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Abstract 47 

 Whole Genome Sequencing (WGS) of the SARS-CoV-2 virus is crucial in the surveillance 48 

of the COVID-19 pandemic. Several primer schemes have been developed to sequence the 49 

~30,000 nucleotide SARS-CoV-2 genome that use a multiplex PCR approach to amplify cDNA 50 

copies of the viral genomic RNA. Midnight primers and ARTIC V4.1 primers are the most popular 51 

primer schemes that can amplify segments of SARS-CoV-2 (400 bp and 1200 bp, respectively) 52 

tiled across the viral RNA genome. Mutations within primer binding sites and primer-primer 53 

interactions can result in amplicon dropouts and coverage bias, yielding low-quality genomes with 54 

'Ns' inserted in the missing amplicon regions, causing inaccurate lineage assignments, and making 55 

it challenging to monitor lineage-specific mutations in Variants of Concern (VoCs). This study 56 

uses seven long-range PCR primers with an amplicon size of ~4500 bp to tile across the complete 57 

SARS-CoV-2 genome. One of these regions includes the full-length S-gene by using a set of 58 

flanking primers. Using a small set of long-range primers to sequence SARS-CoV-2 genomes 59 

reduces the possibility of amplicon dropout and coverage bias. 60 

  61 
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Introduction 62 

Whole Genome Sequencing (WGS) is widely used for the surveillance of Severe Acute 63 

Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), the causative agent of the pandemic disease 64 

COVID-19 (Wu et al. 2020, Zhou et al. 2020, Huang et al. 2020). At the time of writing (May 23, 65 

2023), there are more than 15 million genomes available in the GISAID database 66 

(https://gisaid.org/) and more than 7 million genomes in GenBank 67 

(https://www.ncbi.nlm.nih.gov/sars-cov-2/). Sequencing SARS-CoV-2 genomes is crucial in 68 

tracking viral mutations that can affect viral transmission (Carabelli et al. 2023, Escalera et al. 69 

2020, Kupferschmidt and Wadman, 2021, Brito et al. 2022), disease pathogenesis (Bakhshandeh 70 

et al. 2021), vaccine efficacy (Chatterjee et al. 2023, Madhi et al. 2021, Hoffmann et al. 2021), 71 

and virulence (Carabelli et al. 2023, Issa et al. 2020). A variety of methods, including metagenomic 72 

sequencing, hybridization capture, direct RNA sequencing, and target enrichment using multiplex 73 

PCR have been used for sequencing SARS-CoV-2 (Gerber et al. 2022, Liu et al. 2021, Rehn et al. 74 

2021, Butler et al. 2020, Carbo et al. 2020, Charre et al. 2020, Deng et al. 2020, Wu et al. 2020, 75 

Xiao et al. 2020, Vacca et al. 2022). Most of the target enrichment methods require reverse 76 

transcription to generate a double-stranded cDNA copy of the genomic RNA (gRNA) and then 77 

utilize this cDNA as a template for DNA sequencing, using multiplex primers to cover the whole 78 

genome of SARS-CoV-2 (Grubaugh et al. 2019). 79 

Target enrichment using PCR amplicons and subsequent Oxford Nanopore Sequencing is 80 

extremely popular and relatively inexpensive (~$10 per sample), with a quick turnaround time 81 

(~24 hours from sample to GenBank file). Target enrichment using publicly available ARTIC 82 

Network PCR primers (Tyson et al. 2020), Entebbe primers (1.5kb-2Kb) (Cotten et al. 2021), 83 

MRL primers (1.5kb-2.5kb) (Arana et al. 2022), and Midnight Primers (Freed et al. 2020) are used 84 
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to sequence SARS-CoV-2 with Oxford Nanopore flow cells. Among these primer schemes, 85 

ARTIC primers and Midnight primers are the most commonly used to sequence clinical isolates 86 

of SARS-CoV-2. ARTIC primers V4 includes 98 primer pairs, each amplifying ~400bp fragments 87 

along the viral genome, which can be sequenced on either Illumina or Oxford Nanopore platforms. 88 

The 'Midnight primers' have 30 primer pairs that generate amplicons with a targeted size of 1200 89 

base pairs, taking advantage of the longer read lengths of third-generation sequencing, including 90 

Oxford Nanopore flow cells. Generation of full-length high-quality consensus sequences depends 91 

upon the quality and quantity of the viral load in clinical samples, as well as the mutations 92 

occurring within the primer binding regions of the viral genome (Kuchinski et al. 2021, Liu et al. 93 

2021, Davis et al. 2021). Amplicon dropouts and coverage bias at different amplicon regions have 94 

been observed with the sequencing protocols based on ARTIC (Kuchinski et al. 2021, Itokawa et 95 

al. 2020) as well as Midnight primers (Kuchinski et al. 2021, Bei et al. 2022). Mutations within 96 

the primer binding site can prevent primer-annealing and result in 'dropout' or loss of that 97 

amplicon, leading to incomplete genome sequences (Bei et al. 2022, Sanderson and Barret 2021). 98 

Furthermore, primer-primer interactions could result in amplification bias of interacting amplicons 99 

(Itokawa et al. 2020), resulting in coverage bias and affecting the identification of mutations in the 100 

viral genome that are key in the nomenclature of emerging variants.  101 

The variants of SARS-CoV-2 are determined by a combination of several mutations that 102 

occur mainly within the Spike gene. For example, in the Alpha variant (B.1.1.7), there are 14 103 

critical lineage-defining mutations within the S gene (Galloway et al. 2021). Similarly, Omicron 104 

subvariant B.1.1.529 has 60 mutations within the viral genome, including 15 key mutations within 105 

the receptor binding domain (He et al. 2021). The characteristic mutation within the S gene for the 106 

Alpha variant B.1.1.7 (Clark et al. 2021, Meng et al. 2021) and the Omicron variants B.1.1.529, 107 
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BA.1, BA.1.1 (Clark et al. 2021) is the deletion of two amino acids at positions 69 and 70 (del 108 

H69/V70) (https://covariants.org). This deletion inhibits the PCR amplification of the S-gene (S-109 

Gene Target Failure, or SGTF) in diagnostic PCR assays such as the ThermoFisher TaqPath™ 110 

COVID-19 Combo Kit RT-PCR (Clark et al. 2021, Davies et al. 2021) that targets the N, ORF1ab, 111 

and S gene regions. This deletion (del H69/V70) results in a false-negative result for the S-gene 112 

targeted diagnostic test. SGTF became a proxy for early detection of Alpha and Omicron B.1.1.529 113 

variants (Galloway et al. 2021). In addition, a mutation at position 27,807 (Cytosine substituted to 114 

Thymine) within amplicon 28, also a primer annealing site (Primer 28_LEFT, pool B of Midnight 115 

primer) (Supplementary figure 1, IGV plot), caused a common dropout in the Delta variant genome 116 

when using Midnight Primers (Kuchinski et al. 2021). Spiking Primer pool B with a custom primer 117 

designed by substituting Cytosine with Thymine base not only corrected the dropout but also 118 

increased the coverage at this region (Constantinides et al. 2022). Furthermore, the genome 119 

sequences of two BA.2 Omicron variants from Arkansas (GenBank Accession: OM863926, 120 

ON831693) sequenced using Midnight Primers in Oxford Nanopore GridION have a complete 121 

dropout at amplicon region 21 (20,677-21,562). The Omicron and the Alpha variant waves taught 122 

us that tests and primers designed towards regions within the S gene could result in false-negative 123 

tests because this gene encodes a surface protein, subjecting it to varying selectional pressures 124 

(Julenius and Pedersen 2006). Variations can lead to problems that are troublesome in deciding 125 

the public health interventions needed to control the transmission and spread of COVID-19 126 

disease.  127 

Multiplex primers used to sequence SARS-CoV-2 viral isolates must be targeted to bind 128 

regions that are conserved with little variance to avoid dropout failures secondary to the primers 129 

not binding. Long-range PCR primers targeting the amplification of 4500bp can prevent the 'S-130 
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gene dropouts', as the primer binding sites flanking the S-gene region are located within highly 131 

conserved regions on either side of the S gene. The S gene is approximately 3,822 base pairs long 132 

and stretches between the nucleotide position 21,563 to 25,384 along the viral genome. Therefore, 133 

these long-range PCR primers can generate amplicons around 4500bp that will cover the entire S 134 

gene, making the chances of amplicon dropout within the S-gene minimal. We have previously 135 

demonstrated whole-genome cDNA sequences from Mumps genomes using long-range PCR 136 

yielding fragments of ~ 5000 bp in length from buccal samples (Alkam et al. 2019). Through our 137 

work in SARS-CoV-2, we have identified conserved regions that flank the S gene (Wassenaar et 138 

al. 2022). In this study, we designed long-range PCR primers to target these conserved S gene 139 

areas and sequence SARS-CoV-2 isolates. Our objective was to improve the quality of the 140 

sequences generated and minimize the amplicon dropouts, as the designed primers are outside the 141 

highly variable regions.  142 

 143 

Results 144 

Long-range primers were used to sequence four samples identified as: V05476 _11.6, 145 

V05450 _15.1, V06110 _14.3, V06106 _18.3 with cycle threshold (CT) values of 11.6, 15.1, 14.3, 146 

and 18 .3 respectively on an Oxford Nanopore GridION machine. A total of 4.8 million reads were 147 

generated from 4 samples with N50 of 2,640 bases after 28 hours of sequencing. The mean read 148 

coverage was approximately the same (7529, 7646, 7673, and 7725, respectively) for the four 149 

samples (Table 2). All the samples had high genome coverage (>98%; see Figure 2), and each was 150 

assigned the BA.5 variant of Omicron. The number of reads mapped to each amplicon position is 151 

summarized in Figure 3 and Table 3. Out of seven amplicons, amplicon 4 had the highest number 152 

of reads mapped to the reference.  153 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2023. ; https://doi.org/10.1101/2023.07.10.548464doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.10.548464
http://creativecommons.org/licenses/by-nc-nd/4.0/


A 96-well plate containing samples with different CT values spanning from 11 to 16 154 

(n=19), 17 to 20 (n=14), 21 to 25 (n=15), 26 to 30 (n=15), 31 to 35 (n=15), and 36 to 42 (n=16) 155 

were sequenced using long-range and Midnight primers for comparison. With long-range primers, 156 

100% of the samples with CT values 11 to 16 passed quality, whereas 95 % of samples within the 157 

range of this CT value passed quality when sequenced with midnight primers. Long-range primers 158 

were as good as midnight primers for sequencing samples with CT values between 17-20 (Long-159 

range: 73% and Midnight: 88% passing quality). For samples with CT values of 21-25, 47% passed 160 

quality with Midnight primers, whereas 33% passed quality with long-range primers. With 161 

midnight primers, only two samples passed quality with CT values greater than 26. The long-range 162 

and the midnight primers generated no quality sequences in those samples with CT values greater 163 

than 26 (Figures 4,5, 6, and Table 4).  164 

Although the samples from a 96-plex sequencing run that passed quality were accurately 165 

assigned to a lineage, we have found, in some cases, there was low coverage of some regions. For 166 

this reason, we developed alternative primers to address the low coverage of these amplicons 167 

(Supplementary Figure 3) and to target the recent Omicron variant XBB. With optimized PCR 168 

conditions, this alternative primer generated high-quality genomes with a lineage assigned to the 169 

consensus sequence of the genome (Supplementary Table 1, Supplementary Figure 4). As the virus 170 

continues to mutate, it will likely be necessary to adjust the primers to maintain optimal coverage 171 

for all regions. 172 

 173 
 174 

Discussion 175 

We have developed and evaluated novel long-range primers to sequence SARS-CoV-2 176 

clinical isolates using Oxford Nanopore sequencing. These novel primers can amplify regions of 177 
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~4,500 base pairs. Using our primer set, the entire S-gene was sequenced using a single primer set. 178 

We compared the performance of long-range primers with midnight primers and found that long-179 

range primers work as good as the midnight primers regarding the quality of genome sequences 180 

and coverage. This finding depends upon the amount of viral RNA in the sample. 181 

We used 7,000 reference genomes from GISAID to generate a consensus sequence to 182 

design these long-range primers. Genome coverage is improved when primer schemes are created 183 

using multiple reference genome sequences compared to those designed using a single reference 184 

genome (Bei et al. 2022). ARTIC v3 and Midnight-1200 primers were designed using just one 185 

reference genome of SARS-CoV-2. In contrast, other primer schemes, such as the updated ARTIC 186 

(ARTIC v4.1), VarSkip Short v2, and VarSkip Long primers, were designed using multiple 187 

reference genomes. Long-range PCR primers can minimize the amplicon dropout due to mutations 188 

within the primer binding site (Bei et al. 2022).  189 

After the ARTIC protocol was made public on January 22, 2020, these primers were 190 

adopted globally to sequence millions of SARS-CoV-2 genomes. After the introduction, there have 191 

been several improvements and updates to these primers to resolve dropouts and improve 192 

sequencing coverage (Grubaugh et al. 2019, Tyson et al. 2020, Davis et al. 2020). In addition to 193 

ARTIC primers, midnight primers that are extremely popular for sequencing SARS-CoV-2 clinical 194 

isolates using Nanopore sequencing were also updated to resolve amplicon dropouts and coverage 195 

bias along different regions of the viral genome (Constantinides et al. 2021). Several studies have 196 

been conducted to compare different sequencing protocols, using multiplex PCR primers to 197 

increase the genome coverage, improve the sequencing reading quality, eliminate amplicon 198 

dropouts, and improve coverage bias at different amplicon regions (Lambisia et al. 2022, 199 

Constantinides et al. 2022, Bei et al. 2022). As the virus mutates and spreads throughout 200 
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communities, the primers and protocols need to be updated to avoid amplicon dropouts and avoid 201 

coverage bias.  202 

Long-range primers to sequence SARS-CoV-2 have not been developed apart from a few 203 

primer schemes amplifying regions up to 2,500 base pairs (Arana et al. 2022). Because the S-gene 204 

is approximately 3,821 base pairs, amplifying the entire S-gene requires more than one primer. 205 

Therefore, mutations within S-gene could result in dropout within S-gene. As an alternative to this 206 

problem, leveraging the long-read sequencing available with Oxford Nanopore flow cells, we have 207 

developed long-range primers, which sequence the entire S-gene using just one primer pair, 208 

thereby eliminating the possibility of amplicon dropout due to mutations within S-gene.  209 

A limitation of this approach is that a mutation within the primer binding sites can result 210 

in a drop out of that entire region, leading to a more significant gap in the consensus sequence that 211 

significantly affects the quality of the genome sequence. However, since the primer sites were 212 

designed using conserved regions, we anticipate that this will continue to work, although, as 213 

necessary, it is easy to update the primers for novel strains. Another limitation is associated with 214 

viral load in the sample. We have found that although these long-range primers can amplify larger 215 

segments of the viral genome, these primers are not well suited to sequence samples with higher 216 

CT values (greater than 25).   217 

Although WHO lifted the global health emergency due to a significant reduction in positive 218 

cases, we are entering into a new phase of COVID-19 as 1 out of 10 people have long-haul COVID 219 

(Thaweethai et al. 2023). Looking back to historical epidemics due to coronavirus and the 220 

evolutionary relatedness of the SARS-CoV-2 with previous outbreaks of SARS and MERS, future 221 

pandemics are inevitable. COVID-19 is still circulating as local outbreaks continue. The long-222 

range PCR method outlined here can help with surveillance of community infections through 223 
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wastewater monitoring. With single reads over the entire S-gene region, it is possible to quantitate 224 

variant diversity within a sample.  This will allow monitoring of emerging variants as well as 225 

keeping track of known variants of concern. 226 

 227 

Methods 228 

Primer design  229 

A total of 7,046 Omicron sub-variants (BA.2, BA.3, BA.4, BF.5, BA.5.1, BA.5.2.1, 230 

BA.5.2) genomes were downloaded from GISAID on August 12, 2022. Pangolin v4.0.6 (O'Toole 231 

et al. 2021) was used to assign lineages to the genomes, and any 'unclassified' genomes were 232 

removed. Genome sequences that were 100 % identical were then filtered out to avoid redundancy, 233 

and genome sequences having gaps of 5Ns or more in their sequences were removed that resulted 234 

in 1,205 high-quality genomes that were used for multiple sequence alignment using MAFT 235 

(Katoh et al. 2019). MSA Viewer (https://www.ncbi.nlm.nih.gov/projects/msaviewer/) was used 236 

to visualize the alignment, and consensus sequences were downloaded from MSA Viewer. 237 

PrimalScheme (Quick et al. 2017) was used to generate primer schemes using the consensus 238 

genome generated from the alignment of 1205 high-quality genomes, including different sub-239 

variants of Omicron. Primers were designed using the PrimalScheme tool using the command line: 240 

primalscheme multiplex <fasta-file> -a 4500 –o <path-to-output> -n <primers_name> -t 30 -p -g 241 

Primers were ordered from Integrated DNA Technology (IDT) (Coralville, IA) in lab-ready form. 242 

Individual primers in each pool were mixed and resuspended to a final concentration of 100 µM. 243 

Each primer was normalized to 3 nmol during synthesis. Primers were diluted in Nuclease-free 244 

water (Sigma) to use in a final concentration of 10 µM.  245 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 11, 2023. ; https://doi.org/10.1101/2023.07.10.548464doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.10.548464
http://creativecommons.org/licenses/by-nc-nd/4.0/


High-quality genomes were downloaded from GenBank, and a consensus sequence was 246 

generated using the most recent dominant variants of SARS-CoV-2 from GenBank collected 247 

between December 2022 and March 2023. Quality filtering was done to include only those 248 

genomes that did not contain any non-ATCGN bases and those that did not have any 'N's in the 249 

genome sequence. The consensus sequence from this set of genomes was used to manually design 250 

the alternative primers, including amplicons 2, 3, 5, 6, and 7.  251 

In-vitro validation of primers: 252 

MFEprimer tool was used to predict the various quality metrics of the primer scheme designed 253 

using PrimalScheme. Primers 5_LEFT and 7_LEFT were predicted to form bases complementarity 254 

at the 3' ends at five bases (Supplementary figure 2). Since these primers do not interact with each 255 

other, this did not affect the coverage (Figure 2: IGV plot of 4 samples).  256 

 257 

Detection and quantification of SARS-CoV-2 viral mRNA: 258 

 259 

All the samples used in this study were collected at Arkansas Children's Hospital and the 260 

University of Arkansas for Medical Sciences as routine surveillance between (November 2022 – 261 

Jan 2023). Nasal swab samples were collected in a 3 mL M4RT transport media (Remel, San 262 

Diego, CA). Samples were tested for the SARS-CoV-2 using the Aptima® SARS-CoV-2 263 

(Panther® System, Hologic, San Diego, CA) nucleic acid amplification assay. Positive samples 264 

were stored frozen at –80°C until they could be further processed.  265 

 266 

RNA extraction, Library Preparation, and Whole genome sequencing: 267 

 268 
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Two hundred fifty microliters of viral transport media from clinical nasal swabs were used 269 

for viral RNA extraction using the MagMax Viral/Pathogen Nucleic Isolation Kit (Applied 270 

Biosystems) on the Kingfisher Flex automated instrument (Thermofisher). Viral RNA was reverse 271 

transcribed using LunaScript RT SuperMix (NEB #E3010) to generate cDNA as described (Freed 272 

et al. 2020). Each reverse transcription reaction contained 8 μL template RNA and 2 μL LunaScript 273 

RT SuperMix (NEB #E3010). The reaction condition for reverse transcription was: 25 °C for 10 274 

min, followed by 50 °C for 10 min and 85 °C for 5 min. Subsequent cDNA amplification and 275 

sequencing were done using a modified Midnight protocol. In brief, viral cDNA was used in the 276 

tiling PCR method to amplify the SARS-CoV-2 viral genome using long-range PCR primers in 2 277 

reaction pools. These primers generate PCR amplicons of around 4,500 bp size. Pool A consisted 278 

of the primers specific to amplicon regions 1, 3, 5, and 7, whereas Pool B consisted of the primers 279 

specific to amplicon regions 2, 4, and 6. A 25 µL PCR reaction mixture contained 2.5 µL template 280 

cDNA, 8.9 µL RNase-free water, 1.1 µL Primer pool A or Primer pool B (10 µM), 12.5 µl Q5 Hot 281 

Start HF 2x Master Mix (NEB # M0494X). The PCR conditions used were: 98 °C for 30 seconds 282 

(Initial denaturation), 40 cycles of: 98 °C for 10 seconds (Denaturation), 65 °C for 30 seconds 283 

followed by 72 °C for 5 minutes (Annealing and extension), and a final extension of 72°C for 5 284 

minutes. Pool 1 and Pool 2 amplicons were pooled together, and 7.5 µL of each sample were 285 

barcoded using 2.5 µL of rapid barcodes available with the kit SQK-RBK004 (ONT). Barcoded 286 

samples were pooled together and cleaned using 0.8 X AMPure beads (Beckman Coulter, USA) 287 

to retain larger DNA fragments. The sequencing library was prepared using sequencing kit SQK-288 

RBK004 (ONT), loaded onto a MinION flow cell (ONT), and sequenced for 28 hours using a 289 

Minion R9.4.1 flow cell on GridION with the MinKNOW application.  290 

 291 
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Bioinformatics analysis: 292 

Basecalling and demultiplexing the sequencing reads in FAST5 format was done in real-293 

time using Guppy v5.0.7 (Wick et al. 2019) with a high-accuracy model. A minimum quality score 294 

of 9 was used to remove low-quality bases. Demultiplexed FASTQ files were processed using the 295 

ARTIC Network Bioinformatics pipeline (https://artic.network/ncov-2019/ncov2019-296 

bioinformatics-sop.html). Sequencing reads were quality filtered using artic gupplyplex method, 297 

and reference-based genome assembly was done using medaka from the artic minion method of 298 

the ARTIC bioinformatics pipeline. ONTdeCIPHER (Cherif et al. 2022) was used for generating 299 

visualization plots for genome coverage at different amplicon regions. The consensus sequence 300 

was generated by mapping to NC_045512.2 as a reference. Read depth was calculated using 301 

samtools depth (Li et al. 2009). Pangolin v4.0.6 was used to assign lineages to the genomes 302 

sequenced (O'Toole et al. 2021). Nextclade (Aksamentov et al. 2020) was used for assigning 303 

lineage as well as visualization and comparison of mutations within the viral genome. 304 

 305 

Data availability 306 

The samples used in this study were sequenced for SARS-CoV-2 variant surveillance at Arkansas 307 

Children's Hospital and Arkansas Children's Research Institute. They were sequenced on either 308 

Nanopore GridION machine with the Midnight primers or on the Illumina NextSeq using ARTIC 309 

v.4 primers. The samples and their GenBank accession numbers are summarized in Table 5.  310 
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 583 

 584 

Figure 1: Comparison of ARTIC, Midnight, and Long-Range PCR primers. Long-range PCR 585 
primers used in this study include seven primer pairs to sequence the whole genome of SARS-586 
CoV-2. The entire S-gene is sequenced by just one long-range primer. The horizontal dotted lines 587 
represent the viral genome segments amplified by each primer set. 588 
 589 
  590 
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A) 591 

 592 

B)593 

 594 

Figure 2: IGV plot showing seven different amplicons mapped to the SARS-CoV-2 reference 595 
genome for four samples with low CT values. A) Samples with CT values 11.6, 15.1,14.3, and 596 
18.3 from top to bottom, respectively. B) IGV plot for two samples (zoomed for the sample with 597 
CT values of 11.6 and 18.3 from top to bottom, respectively. The scale [0-36678] for the top and 598 
[0-48783], respectively, represents the range of the total number of the quality filtered reads that 599 
mapped to each amplicon region. The details of the reads mapped to different amplicon regions 600 
for four samples sequenced are summarized in Table 3 and Figure 3.    601 
 602 
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 603 

Figure 3: Histogram showing the number of reads mapped to each amplicon in the primer 604 
scheme. The 'align_trim' report file from the ARTIC pipeline was used in the ONTdeCIPHER 605 
tool. If the alignment length between the read and reference is <0.95% of the amplicon length, 606 
the read is discarded from the coverage plot. Amplicons are marked as dropped out if the total 607 
number of reads assigned to an amplicon is below 50. (X-axis: Seven amplicon regions tiled 608 
across the whole genome of SARS-CoV-2, amplifying seven regions along the viral genome. Y-609 
axis: Total number of sequencing reads mapped to each amplicon region). 610 
 611 
  612 
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 613 

 614 

Figure 4: Bar chart showing the total number of samples passing quality. A 96-well plate with 615 
samples of different CT values was sequenced using Long-range and Midnight primers for 616 
comparison. Long-range primers and midnight primers work to accurately assign lineages and 617 
generate good-quality genomes for GenBank.  618 
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 622 
 623 

 624 

 625 

 626 

Figure 5: Bar chart showing samples sequenced with Midnight and Long-range primers with 627 
different CT values that passed quality. X-axis: CT value range, Y-axis Number of genomes 628 
passing quality.  629 
 630 
 631 
  632 
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 633 

 634 

 635 

 636 

Figure 6: Plot of genome coverage and CT values for the genomes that passed quality when 637 
sequenced using long-range primers. Long-range primers are effective in sequencing samples 638 
with CT values less than 20 to get at least 99 % genome coverage. 639 
 640 
 641 
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 643 

 644 
 645 
Figure 7: Diagrammatic representation of Oxford Nanopore Sequencing of SARS-CoV-2 using 646 
long-range PCR primers. (Figures made using BioRender.com) 647 
  648 
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 649 

 650 
 651 
Supplementary Figure 1: Screenshot of IGV plot showing mutations at position 27,897 of a 652 
Delta variant sample sequenced in Nanopore using Midnight primers. This mutation is within the 653 
primer binding region for the amplicon 28 (28_LEFT). This is one of the early dropouts observed 654 
in most genome sequences generated using Midnight primers. 655 
 656 
 657 
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 659 
 660 
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 668 

Supplementary Figure 2: Primer self-interaction for 5_LEFT and 7_LEFT as predicted by 669 
MFEprimer.  670 
  671 
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 672 

 673 

 674 

 675 

 676 

Supplementary Figure 3: IGV plot showing coverage at different amplicon regions for the 677 
sample sequenced using long-range primers. Primers for amplicon regions 2, 3, 5, and 6 were 678 
redesigned to increase the coverage at these regions, using reference genomes from GenBank 679 
that were collected from December 2022 to March 2023. 680 
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 705 
 706 
 707 

  708 
 709 
Supplementary Figure 4: IGV plot showing coverage for three samples with CT values 710 
sequenced using updated primer schemes. The samples were accurately assigned a lineage and 711 
passed quality. 712 
 713 

  714 
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 715 
Table 1: Comparison of ARTIC, Midnight, and Long-range primers used to sequence SARS-716 

CoV-2 clinical isolates 717 
 718 

 ARTIC Midnight Lon-range 

Number of primers sets 98  30 7 

Amplicon size (base pairs) 400 1,200 4,500 

 719 

 720 

Table 2: Sequencing summary of four samples showing different quality metrics. 721 

Sample Raw reads Filtered reads 
Mapped to 
reference 

Mean read 
coverage Variant 

V05476 _11.6 646,100 263,335 98.4 % 7,529 X BA.5.1 
V05450 _15.1 817,300 373,648 98.4 % 7,646 X BA.5.2.1 
V06110 _14.3 974,000 452,910 98.4 % 7,672 X BA.5.3.1 
V06106 _18.3 759,000 355,864 98.4 % 7,725 X BA.5.2.1 

 722 

Table 3: Total number of raw reads, filtered reads, and reads that mapped to the reference 723 
genome at seven amplicon regions. 724 

 725 
Sample V05476_11.6 V05450_15.1 V06110_14.3 V06106_18.3 

Amplicon 1 24006 39741 53725 33702 
Amplicon 2 24656 30882 51645 34150 
Amplicon 3 34223 45931 51497 46092 
Amplicon 4 36750 57256 84273 48869 
Amplicon 5 22471 32822 31826 29876 
Amplicon 6 21170 24926 21167 31987 
Amplicon 7 26924 42728 41629 40237 
Total 
mapped 

190,200 274,286 335,762 264,913 

Total raw 
reads 

646.1 K 817.3 K 974 K 759.7 K 

Filtered 
reads 

263,335 
 

373648 452910 355864 

 726 

 727 
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Table 4: Comparison of total samples passing quality standards by CT values.  728 
 729 

CT values Samples GenBank (Long-range) GenBank (Midnight) 
11 - 16 19  19 (100%) 18 (95%) 
17 - 20 14 9 (73%) 13 (88%) 
21 - 25 15 5 (33%) 7 (47%) 
26 - 30 15 0 1 (0.07 %) 
31 - 35 15 0 1 (0.07%) 
36 - 42 16 0 0 
Total  94 32 40 

 730 

 731 

Table 5: List of 7 primer pairs designed using PrimalScheme. 732 

Name Pool Sequence (5'-3’) Size GC% 
Tm (use 

65) 
1_LEFT 1 GCTTAGTGCACTCACGCAGT 20 55 61 
1_RIGHT 1 ACCGAGCAGCTTCTTCCAAA 20 50 60 
2_LEFT 2 AACCACTTACCCGGGTCAGG 20 60 62 
2_RIGHT 2 ACTGCAGCAATCAATGGGCA 20 50 61 
3_LEFT 1 CATGACACCCCGTGACCTTG 20 60 61 
3_RIGHT 1 TGTAGACGTACTGTGGCAGC 20 55 60 
4_LEFT 2 AGGGCCAATTCTGCTGTCAA 20 50 60 
4_RIGHT 2 ATCAACAGCGGCATGAGAGC 20 55 61 
5_LEFT 1 ACGTGAAGTGCTGTCTGACAG 21 52 61 
5_RIGHT 1 TTCGCGTGGTTTGCCAAGAT 20 50 61 
6_LEFT 2 CTACGGGTACGCTGCTTGTC 20 60 61 
6_RIGHT 2 GTATCGTTGCAGTAGCGCGA 20 55 61 
7_LEFT 1 GAAATTGACCGCCTCAATGAGG 22 50 61 
7_RIGHT 1 CCCATCTGCCTTGTGTGGTC 20 60 61 

 733 

 734 

 735 

 736 

 737 

 738 
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 739 
Table 6: Optimized PCR conditions for cDNA amplification to sequence SARS-CoV-2 clinical 740 

isolates. 741 
Steps Temperature Time Cycles 

Initial denaturation 98°C 30 seconds 1 
Denaturation 98°C 10 seconds  

40 Annealing and 
extension 

65°C 30 seconds 
72 °C 5 minutes 

Final Extension 72°C 5 minutes 1 
Hold 4°C ∞  

 742 

 743 

 744 

Table 7: GenBank accession number of the samples used to validate this study's long-range 745 
primers. 746 

Sample_ID GenBank Accession 
V05450_15.1 OP576060 

V06110_14.3 OQ079743 

V06106_18.3 OQ079740 

V06501_12.1 OQ938311 

V06507_12.7 OQ938315 

V06508_12.4 OQ938316 

 747 
 748 

 749 

 750 

 751 

 752 

 753 

 754 

 755 
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Supplementary Table 1: Nextclade results for three samples sequencing using updated long-756 
range primers. The samples had a CT value of 12. 757 

 758 
Sample Clade Pango lineage Mutation

s 
Read coverage Ns Coverage Gaps 

V06501_12.1 22B BW.1 76 1349.4  345 98.8% 36 
V06507_12.7 22B BA.5.2.1 81 2701.3 278 99.1% 33 
V06508_12.4 22E BQ.1.1 78 2338.7 251 99.2% 33 

 759 

 760 
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