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Abstract

New variants and genetic mutations of the severe acute respiratory syndrome

coronavirus 2 (SARS‐CoV‐2) genome can only be identified using accurate sequencing

methods. Single molecule real‐time (SMRT) sequencing has been used to characterize

Alpha and Delta variants, but not Omicron variants harboring numerous mutations in

the SARS‐CoV‐2 genome. This study assesses the performance of a target capture

SMRT sequencing protocol for whole genome sequencing (WGS) of SARS‐CoV‐2

Omicron variants and compared it to that of an amplicon SMRT sequencing protocol

optimized for Omicron variants. The failure rate of the target capture protocol (6%)

was lower than that of the amplicon protocol (34%, p < 0.001) on our data set, and the

median genome coverage with the target capture protocol (98.6% [interquartile

range (IQR): 86–99.4]) was greater than that with the amplicon protocol (76.6% [IQR:

66–89.6], [p < 0.001]). The percentages of samples with >95% whole genome

coverage were 64% with the target capture protocol and 19% with the amplicon

protocol (p < 0.05). The clades of 96 samples determined with both protocols were

93% concordant and the lineages of 59 samples were 100% concordant. Thus, target

capture SMRT sequencing appears to be an efficient method for WGS, genotyping

and detecting mutations of SARS‐CoV‐2 Omicron variants.

K E YWORD S

long read sequencing, Omicron, SARS‐CoV‐2 genotyping, SMRT sequencing, whole genome
sequencing

1 | INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2), a

member of the Coronaviridae family that caused the COVID‐19

pandemic,1,2 has a single‐strand positive‐sense RNA genome approxi-

mately 29.9 kb long that encodes several proteins, including the spike

(S) structural protein.3 The 1273 amino‐acid (AA) long S protein

attaches the virus to the host cell receptor via its receptor binding

domain (RBD, residues 319–529).4 The virus genome accumulates

mutations that are associated with transmissibility, escape from

neutralizing antibodies and virulence.5‐7 The SARS‐CoV‐2 genome

has diverged during the pandemic to produce several variants that
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differ in their biology and/or geographical distribution. Five of these

variants have been declared variants of concern (VOCs)8: Alpha

(B.1.1.7),9 Beta (B.1.351),10 Gamma (P.1),11 Delta (B.1.617.2), and

Omicron (B.1.1.529).12,13 To date, only Omicron variants are circulat-

ing worldwide; they are divided in several clades: 21K/BA.1, 21L/BA.2,

22A/BA.4 and sublineages, 22B/BA.5 and sublineages, 22C/

BA.2.12.1, 22D/BA.2.75 and sublineages, 22E/BQ.1 and sublineages

(https://Nextstrain.org/nextclade/SARS-CoV-2).

Clade 21K/BA.1 caused most of infections that occurred in France

between January and March 2022, followed by 21L/BA.2 between

March 2022 and mid‐June 2022, only to be replaced by 22B/BA.5

from mid‐June 2022. The Omicron variants are more highly mutated

than other VOCs, with 50 initial mutations throughout the genome

(including 32 in the spike protein).14,15 These mutations can affect the

biological characteristics of the virus, increasing its transmissibility and

enabling it to escape the immune system.16

Genomic surveillance and clinical management require the rapid

identification of variants that are efficiently transmitted or that escape

the host immune response. Next generation sequencing protocols,

mostly based on multiplex amplicon or hybrid capture methods

running on the Illumina and Oxford Nanopore Technologies (ONT)

platforms,17‐23 have been developed to study the genomic diversity of

SARS‐CoV‐2 worldwide.24‐26 We have recently shown that the Pacific

Biosciences (PacBio) single molecule real‐time (SMRT) sequencing

method, which provides accurate whole genome sequences (WGS),

can be used for genotyping and detecting mutations in Alpha and

Delta variants.27 However, no Omicron variants were included in this

study. As reported for ARTIC v4 primers set and short‐read

sequencing or MIDNIGHT v1 primers set and long‐read sequencing

of 1.2 kb tiled amplicons,14 Omicron mutations can decrease the

enrichment efficiency of polymerase chain reaction (PCR) amplifica-

tion. Primer sets have been adapted.28,29

This study assesses the performance of the target capture SMRT

sequencing protocol for genotyping and detecting mutations of SARS‐

CoV‐2 BA.2 and BA.5 Omicron variants and compared the results with

those obtained with a 1.2 kb amplicon SMRT sequencing protocol using

suitably adapted primers.

2 | MATERIALS AND METHODS

2.1 | Samples

We sequenced 172 nasopharyngeal samples from SARS‐CoV‐2 RNA

positive patients (cycle thresholds, Ct 11.8–34.9). These samples had

been stored at −80°C before sequencing in the Toulouse University

Hospital Virology Laboratory. The Ct values were obtained with ID™

SARS‐CoV‐2/VOC Revolution Pentaplex (ID solutions) using one

target sequence in the N gene and two in the RdRp gene. The

consecutive samples were taken between May 30 and June 19, 2022

during an Omicron wave in France, at the beginning of the switch

from BA.2 to BA.5 variants. Two strains of SARS‐CoV‐2 B.1.1.254/

20B (EPI_ISL_804374) and B.1.617.2/21I (EPI_ISL_10316331) from a

culture supernatant and one SARS‐CoV‐2 negative sample were

included as controls in each 96‐well plate.

2.2 | SARS‐CoV‐2 RNA extraction

Virus RNA was extracted from 180µL transport medium with the

MGIEasy Nucleic Acid extraction kit on the MGI SP 960 system (Beijing

Genome Institute) according to the manufacturer's instructions.

2.3 | Target capture PacBio SMRT sequencing

We used the SARS‐CoV‐2 Enrichment (PacBio) kit following the

PacBio HiFiViral for SARS‐CoV‐2 workflow, High‐Throughput Multi-

plexing for Full‐Viral Genome Sequencing of SARS‐CoV‐2 version 3

(hereafter referred to as target capture). This protocol uses molecular

inversion probes with a 675 bp target insert and was conducted as

previously described.27 Briefly, the first step was simultaneous

complementary DNA (cDNA) synthesis and probe hybridization,

followed by circularization and barcoded amplification. Samples were

then pooled for library construction and the pool purified with

AMPure PacBio beads (Pacific Bioscience). The DNA was quantified

with the Quantifluor DSDNA system running on a Roche LC480

instrument. Last, a SMRT bell library was prepared and sequenced

with the SMRTbell Express Template Prep 2.0 kit according to the

manufacturer's instructions running on a Sequel IIe platform.

The resulting data were analyzed with SMRT Link software using

the HiFiViral SARS‐CoV‐2 Analysis Application with the default

parameters (https://www.pacb.com/wp-content/uploads/SMRT_Link_

User_Guide_v11.0.pdf), except for the minimum base coverage, which

was changed to 10 reads (ECDC recommendations for SARS‐CoV‐2

sequencing).30 Consensus sequences were then analyzed with Pangolin

lineages (v4.1.1, https://cov-lineages.org/resources/pangolin.html) and

Nextstrain clades (v2.3.1, https://nextstrain.org/sars-cov-2). Finally,

customized python script (v3.8.8) analysis was used to generate a

user‐friendly report, including the number of mapped reads, median

coverage, list of S gene mutations (substitutions, insertions and

deletions), S gene missing positions, multiple strains probability and

previously found clades and lineages.

2.4 | 1.2 kb amplicons PacBio SMRT sequencing

We used the PacBio HiFiViral for SARS‐CoV‐2 workflow, High‐

Throughput Multiplexing 1.2 kb Amplicons for Full‐Viral Genome

Sequencing of SARS‐CoV‐2, based on 29 1.2 kb amplicons across the

SARS‐CoV‐2 genome (hereafter referred to as amplicon) with improved

primers for amplicons A1, A5, A10, A15, A21, A24, and A28, which have

mutation‐induced reduced coverage in Omicron variants (Table 1). The

protocol was done as previously described.27 Briefly, we first generated

cDNAs and then obtained the 29 amplicons by two multiplex PCRs

(with two primers pools, Pool 1 and Pool 2). These underwent another
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PCR using barcoding primers tailed with the universal M13 sequence.

Samples were pooled (1 µL of each sample from Pool 1 and Pool 2),

quantified with the Quantifluor DSDNA system running on Roche

LC480 instrument and normalized. SMRT bell libraries were constructed

by pooling the normalized barcoded samples. SMRT bell libraries were

sequenced with SMRTbell Express Template Prep 2.0 kits according to

the manufacturer's instructions on a Sequel IIe platform.

The data were analyzed with the Snakemake pipeline for complete

genome construction. This starts by demultiplexing HiFi reads with lima

(v.2.6.0, https://github.com/PacificBiosciences/barcoding) and then cre-

ates theVCF files from pbAA clusters (PacBio tool, v.0.1.3 https://github.

com/PacificBiosciences/pbAA). These files, along with the samtools

(v1.11) depth file are used to build consensus sequences (CoSA,

coronavirus Sequence Analysis, v9.0, https://github.com/Magdoll/

CoSA). The minimum base coverage required to define a position was

10 reads. The consensus sequences were then analyzed with Pangolin

(v4.1.1, https://cov-lineages.org/resources/pangolin.html) for lineages

and Nextstrain (v2.3.1, https://nextstrain.org/sars-cov-2) for clades. The

presence of multiple strains or of sample cross‐over was checked by

examining the number of mutations representing 10% to 90% of the

quasispecies over the complete genome. The cut‐off was more than 10

mutations between 10% and 90% of the quasispecies. We used our in‐

house python script (v3.8.8) analysis to generate a user‐friendly report

that included the number of mapped reads, the median coverage, the

number of mutations between 10% and 90% of the quasispecies, a list of

S gene mutations (substitutions, insertions and deletions), S gene missing

positions, and the previously found clades and lineages.

See Supporting Information: Table S1 for GISAID accession numbers.

2.5 | Statistical analysis

A McNemar test was used for categorical variables and a

Mann–Witney or a Wilcoxon sign‐rank sum test for continuous

variables. p values of <0.05 were considered to be significant.

3 | RESULTS

3.1 | Clades and lineages from full‐length genomes
determined by PacBio SMRT target capture

We sequenced 172 samples (median Ct: 23.5 [interquartile range

(IQR): 20.7–25.6]), 11/172 (6.2%) of which failed, so giving no

genome coverage. SMRT link analysis flagged 15 samples (median Ct:

26.4 [IQR: 24.5–27.1]) as having multiple strains (probability >0.95).

Sequence data were obtained for 146 (82%) samples with a median

of 3828 reads per sample (IQR: 974–23 880), and a median read

depth of 74 [IQR: 13–443] (Figure 1A and Supporting Information:

Table S1). The median genome coverage was 97.1% [IQR:

60.9–99.2], and >95% for 80 (55%) samples. Most of the strains

were clade 21L (Omicron) (52; 36%) and clade 22B (Omicron) (59;

40%) (Supporting Information: Table S1). Only the clade of 34 (27%)

samples could be determined; their complete genome coverage was

too low to determine the lineage (Supporting Information: Table S1)

(11 [33%] classified recombinant by Nextstrain). Low genome

coverage (<1%) prevented the determination of the clade of 4

(2.4%) samples (#34, #37, #88, and #154).

3.2 | Clades and lineages from full‐length genomes
determined by PacBio SMRT amplicon

The same 172 samples were sequenced with the amplicon protocol

using suitably adapted primers to Omicron variants (Table 1).

Sequencing failed for 59 samples (34%). Eleven samples (median

Ct: 24.3 [IQR: 23.5–26.4]) had more than 10 positions along the

genome with nucleotide variants representing 10%–90% of the

quasispecies, suggesting the presence of multiple strains. Sequence

data were obtained for 102 (59%) samples, with a median of 24 487

reads per sample (IQR: 9146–51 187) and a median read depth of 93

(IQR: 30–498) (Figure 1B and Supporting Information: Table S1). The

TABLE 1 Primers changed.

Primer name Left Right

Mutated positions (nt)
(based on Wuhan‐Hu‐1
sequence NC_045512.2)

SARSCoV_1200_1 TAAACGAACTTTAAAATCTGTGTGGC GGTTGCATTCATTTGGTGACGC C44T

SARSCoV_1200_5 ACCTACTAAAAAGGCTAGTGGC AGCATCTTGTAGAGCAGGTGGA G4184A

SARSCoV_1200_10 TTTACCAGGAGTTTTCTGTGGTGT AATTGTGTCTCATAGCACATTGGTA G10447A, C10449A

SARSCoV_1200_15 TTTTAAGGAATTACTTGTGTATGCTGCT AACACACAACAGCATCGTCAGA C15714T

SARSCoV_1200_21 TCTGTAGTTTCTAAGGTTGTCAAAGTGA AACACCACGTGTGAAAGAATTAGTGTA TTACCCCCTG(del)21632Ta

SARSCoV_1200_24 GTTTAATAGGGGCTGAATATGTCAACA ATGAGGTGCTGACTGAGGGAAG C23525Tb

SARSCoV_1200_28 TGCTTTTTAGCCTTTCTGTTATTC GTTTGGCCTTGTTGTTGTTGGC C27807T

Note: Primers optimized for Omicron variants are in bold.
aAA69 in Spike gene.
bAA654 in Spike gene.

NICOT ET AL. | 3 of 9
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F IGURE 1 Median read depth (blue line) and maximum coverage (blue area) along the entire severe acute respiratory syndrome coronavirus
2 genome (reference NC‐045512.2) (A) target capture, (B) amplicon.
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median genome coverage was 76% (IQR: 66–89.6), and >95% for 19

(19%) samples. The strains were clade 22B (Omicron) (52; 51%) and

clade 21L (Omicron) (37; 37%). Only the clade of 46 samples (45%)

was determined because their complete genome coverage was too

low to determine the lineage.

3.3 | Comparison of the complete genome
sequences obtained with the two methods

Multiple strains in at least one protocol was observed in 24 samples.

Multiple strains were detected by both sequencing protocols in 2/

24 samples, but the mutation patterns were unique for each

protocol. The multiple strains detected with the target capture

protocol in 6/24 samples were not detected with the amplicon

protocol and those detected in 6/24 samples with the amplicon

protocol were not detected with the target capture protocol. Lastly,

10/24 samples with multiple strains (7 obtained with the target

capture protocol and three obtained with the amplicon protocol)

failed to be sequenced with the other protocol. We therefore

compared the two protocols by examining 148 samples. The target

capture protocol produced fewer (nine, 6%) sequencing failures

than the amplicon protocol (51, 34%; p < 0.001) but both failed to

sequence nine samples. The amplicon protocol did not sequence 42

samples, including 21 (50%) that had a genome coverage of >80%

with the target capture protocol, allowing clade and lineage

assignment. Sequence data for 97 samples were obtained with

both protocols. Whole genome coverage for samples with a high Ct

value decreased for both protocols (Figure 2A). The Ct for samples

that were sequenced by both protocols were significantly lower

than those for samples that were not sequenced by either protocol

(Figure 3). The Ct of the samples sequenced with target capture

protocol but not with amplicon protocol were significantly lower

than those of samples not sequenced by either protocol (Figure 3).

The target capture protocol provided significantly greater median

genome coverage (98.6% [IQR: 86.6–99.4]) than the amplicon

protocol (76.6% [IQR: 66–89.6]; p < 0.001). Genome coverage was

>95% for 62 (64%) samples analyzed by the target capture protocol

and for 19 (19%) samples analyzed by the amplicon protocol

(p < 0.05). The clades of the 96 samples determined with both

protocols were 93% concordant. The seven samples with low

genome coverage (<60%) with one of the two protocols gave

discordant results. The lineages of 59 samples determined with both

protocols were 100% concordant. The sublineages of only six

(A)

(B)

F IGURE 2 Whole genome (A) and S gene
(B) coverage depending on the cycle threshold
with both protocols.
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samples (#14, #30, #70, #84, #118, and #131) differed, probably

because the 1.2 kb amplicon protocol provided lower genome

coverage than did the target capture protocol.

3.4 | Comparison of the spike sequences obtained
with the two methods

The target capture protocol failed to sequence the S gene in 2/97

samples (#8 and #154), while the 1.2 kb amplicon protocol gave a spike

genome coverage of 48% for #8 and 85% for #154. The median S gene

coverage obtained with the target capture (100% [IQR: 72–100]) and

the amplicon protocol (88% [IQR: 75–100]) for 95 samples were not

significantly different. The coverage for the S gene of 61 samples

(64%) analyzed with the target capture protocol and for 48 samples

(50%) with the amplicon protocol was >95% (p = 0.15). The S gene

coverage for samples with a high Ct value decreased for both

protocols (Figure 2B). The mutations detected in 37/95 (39%) samples

with both protocols were 100% concordant. The mutations detected

in 15 (83%) of the 19 samples with Ct<20 were concordant. The target

capture protocol missed positions in the S gene of 42 samples while

the amplicon protocol missed positions in 48 samples. The target

capture protocol missed positions impacting Omicron mutations in 33

samples and the amplicon protocol missed such positions in 47

samples. The target capture protocol detected mutations in 32 (33%)

samples that were missed by the amplicon protocol and the amplicon

protocol detected mutations missed by the target capture in 21 (20%)

samples (Supporting Information: Table S2). Some mutations in 5

samples were missed by the target capture and/or amplicon protocols

(Supporting Information: Table S2). The mutations missed by the target

capture protocol were due to failure to sequence almost 600 initial

amino acids in 18 (42%) samples (influencing key mutations in the

RBD), or almost the whole S gene in eight (19%) samples. Mutations

missed by the amplicon protocol were due to failure to amplify 1

amplicon (covering the first 325 AA encoded by the S gene, which do

not affect the key mutations in the RBD) in 39 (81%) samples or 2–4

amplicons in eight (17%) samples.

4 | DISCUSSION

Large scale, high‐throughput WGS of SARS‐CoV‐2 is essential for rapid

surveillance of the spread of new variants and their efficient follow‐up,

particularly immune‐escaping variants that might interfere with vacci-

nation or treatment. As we have shown that Pacbio SMRT sequencing is

suitable for WGS of the early variants of SARS‐CoV‐2 produced by the

pandemic, this report examines the suitability of the method for

sequencing Omicron variants. We found that the target capture

protocol was less affected by mutations that occur in BA.2 or BA.5

and that it appeared to perform better than the amplicon protocol.

The target capture protocol resulted in fewer sequence failures

than did the amplicon protocol and gave a genome coverage >95%

(the minimum recommended by ECDC)30 of more sequences. The

target capture protocol amplifies 675 bp short fragments of the

SARS‐CoV‐2 and uses 1000 probes to tile the genome for 22‐fold

coverage, while the amplicon protocol amplifies 1.2 kb fragments.

This is probably why the target capture protocol performed better,

particularly in samples with a low viral load. A previous study showed

that a short amplicon method is better at generating complete

genomes from low viral load samples than a pooled long‐amplicon

method.31

The proportion of sample sequence failures obtained with the

target capture method in this study of Omicron variants was similar to

that obtained for the Alpha/Delta variants27 and the complete genome

coverages of the Omicron (median >98%) and Alpha/Delta variants

(median >99%) were also similar.27 However, the proportion of

samples with a complete genome coverage of >95% was slightly

lower (55%) than for the Alpha/Delta variants (63%), perhaps because

F IGURE 3 Ct distributions for samples not
sequenced by either method, sequenced by
both methods, and sequenced by target
capture but not by amplicon sequencing.

6 of 9 | NICOT ET AL.
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the Omicron samples of this study had lower viral loads. The median

genome coverage of those Alpha/Delta and Omicron variant samples

with a Ct < 20 using the target capture protocol were identical (99.4%)

(data not shown), and the genome coverage was >98% for 94% of the

Omicron variant samples. The target capture protocol provided data

for the Alpha and Delta variants22 that are similar to those obtained

with Illumina or ONT sequencing.21,32‐36 The slight differences of

genome coverage between these studies could be due to the protocol

used (short/long fragment sequencing, primer sets), the variants

sequenced, or the sample viral load. Feng et al.29 showed that whole

genome coverage of Delta and Omicron variants was > 99.7% with

ArticV4.1 or VarSkip2 using Illumina sequencing. We obtained lower

genome coverages with the target capture SMRT sequencing protocol,

probably because we used slightly longer amplicons. A limitation of

this study is the absence of comparison with data obtained on Illumina

sequencing platform on the same samples.

The co‐circulation of various clade/lineage have been

observed at different times and/or different geographic areas

raising the questions of possible co‐infections and so

recombination events. Co‐infections with a prevalence of

0.2%–0.6% have been described in several areas since the

beginning of the pandemic.28,37,38 The prevalence of Delta/

Omicron or BA.1/BA.2 co‐infections in France was estimated to

be 0.18%–0.26%.28,39 Recombinant SARS‐CoV‐2 variants have

also been identified in both immunocompetent and immuno-

compromised individuals.39,40 The target capture protocol and/or

the amplicon protocol found several samples harboring multiple

strains but this was for only one sequencing result (target capture

or amplicon protocol). Any detected by both techniques had only a

single specific mutation pattern, suggesting sample cross‐over, as

previously reported,41 rather than multiple strains.

The mutated primer‐binding sites of newly‐emerging strains

with more mutations may cause amplicon dropout or uneven

coverage, making sequencing difficult. Primers must be updated

periodically and re‐validated to keep pace with virus evolution. The

mutations that appeared in the Omicron variant at the end of 2021

decrease the enrichment efficiency of PCR amplification for both

short‐read and long‐read sequencing.42 ARTIC Network V4.1

primers or VarSkip2 primers were designed to optimize the short

amplicon sequencing of Omicron variants28,29 and MIDNIGHT V2

primers were produced for long amplicon sequencing based on

nanopore technology.28 It is much easier to adjust the primers for

long‐amplicon protocols because the primer sets are much smaller

than those for short‐amplicon protocols. However, in our study the

genome coverage was low even for samples with a Ct < 20 (median

genome coverage of 90%), despite optimization of the 1.2 kb

amplicon protocol primers. Moreover, nine samples with low Ct

values (Ct: 19–21) were insufficiently covered with the amplicon

protocol and did not allow lineage assignment. This was probably

due to technical issue during the process leading to misamplifica-

tion. Higher genome coverage allowing lineage assignment was

obtained in an independent reaction except for one sample (data

not shown). Drop‐outs are frequent in amplicon A21, covering

NC_0455512.2: 20 582–21 642 nucleotide region with the new set

of primers; this needs to be resolved. In contrast, the capture

protocol primers have not been changed to accommodate Omicron

variants.

New mutations in the Spike region accompany the emergence

of new sub‐lineages and this influences the activity of most anti‐

Spike monoclonal antibodies.43,44 Accurate S gene sequencing is

also needed to monitor SARS‐CoV‐2 in immunocompromised

patients treated with monoclonal antibodies.45‐47 An in silico study

compared the SARS‐CoV‐2 whole genome and spike gene detection

rates of three primer sets yielding amplicon sizes of 400, 1200, and

2500 bp with the complete SARS‐CoV‐2 genomes sequences

available in the NCBI in February 2022.48 The primer set that

yielded 400 bp amplicons covered the S gene in 59% of the

genomes, the primer set that yielded 1200 bp amplicons covered

the S gene in 76% of the genomes, and the primer set that yielded

2500 bp amplicons covered the S gene in 92% of the genomes,

suggesting that long amplicon analysis gives better S gene coverage.

The S gene can be sequenced with the 1.2 kb amplicon protocol

using only four amplicons, one covering the RBD, which allows

haplotyping of the main mutations in the S region. This is important

for investigating the impact of certain mutations on variant

evolution by modulating the effects of mutations at other sites,

which could lead to antibody‐escape substitutions in the RBD‐

domain.49 PacBio SMRT sequencing of the S gene with amplicon

lengths of 2.5–6.1 kb has been used to study spike gene

quasispecies.45,50‐52 Sun et al.52 showed that the virus population

may consist of one dominant haplotype plus numerous minor

haplotypes and that the complexity of quasispecies varies from one

tissue to another, suggesting independent replication. Long ampli-

con sequencing can be used to accurately monitor SARS‐CoV‐2

quasispecies for compartmentalization studies, surveillance of

escape‐mutations in variants from patients treated with mAbs,

and the emergence of new variants. It is clearly important to

optimize amplicon primers, in particular those affecting regions of

interest, such as the S gene.

To conclude, we find the target capture PacBio SMRT

technology suitable for WGS of SARS‐CoV‐2, identifying circulating

SARS‐CoV‐2 variants and detecting mutations in Omicron variants.

The target capture protocol does not seem to be influenced by new

mutations. Conversely, the accurate long‐reads produced by the

amplicon SMRT protocol are essential for studying SARS‐CoV‐2

quasispecies.
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