage of 99.65%, while the 5 negative clinical
samples had an average breadth of coverage of 0.65%.

Four of the 5 samples, that the BEAR pipeline classified as positive, yielded a de novo assem-
bly of the SARS-CoV-2 viral genome consisting of a single contig spanning >99.74% of the
SARS-CoV-2 genome (Fig 9). The remaining positive sample yielded a SARS-CoV-2 assembly
comprising 2 contigs spanning 99.25% of the SARS-CoV-2 genome. Variant analysis of these
assemblies places them in the 20A clade which was in circulation at the time these samples
were collected (S5 Table). The five samples the BEAR pipeline classified as negative did not
yield an assembly spanning a significant portion of SARS-CoV-2 (Table 4).

Finally, the authors were unblinded and compared the BEAR pipeline classification to the
results of the CDC’s 2019-Novel Coronavirus test performed by RVDL. The positive or nega-
tive diagnosis matched in 100% of cases. For reference, the median cycle threshold (Ct) value
across all targets for positive samples was 32.85 (S5 Table).

These data demonstrate that our method accurately classifies clinical samples and provides
a complete and accurate de novo genome assembly of SARS-CoV-2 for infected patients.
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Fig 8. The breadth of coverage across clinical samples. The Scatter plot shows the breadth of coverage for all ten clinical samples.
The dashed red line represents the breadth of coverage threshold for positive samples. The breadth of coverage of each library was
calculated using 150, 000 75-PE reads.

https://doi.org/10.1371/journal.pone.0294283.9008

Discussion

Given the need for SARS-CoV-2 testing, we developed POLAR and BEAR, a reliable, inexpen-
sive, and high-throughput SARS-CoV-2 diagnostic based on whole-genome sequencing. Our
method builds off those developed by ARTIC Network for in-field viral sequencing to generate
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Fig 9. Dot plots show contig alignment from de novo assemblies generated from clinical samples to the SARS-CoV-2
reference. Each rescaled genome dot plot compares the de novo SARS-CoV-2 assembly (Y-axes) created directly from a clinical
sample to the SARS-CoV-2 reference genome (X-axes). The de novo assemblies displayed on the Y-axes have been ordered and
oriented to match the reference viral genome to facilitate comparison. Each line segment represents the position of an individual
contig from the de novo assembly aligned to the reference genome. For rescaled dot plots, contigs were sorted, and unmapped
contigs were removed, leaving all remaining aligning contigs lying along the diagonal. Each de novo assembly was generated using
150,000 75-PE reads.

https://doi.org/10.1371/journal.pone.0294283.9009
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Table 4. Assembly statistics for the SARS-CoV-2 genome generated from clinical samples.

Clinical Sample (#) Number of Contigs Total Length (bp) Genome Fraction (%) Base Accuracy (%)
1 1 29,670 99.22 99.97
2 2 665 2.22 -

3 2 29,585 98.93 99.96
4 0 - - -
5 0 - - -
6 1 29,701 99.32 99.98
7 1 29,704 99.33 99.98
8 0 - - -
9 1 355 1.18 -
10 1 29,689 99.28 99.97

https://doi.org/10.1371/journal.pone.0294283.t1004

real-time epidemiological information during viral outbreaks [29]. We have demonstrated
that this approach is sensitive, SPECIFIC, reproducible, produces diagnoses on clinical sam-
ples that match those of the CDC’s 2019-Novel Coronavirus (2019-nCOV) Real-time PCR
diagnostic panel, and is consistent with EUA guidelines set by the FDA for diagnostic test
development [24]. In addition, having demonstrated that only a few hundred reads are neces-
sary to diagnose accurately, this approach is also scalable since the greatest limiting factor is
the number of indices used for multiplexing. The POLAR method has two key advantages
over RT-PCR-based diagnostic tests.

First, it is highly sensitive and specific, achieving a limit of detection of 84 genome equiva-
lents per milliliter, which exceeds the reported limit of detection of most diagnostic tests cur-
rently authorized for use by the FDA with EUA. We believe that further refinements of the
method will likely allow the sensitivity to be further improved. By enhancing sensitivity, it may
be possible to detect infection earlier in the course of the disease-ideally, before a person is
contagious—and to detect infection from a wider variety of sample types. Second, it produces
far more extensive genotypic data than RT-PCR-based diagnostic tests, including an end-to-
end SARS-CoV-2 genome at concentrations beyond the limit of detection of many other
assays. Having whole viral genomes from all diagnosed individuals enables the creation of viral
phylogenies to better understand the spread of the virus in communities and healthcare set-
tings. It will further yield a valuable understanding of the different strains and patterns of
mutations of the virus. Furthermore, it can enable the discovery or development of additional
testing, vaccine, and drug targets [8].

At the same time, the approach we describe also has several limitations compared to other
diagnostic tests. For example, our method does not provide any information regarding the
viral load of SARS-CoV-2 in the sample. This might be addressed by adding a synthetic RNA
molecule with a known concentration into each patient sample to estimate viral load by com-
paring the relative coverage of control to the virus.

Another limitation is that our method is slower than point-of-care approaches because it
requires 24 hours from acquiring a patient sample to a diagnostic result. By contrast, Abbott
Labs has developed a diagnostic test capable of returning results in as little as 5 minutes for a
positive result and 13 minutes for a negative result [30,31]. However, it is worth noting that
the maximum number of samples an Abbot device could test, even running 24 hours a day, is
roughly between 111 and 126 tests, depending on the number of positive results.

Another approach that is also faster than our method is antigen tests which are quick, easy,
and (like our method) cheap. Antigen tests work by detecting pathogen-specific proteins, or
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antigens, in a sample. These tests do not require unique or costly instrumentation and can
often be self-administered at home [32]. Even though these tests are known to have lower sen-
sitivity relative to RT-PCR-based diagnostic tests, they have played a crucial part during the
pandemic in stopping the spread of disease. However, just like RT-PCR-based diagnostic tests,
the efficacy of antigen tests is also vulnerable to mutations. For example, studies have shown
that mutations within the N gene can result in a positive RT-PCR-based diagnostic test result
but a negative antigen-based diagnostic test result [33,34].

Beyond diagnosis of individual patients, POLAR can also be applied to SARS-CoV-2 sur-
veillance in settings such as municipal wastewater treatment plants [35-37]. In principle, such
approaches could inexpensively identify and characterize infection in a neighborhood or city,
even for a large population, informing public policy decisions.

SARS-CoV-2 surveillance has already proven critical to understanding the evolution and
spread of the virus and vaccine development. Moreover, SARS-CoV-2 surveillance has helped
us identify characteristics associated with specific variants like increased transmissibility or
immune escape. As a result, the number of genome sequences produced and shared via pub-
licly accessible databases has skyrocketed and number in the tens of millions, with 14 million
of those sequences on GISAID alone [38]. For comparison, a little over 1.5 million influenza
sequences were shared via GISAID over the first 8 years after GSAID was established in 2008
[39]. Although the amount of available SARS-CoV-2 genomes is unprecedented, it is worth
noting that the source of these genomes is heavily biased [40]. The high cost of reagents and
materials and the requirement of complex laboratory equipment have limited the broad adop-
tion of sequencing for diagnostics and surveillance.

We note that multiple groups have been developing methods for sequencing whole SARS--
CoV-2 genomes and, in some cases sharing the protocols ahead of publication on protocols.io
(https://www.protocols.io/). Like POLAR, these methods often use the ARTIC primer set, with
some of these approaches relying on long-read DNA sequencing. Although long reads enable
more contiguous genome assemblies when the underlying genome contains complex repeats,
we find that such reads are unnecessary for the gapless assembly of SARS-CoV-2. As such,
using long reads, which is costly, has lower base accuracy, and hampers multiplexing, appears
to be less necessary in the context of SARS-CoV-2 sequencing. At the same time, long-read
technologies such as Oxford Nanopore may offer other advantages, such as the potential to
sequence in real-time. This capability could be valuable for the development of point-of-care
sequencing-based diagnostics. Although there are only a few sequencing-based diagnostics
authorized for detecting SARS-CoV-2, emerging work from many laboratories makes it clear
that whole-genome sequencing of SARS-CoV-2 is a promising modality not only for research
and epidemiological study but also well-suited for use in the clinic.
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