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a b s t r a c t 

Mutations in emerging severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) lineages can in- 

terfere with laboratory methods used to generate viral genome sequences for public health surveillance. 

We identified 20 mutations that are widespread in variant of concern lineages and affect widely used se- 

quencing protocols by the ARTIC network and Freed et al. Three of these mutations disrupted sequencing 

of P.1 lineage specimens during a recent outbreak in British Columbia, Canada. We provide laboratory val- 

idation of protocol modifications that restored sequencing performance. The study findings indicate that 

genomic sequencing protocols require immediate updating to address emerging mutations. This work 

also suggests that routine monitoring and protocol updates will be necessary as SARS-CoV-2 continues 

to evolve. The bioinformatic and laboratory approaches used here provide guidance for this kind of assay 

maintenance. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Genomic sequencing of severe acute respiratory syndrome coro- 

avirus 2 (SARS-CoV-2) has played a crucial role in manag- 

ng the ongoing coronavirus disease 2019 (COVID-19) pandemic. 

his is especially true for variant of concern (VOC) lineages that 

ave emerged globally since December 2020 ( Chand et al., 2020 ; 

herian et al., 2021 ; Faria et al., 2021 ; Tegally et al., 2021 a, 2021 b;

ambault et al., 2020 ). Genomic sequencing has been instrumental 

n detecting and characterizing these lineages, tracking their global 

pread, and identifying local cases to control transmission. 

Due to low quantities of viral genomic material in typical clin- 

cal specimens, the SARS-CoV-2 genome must be enriched for 

igh-throughput sequencing. This is commonly done by multiplex 

CR with numerous primer pairs tiled across the viral genome 

 Freed et al., 2020 ; Quick et al., 2017 ; Tyson et al., 2020 ). The per-

ormance of these primer schemes can be disrupted by mutations 

rising in emerging viral lineages. These mutations inhibit the am- 

lification of certain amplicons and reduce the amount of sequenc- 
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ng data generated across affected areas of the genome. At best, 

his necessitates over-sequencing of specimens to compensate for 

reas with reduced sequencing depth, thereby increasing costs and 

educing throughput. At worst, this causes inaccurate nucleotide 

ase calls or gaps in the genome sequence. This undermines pub- 

ic health surveillance by interfering with lineage identification and 

bscuring genomic linkages between outbreak specimens. 

A previously published bioinformatic pipeline called 

CR_strainer was used to assess whether current VOC lineages 

ontain mutations impacting two widely used sequencing primer 

chemes ( Kuchinski et al., 2020 ). A total of 27 244 recent, com- 

lete, high-quality genome sequences from lineages B.1.1.7, B.1.351, 

.1, and B.1.617 + submitted to GISAID from laboratories around the 

orld were analyzed. All primer site variants present in at least 

5% of their lineage’s genome sequences are reported in Table 1 . 

ifteen primer site variants affecting the popular, commercially 

vailable ARTIC version 3 protocol ( Tyson et al., 2020 ) were iden- 

ified. Five mutated primer sites affecting the protocol by Freed 

t al., favored by some laboratories for its longer amplicon size 

 Freed et al., 2020 ), were also identified. The B.1.1.7 lineage had the 

ewest primer site variants ( n = 1), followed by the B.1.351 lineage 

 n = 4), then the B.1.617 + lineage ( n = 7), and the P.1 lineage

 n = 8). Many of these primer site variants were predominant 
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Table 1 

Nucleotide mismatches between SARS-CoV-2 variant of concern lineages and primers from the ARTIC version 3 and Freed et al. 

protocols. Global sequences from variant of concern lineages were downloaded from GISAID, comprising 8353 B.1.1.7 sequences, 

3025 B.1.351 sequences, 9202 P.1 sequences, and 6664 B.1.617 + sequences. All sequences were categorized as complete and high- 

coverage by GISAID ( > 29 kb, < 1% Ns, < 0.05% novel amino acid substitutions, and verified insertion/deletions only). All sequences 

were submitted before May 22, 2021. Lineage B.1.351, B.1.617 + , and P.1 + sequences were collected after April 1, 2021, and lineage 

B.1.1.7 sequences were collected after May 7, 2021. Sequence details and submitting laboratories, who are gratefully acknowledged 

for their contributions, are provided in Supplementary Material File S1. Primer site variants were identified using the PCR_strainer 

pipeline with default parameters. Primer site variants were only reported if they were present in at least 15% of their lineage’s 

sequences. A longer table is provided as Supplementary Material Table S2, which reports all variants present in at least 1% of 

genomes within a lineage. Primer site variant sequences are provided in ‘oligo sense’, i.e. the reverse complement of the primer 

site and the sequence that the perfectly identical primer would have for the targeted location. Lower case bases in the primer site 

variant sequences indicate mismatches with the assay’s original primer sequence. 

Protocol Lineage Primer name Primer site variant sequence (5 ′ to 3 ′ ) Prevalence within lineage (%) 

ARTIC v3 B.1.1.7 nCoV-2019_93_LEFT TGAGGCTGGTTCTtAATCACCCA 47.11 

ARTIC v3 B.1.351 nCoV-2019_76_LEFT AGGGCAAACTGGAAAtATTGCT 97.09 

ARTIC v3 B.1.351 nCoV-2019_76_LEFT_alt3 GGGCAAACTGGAAAtATTGCTGA 97.09 

ARTIC v3 B.1.351 nCoV-2019_86_LEFT TtAGGTGATGGCACAACAAGTC 96.86 

ARTIC v3 B.1.351 nCoV-2019_74_LEFT ACATCACTAGGTTTCAAACTTTACaTag 92.99 

ARTIC v3 B.1.617 nCoV-2019_93_RIGHT AGGcCTTCCTTGCCATGTTGAG 87.03 

ARTIC v3 B.1.617 nCoV-2019_81_LEFT GCACTTGGAAAACTTCAAaATGTGG 85.98 

ARTIC v3 B.1.617 nCoV-2019_72_RIGHT gaataaActcCACTTTCCATCCAAC 82.28 

ARTIC v3 B.1.617 nCoV-2019_73_LEFT CAATTTTGTAATGATCCATTTTTGGaTGT 63.61 

ARTIC v3 B.1.617 nCoV-2019_64_LEFT TCGATAGATATCCTGtTAATTCCATTGT 49.29 

ARTIC v3 P.1 nCoV-2019_12_RIGHT TTCACTCTTCATTTCCAAAAAGCTTaA 99.54 

ARTIC v3 P.1 nCoV-2019_92_RIGHT AGGTTtCTGGCAATTAATTGTAAAAGG 99.41 

ARTIC v3 P.1 nCoV-2019_73_LEFT CAATTTTGTAATtATCCATTTTTGGGTGT 97.14 

ARTIC v3 P.1 nCoV-2019_76_LEFT_alt3 GGGCAAACTGGAAcGATTGCTGA 94.27 

ARTIC v3 P.1 nCoV-2019_76_LEFT AGGGCAAACTGGAAcGATTGCT 94.19 

Freed B.1.617 SARSCoV_1200_5_LEFT ACCTACTAAAAAGtCTGGTGGC 49.32 

Freed B.1.617 SARSCoV_1200_27_RIGHT TGTTCGTTTAGGCGTGACAAaT 49.2 

Freed P.1 SARSCoV_1200_24_LEFT GCTGAAtATGTCAACAACTCATATGA 99.47 

Freed P.1 SARSCoV_1200_21_RIGHT GCAGaGGGTAATTGAGTTCTGt 99.25 

Freed P.1 SARSCoV_1200_25_LEFT TGCTGCTAtTAAAATGTCAGAGTGT 98.87 
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lobally within their lineage, with 14 of them being present in at 

east 85% of their lineage’s sequences. 

The corollary is that some region-specific primer site vari- 

nts exist within VOC sub-lineages, and public health laboratories 

hould assess their sequencing protocols against locally circulat- 

ng VOC sequences. This can direct limited laboratory resources 

owards correcting the most locally relevant primer site variants, 

hich is especially important when global databases are biased 

y differences in genomics capacity and surveillance priorities be- 

ween submitting jurisdictions. 

This kind of assessment was done by the British Columbia Cen- 

re for Disease Control Public Health Laboratory. While investigat- 

ng P.1 lineage outbreaks in March and April of this year, signifi- 

antly reduced depths of coverage were observed across three am- 

licons covering parts of the orf1ab and spike genes ( Figure 1 A). 

he affected amplicons were amplicon 21, amplicon 24, and am- 

licon 25 from the Freed et al. primer scheme, which all had mu- 

ated primer sites identified by PCR_strainer in global P.1 lineage 

equences ( Table 1 ). Compared to non-P.1 lineage specimens, me- 

ian depths of coverage across these amplicons were reduced up 

o 32-fold. Genome sequences from 907 local P.1 lineage specimens 

ere analyzed with PCR_strainer, confirming that the same muta- 

ions identified above in primers 21_LEFT, 24_RIGHT, and 25_RIGHT 

ere present in 99.4%, 100%, and 95.8% of local sequences, respec- 

ively. 

Supplemental primers were designed by copy- 

ng the three mutant primer site sequences identi- 

ed by PCR_strainer: 5 ′ -GCAGAGGGTAATTGAGTTCTGT- 

 

′ , 5 ′ -GCTGAATATGTCAACAACTCATATGA-3 ′ , and 5 ′ - 
GCTGCTATTAAAATGTCAGAGTGT-3 ′ , which we called 21_RIGHT_P.1, 

4_LEFT_P.1, and 25_LEFT_P.1 respectively. Primers 21_RIGHT_P.1 

nd 25_LEFT_P.1 were spiked into existing Freed et al. primer 

ools at the same molarity as the rest of the primers. Primer 

4_LEFT_P.1 was spiked in at four-times molarity after a titration 

xperiment on 24 clinical specimens showed that spiking in at 
52 
ne-times molarity did not significantly improve performance 

 Figure 1 B). We then sequenced 373 clinical specimens with both 

on-spiked and spiked primer pools. Using these paired data, 

hanges in depth of coverage across the affected amplicons were 

alculated for each specimen. It was observed that the spiked 

rimers pools significantly improved depth of coverage for all 

hree impacted amplicons without detrimental effects on non-P.1 

ineages ( Figure 1 C). 

From these analyses, it was concluded that the established am- 

licon sequencing protocols, like ARTIC version 3 and Freed et al., 

eed immediate updates to address numerous prevalent mutations 

n VOC lineages. We have shown that spike-in primers can restore 

erformance for impacted amplicons, but we caution that these 

pike-in primers are likely a temporary measure. As new SARS- 

oV-2 lineages continue to emerge, multiplex PCR amplification- 

ased sequencing protocols will need to evolve alongside their vi- 

al target. 

This principle was demonstrated in the months following the 

ork presented above. B.1.617 + lineages, collectively renamed 

delta’ by the World Health Organization, went from represent- 

ng only a handful of cases in British Columbia to being predom- 

nant. We assessed 388 specimens from local delta lineage spec- 

mens with PCR_strainer ( Supplementa ry Material Table S1), 

hich confirmed the presence of the two Freed et al. primer site 

utations previously identified in B.1.617 + sequences from GI- 

AID ( Table 1 ). It was also noted that an additional, less preva-

ent primer site mutation had emerged in delta lineages in the 

ntervening months. The mutation in the left primer of ampli- 

on 5 had no meaningful impact on depth of coverage, which 

as not surprising given its location in the middle of the oligo 

 Suppl ementary Material Figure S1). The mutations in the left 

nd right primers of amplicon 27 both caused reduced depth of 

overage for these amplicons, but not to the same magnitude as 

he primer site mutations impacting P.1 lineages discussed above ( 

upplementary Material Figure S1). 
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Figure 1. (A) Predominant mutations in the P.1 lineage reduced sequencing depth across three amplicons. A total 373 clinical specimens, collected during March and April 

2021 in British Columbia, Canada, were sequenced using the Freed et al. primers. Normalized mean depths of coverage are shown for three amplicons affected by mutations 

in primer sites (the mean depth of coverage across each library’s most deeply sequenced amplicon was used for normalization). (B) Amplicon drop-out was corrected by 

spiking in supplemental primers. Twenty-four clinical specimens were sequenced with non-spiked and spiked primer pools, then changes in normalized mean depth of 

coverage were calculated for the three affected am plicons. Supplemental primers were spiked in at the same molarity as the original primers. Primer 24_LEFT_P.1 was also 

assayed at two-times and four-times molarity after one-times molarity did not significantly improve performance. (C) Spiked primer pools had no detrimental effects on 

non-P1 lineages. A total 373 clinical specimens were sequenced with non-spiked and spiked primer pools containing primers 21_RIGHT_P.1 and 25_LEFT_P.1 at one-times 

molarity and primer 24_LEFT_P.1 at four-times molarity. Changes in normalized mean depth of coverage were calculated for the three affected amplicons. 
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Emerging lineages must be monitored for disruptive mutations 

o that primer schemes can be updated routinely. As demonstrated 

ere, spike-in primers can be effective stopgaps to maintain per- 

ormance between major redesigns. The PCR_strainer pipeline can 

acilitate both tasks by screening tens-of-thousands of genome se- 

uences and identifying relevant mutations. 
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