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Abstract

Background: The global COVID-19 pandemic has led to an urgent need for scalable methods for clinical
diagnostics and viral tracking. Next generation sequencing technologies have enabled large-scale genomig
surveillance of SARS-CoV-2 as thousands of isolates are being sequenced around the world and deposited in public
data repositories. A number of methods using both short- and long-read technologies are currently being applied

for SARS-CoV-2 sequencing, including amplicon approaches, metagenomic methods, and sequence capture or
enrichment methods. Given the small genome size, the ability to sequence SARS-CoV-2 at scale is limited|by the
cost and labor associated with making sequencing libraries.
Results:Here we describe a low-cost, streamlined, all amplicon-based method for sequencing SARS-CoV-2, which
bypasses costly and time-consuming library preparation steps. We benchmark this tailed amplicon method|against
both the ARTIC amplicon protocol and sequence capture approaches and show that an optimized tailed amplicon
approach achieves comparable amplicon balance, coverage metrics, and variant calls to the ARTIC v3 apgroach.

Conclusions:The tailed amplicon method we describe represents a cost-effective and highly scalable methgd for
SARS-CoV-2 sequencing.
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Background As of Novemeber 2020, over 225,000 SARS-CoV-2 gen-
The global COVID-19 pandemic has necessitated a massiveme sequences have been deposited in public repositories
public health response whichds included implementation such as NCBI and GISAIDY, 6]. Several large-scale con-
of society-wide distancing measges to limit viral transmis-  sortia in the UK (COG-UK: COVID-19 Genomics UK),
sion, the rapid development of gRT-PCR, antigen, and anti-Canada (CanCOGeN: Canadian COVID Genomics Net-
body diagnostic tests, as wehs a world-wide research work), and the United States (CDC SPHERES: SARS-CoV-
effort of unprecedented scopand speed. Next generation 2 Sequencing for Public Health Emergency Response,
sequencing technologies (NGS) have recently enable&pidemiology, and Surveillance) have begun coordinated ef-
large-scale genomic surveillance of infectious disease$orts to sequence large numbers of SARS-CoV-2 genomes.
Sequencing-based genomic surveillance has been applied ®uch genomic surveillance has already enabled insights into
both endemic disease, such as seasonal influettfaahd to  the origin and spread of SARS-CoV-Z,[8], including the
emerging disease outbreaks such as Zika and Edaid] sequencing efforts by the Sttle flu study which provided
early evidence of extensivendetected community trans-
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genome [0 This approach has the disadvantage thatResults
samples must typically be sequenced very deeply in ordeYe designed a series of experiments in order to test a
to obtain sufficient coverage of the viral genome, and thusstreamlined tailed amplicon method and to compare ampli-
the cost of this approach is high relative to more targetedcon and sequence capture based methods for SARS-CoV-2
methods. Sequence capture methods (Flg) can be used sequencing (Figl). We sequenced a set of samples using
to enrich for viral sequences in order to lower sequencinglllumina’s Nextera DNA Flex Enrichment protocol using a
costs and are being employed to sequence SARS-CoV-&spiratory virus oligo panetontaining probes for SARS-
[11. Finally, amplicon approaches (Fidlb), in which CoV-2, the ARTIC v3 tiled primers, and a novel tailed
cDNA is made from SARS-CoV-2 positive samples andamplicon method designed to reduce cost and streamline
amplified using primers that generate tiled PCR productsthe preparation of SARS-CoV-2 sequencing libraries.
are being used to sequence SARS-CoV3R Bince primers We first evaluated the different SARS-CoV-2 sequen-
cannot capture the very ends of the viral genome, ampliconcing workflows in their performance with a previously se-
approaches have the drawback of slightly less completgquenced SARS-CoV-2 isolate strain from Washington
genome coverage, and mutations in primer binding sitesstate (2019-nCoV/USA-WA1/2020) provided by BEI Re-
have the potential to disrupt the amplification of the asso- sources 15. An estimated 10,000 viral genome copies
ciated amplicon 12]. However, the relatively low-cost of were used as input for cDNA generation. As expected,
amplicon methods make them a good choice forsince the amplicon approaches are unable to cover se-
population-scale viral surveillance and such approachesgjuences at the ends of the SARS-CoV-2 genome, the
have recently been used successfully to monitor the sprea®NA Flex Enrichment sequence capture method pro-
of viruses such as Zika and Ebol2{4]. duced the highest genome coverage. At a subsampled read
The ARTIC network (ttps://artic.network/) has estab- depth of 100,000 reads, the Nextera DNA Flex Enrich-
lished a method for preparing amplicon pools in order to ment method achieved 99.96% coverage at a minimum of
sequence SARS-CoV-2 (Figib). The ARTIC primer pools 10x and 99.69% coverage at a minimum of 100x (Ra-
have gone through multiple iterations to improve evennessb, Supplemental Table§—2). The ARTIC v3 library pre-
of coverage 13]. Several variants of the ARTIC protocol pared with TruSeq library preparation achieved 99.60%
exist in which the pooled SARS-CoV-2 amplicons from a coverage at a minimum of 10x and 97.31% coverage at a
sample are taken through a NGS library preparation proto- minimum of 100x (Fig.2a-b, Supplemental Table$-2).
col (using either ligation or tagmentation-based approaches) We tested a tailed amplicon method (tailed amplicon v1)
in which sample-specific barcodes are added, and are them which the tailed version of the ARTIC v3 primers were
sequenced using either short-read (lllumina) or long-read pooled into two pools in a similar manner to the ARTIC v3
(Oxford Nanopore, PacBio) technologies. The library prep-protocol. The BEI WAL isolate strain was amplified for both
aration step currently represents a bottleneck in sequencing?5 or 35 PCR cycles, using the same enzymes and PCR con-
SARS-CoV-2 amplicons, in terms of both cost and labor.  ditions used for the ARTIC v3 data set. The tailed amplicon
Here we describe an all-amplicon method for producing v1 method produced lower coverage than the ARTIC v3
SARS-CoV-2 sequencing libraries which simplifies themethod, with 98.87% coverage at a minimum of 10x and
process and lowers the per sample cost for sequencin®9.40% coverage at a minimum of 100x for the 25 PCR cycle
SARS-CoV-2 genomes (Figc). This approach incorpo- sample and 97.09% coverage at a minimum of 10x and
rates adapter tails in the ARTIC v3 primer designs, 81.31% coverage at a minimum of 100x for the 35 PCR cycle
allowing sequencing libraries to be produced in a two-stepsample (Fig.2a-b, Supplemental Tabled—-4). The poorer
PCR process, bypassing costly and labor-intensive ligatioperformance with respect to coverage metrics with the tailed
or tagmentation-based library preparation steps. By re-amplicon v1 protocol was due to substantially worse balance
optimizing the pooling strategy for the tailed primers, we between the different tiled amplicons compared with the
demonstrate that this tailed amplicon approach can ARTIC v3 (untailed) primers (Fig2c-d). The coefficient of
achieve similar coverage to the untailed ARTIC v3 primersvariation (CV) of the ARTIC v3 sample was 0.49 and the
at equivalent sequencing depths. We benchmark this ap-CVs of the tailed amplicon v1 samples were 1.70 and 1.26
proach against both the standard ARTIC v3 protocol and for the 25 and 35 PCR cycle samples, respectively.
a sequence capture approach using clinical samples span- The ARTIC v3 primers have been through multiple
ning a range of viral loads. The approach we describe igycles of iteration to achieve relatively even amplicon
similar to a tailed-amplicon method that we have used to balance and genome coveragt3]. We reasoned that re-
process more than 150,000 microbiome samples in recentlucing the concentration of the primers that were over-
years in the University of Minnesota Genomics Centerrepresented in the initial round of sequencing may im-
[14], and thus represents a highly scalable method for seprove balance. While adjusting the primer concentration
qguencing large numbers of SARS-CoV-2 genomes in dor over-represented amplicons did lower the CV of the
rapid and cost-effective manner. tailed amplicon pool, amplicon balance was still
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Fig. 1 Methods for SARS-CoV-2 genome sequencing compared in thissstudijuming Nextera DNA Flex Enrichment protocol cDNA is
tagmented and made into barcoded sequencing libraries, which are then enriched using sequence capture with a respiratory virus panel containing
probes against SARS-Col+& the ARTIC protocol, first strand cDNA is enriched by amplifying with two pools of primers to generate amplicons tiling
the SARS-CoV-2 genome. These amplicons are then subjected to either lllumina or Oxford Nanopore library preparation, using methods that either
directly add adapters to the ends of the amplicons or to fragment them to enable sequencing on a wider variety of lllumina instrinestatited
amplicon approach, developed here, enriches first strand cDNA using ARTIC v3 primers containing adapter tails. This allows functional sefjuencing
libraries to be created through a second indexing PCR reaction that adds sample-specific barcodes and flow cell adapters

substantially worse than with the untailed ARTIC v3 tested (Fig.2f), consistent with prior comparisons of the
primers (data not shown). USA-WA1/2020 and the Wuhan-Hu-1 reference strain.

We next tested whether splitting the tailed SARS-CoV-2 Next, we assessed the performance of the different
primers into 4 PCR reactions based on primer performanceSARS-CoV-2 sequencing approaches on a set of de-
in the initial sequencing test could improve balance with identified patient samples. We selected 9 SARS-CoV-2
the tailed primer approach. Thd-pool amplification scheme positive patient samples spanning a range of viral loads as
(tailed amplicon v2) achievedowerage metrics close to the assessed by a gRT-PCR using the CDC primers targeting
untailed ARTIC v3 approach at comparable read depthsthe SARS-CoV-2 nucleocapsid gene (N1 and N2 targets,
with 99.60% coverage at a minimum of 10x and 95.64%5upplemental FigSJ). In addition, we included two pa-
coverage at a minimum of 100x (Fi@a-b, Supplemental tient negative samples in these experiments. We carried
Table 1, Supplemental Table 2 The improvement in gen- out initial tests of the Nextera DNA Flex Enrichment
ome coverage metrics with #htailed amplicon v2 approach protocol, the tailed amplicon v1 approach, and the ARTIC
was a function of improved amplicon balance (Fgg). The v3 approach using this sample set. In initial tests, samples
CV of the tailed amplicon v2 sample was 0.52 (comparablevith N1 and N2 Ct values greater than 35 yielded poor
to the CV of 0.49 with the untailed ARTIC v3 approach). coverage (~50% genome coverage at 10x) using the tailed
The same three variants were detected by all four methodsamplicon method, did not yield useful data for the
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Fig. 2 Comparison of sequence capture, ARTIC v3 amplicbiajlad amplicon workfles on SARS-CoV-2 isotafeercentage of the BEI WAL isolate genonje
coverage at 10x at different subsampled readtdepthen sequenced with the indicated approdeiercent of the BEI WAL isolate genome coverage at 100x at
different subsampled read depths when sequenced with the indicated apprdabkerved read depth for each of the expected amplicons for the BEI WAL
isolate amplified with the ARTTv3 protocol at a subsamplezad depth of 100,000 raw readObserved read depth for eachtbé expected amplicons for the|
BEI WA1 isolate amplified with the tailed amplicon v1 (2 poolieatioiif) protocol at a subsamglesad depth of 100,000 raw reagi©bserved read depth for
each of the expected amplicons for the BEI WAdtasamplified with the tailed amplicon v2 protocol (4 pool amplification) at a subsampled readfdepth
100,000 raw readsVariants detected for the BEI WAL isolate at a read depth of up to 1,000,000 raw reads (or the maximum read depth for the sample if below
1,000,000 reads). The positions of all variants detected in this studyvararsth bases where the sample matches the Wuhan-Hu-1 reference ararsjasyn

Nextera DNA Flex Enrichment protocol, and did not gen- with lower N1 and N2 Cts (ranging from ~ 2030) at com-
erate enough amplicon template to proceed with library parable read depths and coverage thresholds than with
preparation for the ARTIC v3 method (data not shown). amplicon approaches, similar to the BEI WA isolate data
RNA from sample (UMGC-6) was completely consumed (Fig. 3¢, Supplemental Fig. S2-$3However, for samples
in initial testing and could not be compared across all with N1 and N2 Ct values greater than approximately 30,
methods. Thus, for testing the tailed amplicon v2 ap- the number of sequencing reads were substantially reduced
proach, and comparing among all four methods, we usedand the proportion of reads mapping to the human gen-
a subset of these patient samples with N1 and N2 Ctome were substantially increase®pplemental Fig. 94
values ranging from ~ 2035 (Fig.3a). The average coverage at a subsampled read depth of 100,
For the lllumina DNA Flex Enrichment protocol, SARS- 000 raw reads was 99.89% (10x) and 75.90% (100x) for all
CoV-2 genome coverage was more complete for samplesix test samples (Supplemental Tablg Supplemental
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