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Abstract

The COVID- 19 pandemic has necessitated the rapid development and implementation of whole- genome sequencing (WGS) and bio-
informatic methods for managing the pandemic. However, variability in methods and capabilities between laboratories has posed 
challenges in ensuring data accuracy. A national working group comprising 18 laboratory scientists and bioinformaticians from 
Australia and New Zealand was formed to improve data concordance across public health laboratories (PHLs). One effort, presented 
in this study, sought to understand the impact of the methodology on consensus genome concordance and interpretation. SARS- 
CoV- 2 WGS proficiency testing programme (PTP) data were retrospectively obtained from the 2021 Royal College of Pathologists of 
Australasia Quality Assurance Programmes (RCPAQAP), which included 11 participating Australian laboratories. The submitted con-
sensus genomes and reads from eight contrived specimens were investigated, focusing on discordant sequence data and findings 
were presented to the working group to inform best practices. Despite using a variety of laboratory and bioinformatic methods for 
SARS- CoV- 2 WGS, participants largely produced concordant genomes. Two participants returned five discordant sites in a high- Cτ 
replicate, which could be resolved with reasonable bioinformatic quality thresholds. We noted ten discrepancies in genome assess-
ment that arose from nucleotide heterogeneity at three different sites in three cell- culture- derived control specimens. While these 
sites were ultimately accurate after considering the participants’ bioinformatic parameters, it presented an interesting challenge for 
developing standards to account for intrahost single nucleotide variation (iSNV). Observed differences had little to no impact on key 
surveillance metrics, lineage assignment and phylogenetic clustering, while genome coverage <90 % affected both. We recommend 
PHLs bioinformatically generate two consensus genomes with and without ambiguity thresholds for quality control and down-
stream analysis, respectively, and adhere to a minimum 90 % genome coverage threshold for inclusion in surveillance interpreta-
tions. We also suggest additional PTP assessment criteria, including primer efficiency, detection of iSNVs and minimum genome 
coverage of 90 %. This study underscores the importance of multidisciplinary national working groups in informing guidelines in 
real time for bioinformatic quality acceptance criteria. It demonstrates the potential for enhancing public health responses through 
improved data concordance and quality control in SARS- CoV- 2 genomic analysis during pandemic surveillance.
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DATA SUMMARy
The authors confirm that all supporting data, code and protocols have been provided within the article or through supplementary 
data files.

INTRODUCTION
The global scientific community responded to the coronavirus disease (COVID- 19) pandemic with the rapid development 
of laboratory and bioinformatic data analysis methods for whole- genome sequencing (WGS) of severe acute respiratory 
syndrome coronavirus 2 (SARS- CoV- 2). These methods have been widely adopted, with more than 45 countries conducting 
routine genomic surveillance [1]. Genomic data have been used to inform the local and national pandemic response. Applica-
tions range from monitoring the distribution and emergence of variants of concern (VOC) to supplementing contact tracing 
efforts [2]. These efforts have been supported by an open- access framework for the wide- scale sharing of data and resources, 
including Global Initiative on Sharing All Influenza Data (GISAID), Nextstrain, and  protocols. io, among others. By May 
2020, problematic sequence data attributed to contamination or sequencing and bioinformatic errors had been detected 
in the public domain, highlighting the need for quality control and remediation strategies to improve consensus genome 
accuracy [3].

Amplicon sequencing is the main method of SARS- CoV- 2 WGS, with bioinformatic methods dependent on the platform [4, 5]. 
Previous interlaboratory and interprotocol comparative studies of SARS- CoV- 2 WGS have found differences in single nucleotide 
variants (SNVs) during the assessment of wet and dry methodologies [6, 7]. The appropriate selection of bioinformatic work-
flows and parameter thresholds is key to the accuracy of genomic data and varies depending on the sequencing approach and 
technology. While selection varies, some commonly accepted thresholds include the following: read depth (>=10 for Illumina, 
>=20 for Nanopore), phred score (>25) and genome coverage>=90 % [8]. Discrepancies at SARS- CoV- 2 mutation sites can 
affect the interpretation of genomic metrics of clinical and public health importance, such as PANGO lineage classification, 
phylogenetic placement or genomic epidemiological clustering [9–11]. As such, bioinformatic quality control processes ensure 
that methodological variability yields consistent results.

Australia and New Zealand have been at the forefront of using fine- scale genomic data to manage their COVID- 19 responses. 
Genomic data are shared via AusTrakka to provide context for local and interstate transmission. AusTrakka is a national 
real- time pathogen genomics surveillance platform for public health laboratories that facilitates analytical harmonization 
and national reporting as well as provides equitable access to computational resources and expertise [12]. Australia’s high 
case sequencing rate, combined with multijurisdictional data sharing, resulted in genomic epidemiological interpretations 
with as little as one SNV. As is common in many countries, each jurisdiction has a unique laboratory and bioinformatic 
workflow to suit its facilities.

In July 2020, the Medical Research Future Fund (MRFF) COVID- 19 Quality Control Working Group (WG), supported by the 
Communicable Diseases Genomics Network (CDGN), initiated a concertorming guidelines in real timed effort to harness 
genomic sequencing for an enhanced response to the COVID- 19 pandemic. Comprised of 18 public health laboratorians 
and bioinformaticians from Australia, the WG’s primary objective was to establish a framework that ensures laboratory 
and bioinformatic standards and quality control, permitting procedural adaptability yet ensuring consistent SARS- CoV- 2 
genomic data. Continuous communication among laboratory technicians and bioinformaticians was maintained via monthly 
meetings and regular online discussions via Slack, facilitating protocol optimization and addressing potential sequencing 
and analysis challenges in real time.

Impact Statement

Amidst the COVID- 19 pandemic, a unique collaboration between a national multidisciplinary working group and a quality 
assurance programme facilitated ongoing development of standardized quality control criteria and analysis methods 
for high- quality SARS- CoV- 2 genomic approaches across Australia. With this article, we shed light on the robustness 
of amplicon sequencing and analysis methods to produce highly concordant genomes, while also presenting additional 
assessment criteria to guide laboratories in identifying areas for improvement. Insights from this nationwide collabora-
tion underscore the need for real- time knowledge- sharing and iterative refinements to quality standards, particularly as 
situations and methods evolve during a pandemic. While the spotlight is on SARS- CoV- 2, the analyses and findings have 
universal implications for genomic surveillance during infectious disease outbreaks. As WGS becomes increasingly central 
in outbreak surveillance, continuous evaluation and collaboration, like that described here, are vital to ensure data accu-
racy and inform future public health responses.
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Table 1. Characteristics of contrived specimen prepared for the PTP

Sample ID Isolate (GISAID ID) Average Cτ (E- gene NAT) Lineage

BS01 EPI_ISL_406844 16.77 B

BS02 EPI_ISL_419750 16.95 B.1

BS07 24.14

BS08 27.48

BS03 EPI_ISL_480701 17.28 B.1.1.136

BS04 EPI_ISL_519314 17.31 D.2

BS05 EPI_ISL_563416 17.29 D.2

BS06 Negative control Not detected na

The WG aimed to enhance interlaboratory data concordance but faced challenges in coordinating a national validation study 
during pandemic surges. Consequently, the WG procured SARS- CoV- 2 WGS proficiency testing programme (PTP) data from the 
Royal College of Pathologists of Australasia Quality Assurance Programmes (RCPAQAP) for retrospective, in- depth bioinformatic 
analyses. In the study presented here, PTP data were used to characterize discordant SNVs and investigate bioinformatic quality 
control standards for remediation. Submitted consensus genomes were used to evaluate the effect of discordant SNVs on key 
surveillance metrics, lineage assignment and phylogenetic clustering, while submitted read data were used to investigate discordant 
sites. Finally, we reflect on the importance of multidisciplinary national working groups in informing guidelines in real time for 
bioinformatic quality acceptance criteria under the competing demands of a pandemic.

MeTHODS
Data Source: 2021 RCPAQAP SARS-CoV-2 WGS PTP
Data were obtained from the 2021 RCPAQAP SARS- CoV- 2 WGS PTP, sample characteristics and methods have previously been 
described [13]. Briefly, viral RNA extracted from five unique isolates of SARS- CoV- 2 were each diluted in 0.5 ml of nuclease- free 
water to assess the participant’s ability to sequence different variants and viral litres.

Contrived samples (N=8) were sent to 11 participating laboratories for WGS using each laboratory’s standard procedure. The raw reads 
of sequence data without preprocessing or trimming and the derived consensus sequence data, as submitted by the participants, were 
assessed based on three quality metrics (>50 % genome coverage, lineage assignment and >95 % accuracy), as decided with input from 
CDGN Genomics Implementation and Bioinformatics Working Groups (herein, WG) and previously described by Lau et al. [13]. 
The participants also completed a questionnaire documenting laboratory and bioinformatic methods performed and self- reported 
genomic characteristics.

Deidentified data were provided to the WG for the principal aim of defining QC criteria and data analysis methods for standard-
izing high- quality SARS- CoV- 2 WGS, independent of the PTP. One participant belonging to the WG inadvertently omitted 
consensus genomes from their submission to the PTP and provided them voluntarily for this study. In this study, we refer to 
the participants by their laboratory number (LB01–LB11) and the samples by their biological specimen number (BS01–BS08) 
(Table 1).

evaluation of consensus genomes
For the assessment of consensus genome quality, genome coverage and SNVs were characterized. To discern the influence of 
these quality parameters on critical surveillance metrics, consensus genomes were subjected to PANGO lineage assignment and 
phylogenetic clustering.

Characterization of consensus genome quality
Genome coverage was calculated as the percentage of non- missing (N) alleles in a consensus genome relative to the SARS- 
CoV- 2 reference genome (Wuhan- Hu- 1; GenBank MN908947.3). Consensus genome positions where the observed alleles 
matched expected alleles were characterised as 'concordant', 'discordant' if the consensus allele did not match the expected 
allele, 'missing' if there was an N or gap at an expected SNV position of the SNV, or 'ambiguous' if any position contained 
an IUPAC ambiguity code.
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Lineage assignment
The consensus genomes submitted in FASTA format were used to obtain genome coverage and PANGO lineages. Lineages were 
assigned to the samples using Pangolin v.2.3.3 with pangoLEARN 2021- 21- 02, versions available at the time of the PTP. Discordant, 
missed and ambiguous SNVs relative to the expected SNVs defined by the PTP were identified using Nextclade v.2.8.0 (Fig. 1).

Phylogenetic clustering
A phylogenetic tree was constructed using RAxML- NG v.1.1 with a GTR+G4 model, starting trees from FastTree v.2.1.11 with 
1000 bootstraps, and alignment column weight using gotree goalign compress v.0.4.2 [14]. BS03 and BS08 from LB10 were omitted 
from the final input alignment due to disproportionately long branches that negatively affected tree readability.

Bioinformatic investigation of sequencing reads
PTP questionnaire responses lacked the necessary detail to accurately reconstruct individual bioinformatic methodologies. As a 
result, we adopted a standardized workflow for both Illumina and Nanopore data, investigating base- pair attributes at discordant 
sites and among amplicons, examining both trimmed and untrimmed reads.

Generating read pileups
FASTQ reads were aligned to the SARS- CoV- 2 reference using minimap2 v. 2.24- r1122 with the options -axe map- ont for 
Nanopore or -axe sr for Illumina reads. Relevant amplicon primers (Table S1) were trimmed from the aligned reads via Samtools 
ampliconclip v.1.16.1, employing options –both ends –strand –soft- clip -u.

Obtaining base-pair attributes
Base- pair attributes of the total aligned reads were quantified using bam- readcount v.1.0.1 with default settings and subse-
quently interpreted using the  parse_ brc. py script [15]. Trimmed reads were processed similarly with option -b 20 to discard 
low- quality reads. The read depth for each amplicon was determined using mosdepth v.0.3.3, utilizing the corresponding 
amplicon insert regions as the input for the bam file.

Investigating iSNVs in primary isolates
Investigation of base- pair attributes identified heterozygous sites consistently present in three specimens across all participant 
samples. To verify the presence of heterozygous alleles in the primary isolates, which are likely iSNVs, we analysed their 
sequencing reads. These reads were obtained from amplicon sequencing using ARTIC V3 primers prior to the PTP and were 
sequenced on an Illumina iSeq. Base- pair attributes were obtained as described earlier.

ReSULTS
Summary of reported methodologies
Participant workflows varied for laboratory and bioinformatic methodologies (Tables S1 and S2). Out of 11 participants, nine 
performed multiplex amplicon sequencing, with seven using the ARTIC V3 primer scheme [16, 17], another using a modified 
ARTIC V3 primer scheme to create 1 kbp amplicons, and one using the 'Midnight' scheme [4, 18]. Two participants used a 
long- pooled amplicon approach, 'JSE', with primers that produce 2.5 kbp amplicons [19, 20]. Most of the participants used 
an Illumina sequencing platform (N=8/11), with 6/8 using ARTIC V3 primers. All participants using Nanopore technology 
used the artic- ncov2019 pipeline (https://github.com/artic-network/artic-ncov2019). Amongst Illumina users, four used 
an in- house analysis pipeline, two used a mix of command line and commercial software, and two used solely commercial 
software (CLC Genomics Workbench).

Characteristics of consensus genome quality
Genome coverage and contamination
Mean genome coverage for all consensus sequences submitted of SARS- CoV- 2 positive samples was 95.98 %. Mean coverage 
of BS08 was lower overall (93.75 %) due to a high cycle threshold value (Ct=27.48) [13]. LB05 and LB09 had consistent 
coverage <99 %, suggesting dropout of the amplicon(s). While most participants detected few to no SARS- CoV- 2 reads in 
the negative control (BS06), LB03 and LB05 recovered 11.0 and 4.5 % of the genome, respectively, and LB10 recovered 79.2 % 
(Fig. S1, available in the online version of this article).

Discordant SNVs
Out of the 11 participants, only four (LB04- 6,8) submitted genomes that were 100 % concordant. Notably, this group 
comprised all Nanopore users (LB04- 6), each of whom utilized distinct primer schemes (JSE, ARTIC V3 and Midnight) 
(Fig. 1). Two participants (LB07,11) were excluded from 100 % concordance solely due to ambiguous bases. The remaining 
5/11 participants had one or more discordant SNV. Except for LB10, discordant SNVs per participant ranged from one to 

https://github.com/artic-network/artic-ncov2019
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Fig. 1. Discordant SNVs observed in participant consensus genomes submitted. Reference indicates the expected allele of the sample isolate reference 
sequence. Discordant SNVs are those where the observed participant allele differs from the expected reference allele. Missed SNVs are a subset of 
discordant SNVs in which a participant called an allele different from the expected SNV. Ambiguous SNVs are another subset of discordant SNVs in 
which the participant called an IUPAC ambiguity code where a standard base (ATGC) was expected (S=C or G; M=A or C). According to the criteria used 
in the PTP, the absence of C241T was considered concordant, and thus omitted from this figure if present. No annotation implies concordance. #LB10 
had additional discordant SNVs for samples BS03 (N=51) and BS08 (N=33) that are not listed here.
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four. In the consensus genomes submitted by LB10 for BS03 and BS08, there were 55 and 35 SNVs, respectively. Excluding 
ambiguity calls and LB10, participants generated 100 % concordant genomes for BS01- 3 and BS07.

Impact on key surveillance metrics
Lineage assignment
The PANGO lineage assignments generally accommodated missing data and false SNVs, with 95 % of consensus genomes 
submitted correctly designated at the highest taxonomic level (Fig. 2a). Because PANGOLIN classification is hierarchical, genomes 
with missing data can be expected to have parent lineage assignments, such as BS03 from LB10 [21]. BS08 samples from LB01 
and LB10 might have been designated as a higher, incorrect lineage due to a combination of low genome coverage and false SNVs.

Phylogenetic clustering
In general, the consensus genomes submitted were placed in their expected phylogenetic clades (Fig. 2b). BS03 and BS08 from LB10 
were excluded from the input alignment due to the presence of a high number of false mutations, leading to disproportionately long 
branches. Given the clonal nature of the PTP specimens, this introduces interpretative challenges in the tree. Out of the remaining 
75 genomes, 84 % correctly fell within their expected clade. Subclades formed with low bootstrap support in BS04 and BS05, which 
included specimens with ambiguity codes, those that had a majority allele different from the isolate reference, and one specimen that 
was concordant with the basal clade. BS08 samples from LB01 and LB03 formed longer branches within the expected clade, with 
the former having the longest branch due to lower genome coverage (63.0 % vs. 96.7 %) and more discordant SNVs (N=4 vs. N=2).

Bioinformatic investigation of sequencing reads
Amplicon dropouts
Per- amplicon read depth revealed LB05 had two or more amplicon dropouts across all samples, generally in amplicons 64 and 
70. Similarly, LB09 failed to amplify amplicons 1 and 98 in all samples.

Base-pair attributes at heterozygous sites
Inspection of read pileups at positions associated with ambiguous bases (BS01 : 23 615, BS04 : 22 006, BS05 : 22205) found that 
all participants had sequenced isolates with allele heterogeneity (Fig. 3a). Therefore, the allele called at the position depended 
upon (a) the allele mixture sequenced; (b) the variant calling threshold; and (c) whether ambiguity codes were used in variant 
calling. Taking this into account, six participants had 100 % concordant genomes, with an additional two having appropriate 
ambiguity codes. Examination of the alternate allele frequencies (ALT_FREQ) in the primary isolates at the previously specified 
loci reveals frequencies approximating 0.5 (Fig. S2). This pattern aligns with established observations of intrahost variation and 
cell- culture- adapted mutations seen in SARS- CoV- 2 and various other viral isolates [21]. The majority of the remaining alternate 
alleles cluster around values of zero and one.

Base-pair attributes at discordant sites
In the high- Cτ sample BS08, LB01 and LB03 produced SNVs that were either discordant or missing. At nucleotide (nt) positions 
25 588 and 5574 in LB01 and LB03, respectively, we observed an allele mixture where the discordant allele is the major allele 
according to the variant calling threshold used by the participant. We investigated the allele frequency at identical sites in the 
remaining samples and found them homogeneous. Finally, at nt position 5455 in the sample of LB01, the discordant allele was 
present at a frequency of 1 (Fig. 3b). Given that this false SNV was present in 100 % of the reads and was not detected in the other 
matched specimens, it may be the product of chimeric PCR amplification [7].

Analysis of problematic SNVs in LB10
LB10 had the highest number of discordant SNVs, with 55 and 35 in BS03 and BS08, respectively. Given the high recovery of the 
SARS- CoV- 2 genome in the negative control of LB10 and the high number of total reads, laboratory contamination was suspected. 
However, an inspection of the read pileup found a disproportionately high read depth among several regions and found that the 
concordant allele was the major allele at discordant positions in many instances.

In BS03, there was overamplification of amplicons 2, 3 and 4 with a mean read depth of 43 866, 302 975 and 47 687, respectively. 
The mean depth across all other amplicons was 33.6. In BS08, the mean amplicon depth was 18.2. However, the read depth in 
the 3′UTR was 5910.7. Inspection of the read pileup in this region revealed an abundance of poly- A reads. All LB10 samples had 
similar read mapping characteristics in the 3′UTR, possibly suggesting poly- A carryover from cDNA synthesis.

When investigating the distribution of alleles at discordant positions, in many cases, the discordant allele was present at a depth of 1 or 
0 (LB10- BS03 : 78.2 %; LB10- BS08 : 91.4 %) (Fig. S3). Where the expected concordant allele was present in all or a majority of reads at a 
discordant site, the mean frequency was 0.95 (median: 1.0; IQR: 0.05) and 0.96 (median: 1.0; IQR: 0.0) in LB10- BS03 and LB10- BS08, 
respectively. In fewer cases (LB10- BS03 : 14.5 %; LB10- BS08 : 5.71 %), the discordant allele was present in greater frequency than the 
concordant allele where the discordant allele had a mean frequency of 0.79 (median: 0.81; IQR: 0.23) and 0.62 (median: 0.62; IQR: 0.12) 
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Fig. 2. Key surveillance metrics derived from consensus genomes submitted. (a) Pangolin lineage assignments from consensus genomes submitted. 
Participant ID annotated where discordant. (b) Maximum- likelihood tree of consensus genomes submitted, excludes genomes<50 % coverage; and 
BS03 and BS08 for LB10. Nodes with teal markers indicate branch support >80 %. The heatmap denotes the sequencing platform, primer scheme, and 
PANGO lineage called for each tip. Phylogenetic tree visualized with toytree v1.0 (https://github.com/eaton-lab/toytree).

https://github.com/eaton-lab/toytree
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Fig. 3. Allele distribution at discordant positions. (a) Allele frequencies at positions containing ambiguity in consensus genomes submitted to the PTP 
and the primary isolate used to create contrived specimen. (b) Allele frequencies at remaining discordant positions in both participant and primary 
isolate reads.

in LB10- BS03 and LB10- BS08, respectively. These observations of higher discordant allele frequency, along with the high presence of 
SARS- CoV- 2 reads in the negative control specimen, may suggest these sites are the result of contamination.

We could not determine this participant’s specific bioinformatic methods or parameters from their questionnaire responses to 
further investigate how the variants were being called (Table S2). However, we can infer that the minimum depth threshold for 
variant calling was below 10, a commonly accepted minimum criterion for Illumina amplicon sequence data [8].

DISCUSSION
Here, we report findings from an in- depth retrospective analysis of discordant SNVs using consensus genomes, raw reads and the 
methodology questionnaire from a national SARS- CoV- 2 WGS PTP. Despite diverse laboratory and bioinformatic methods, the data 
yielded largely consistent genomes, with discrepancies often resolved using robust bioinformatic thresholds. These discrepancies 
minimally affected key surveillance metrics. Recognizing that consensus genomes are generally accurate, certain challenges like 
low read depth and non- uniform amplicon sequencing coverage arise. As laboratory and bioinformatic techniques have advanced 
throughout the pandemic, there is a pressing need for continual refinement of SARS- CoV- 2 WGS quality standards, which was 
facilitated here by the WG’s collaborative efforts.

Flexibility of amplicon sequencing analyses
We find that consensus genomes generated with bioinformatic parameters at or above the commonly accepted minimum thresholds 
were highly accurate. It should be noted that two participants (LB03 and LB10) generated consensus genomes using read depth <10, 
the commonly accepted minimum threshold, with mixed results. LB03 used a depth of 3, resulting in 100 % concordant genomes 
when considering ambiguity. Based on the questionnaire and data analysis, it is suspected that LB10 may have utilized a depth of 1 for 
variant calling. Consequently, six of the eight consensus genomes exhibited 100 % concordance, whereas two (BS03 and BS08) displayed 
in excess of 40 discordant SNVs. One concern regarding variant calling with low read depth is false SNVs due to contamination, as 
observed here for a small number of false SNVs in LB10- BS03 and LB10- BS08. This can be ameliorated by monitoring reads in a 
negative sequencing control or a consensus sequence control to determine if a read set should use a higher depth threshold or fail 
quality control. The latter approach is more bioinformatically challenging to extract and interpret allele frequencies.

All Nanopore users (LB04- 6) generated 100 % concordant genomes despite each using different primer schemes and lower read 
quality compared to Illumina users. Unlike Illumina users who used custom analysis scripts or commercial software, all Nanopore 
users employed the artic- ncov2019 pipeline (https://github.com/artic-network/artic-ncov2019). The robustness of the pipeline is 
unsurprising as it was designed especially for amplicon sequencing with Nanopore. While we could not reconstruct the analyses 
from the methodology questionnaire, our findings nonetheless suggest that further coordination between Illumina users is needed 
to troubleshoot problematic thresholds or standardize an analysis workflow.

https://github.com/artic-network/artic-ncov2019
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Considerations for assessing amplicon sequencing data
For PHLs actively involved in WGS quality control, they typically possess greater familiarity with methods tailored for 
prokaryotic pathogens, where shotgun sequencing of isolates is routinely conducted [22–24]. The characteristics of amplicon 
sequencing differ in several ways in which technical bioinformatic analysis can support laboratory optimisation. First, 
PCR efficiency often results in non- uniform coverage across the SARS- CoV- 2 genome. Although genome coverage is an 
important quality indicator for unbiased sequencing approaches, it can be misleading when a small number of amplicons 
are overamplified or poly- A is carried through the library preparation and sequenced, as observed here with LB10. Instead, 
monitoring the mean read depth per amplicon would help participants troubleshoot amplicon drop outs, a common issue 
with this method that requires optimization [25–27]. Second, the proximity of discordant SNVs to primers can indicate 
bioinformatic trimming errors. It has previously been observed that CLC Genomics Workbench (Qiagen, https://www. 
qiagenbioinformatics.com/products/clc-genomics-workbench, accessed 03 January 2023) has a lower sensitivity to trim-
ming partial primers and calling SNVs in primer regions, compared to iVar [7]. Although we were unable to replicate the 
results of LB10 using CLC 22 [Identify ARTIC V3 SARS- CoV- 2 Low- frequency and Shared Variants (Illumina) Workflow] 
we did observe that false SNVs occurred near primer sites, which could signal the need for bioinformatic troubleshooting 
by the participant.

Recommendations for assessing heterozygous sites
Similar to Foster et al. [6] [6], we primarily observed interlaboratory differences between matched samples when iSNVs, or 
heterozygous sites, were present. As in the assessments performed in Foster et al. [6] [6], where it was concluded IUPAC 
ambiguity codes were beneficial for quality control, we conclude these may signal laboratory contamination. They may also 
indicate epidemiological importance where true iSNVs arise from host- to- host transmission or co- infection [28, 29]. A good 
practice could be to call two consensus genomes using the following: (1) a strict minimum variant frequency threshold with 
ambiguity codes for the primary purpose of quality monitoring (i.e. a consensus sequence control); and (2) a major allele 
threshold without ambiguity codes for downstream analysis.

Living guidelines for quality assessment during pandemics
Since the PTP analysed here concluded in 2021, several laboratory and bioinformatic developments have occurred, reflecting 
the evolving nature of the emergent pandemic response. The ARTIC primer scheme was redesigned in terms of laboratory 
methods and commercial schemes were offered to account for increasing variation [30, 31]. From a bioinformatic perspective, 
AusTrakka increased its minimum genome coverage criteria from >50 % to >=90 % (ACGT bases), which was the basis for the 
internal quality criteria of several participants. Regardless of AusTrakka participation, we agree with the conclusions of Lau 
et al. [13] and recommend this criterion as a minimum given the shared characteristics of the discordant metrics observed 
here (LB01- BS08, LB10- BS03 and LB10- BS08) having genome coverage <80 % in addition to previous benchmarking studies 
[8, 21]. These developments support the need for living guidelines to continually review and update the quality standards 
for SARS- CoV- 2 WGS.

Value of the WG to Australian PHLs
A key advantage of the WG was the real- time collaboration and knowledge- sharing to form living guidelines by continually 
reviewing and updating the quality standards for SARS- CoV- 2 WGS. One member noted that by comparing results across 
laboratories and methodologies, they could identify and rectify a spurious SNV impacting tree topology, which stemmed 
from a specific primer set. Another highlighted the utility of the Slack channel, finding it valuable for accessing bioinformatic 
tools shared by colleagues, thereby enriching their analytical processes. Amid the pressing challenges of pandemic surges in 
PHLs, this collaborative approach promoted bioinformatic equity via shared expertise and distributed tasks. Additionally, it 
offered a dynamic platform for discussing the continuously evolving understanding and demands associated with the virus.

Limitations
Given this was a retrospective analysis, we must consider that the PTP was not designed for the study at hand. While it offered 
a dataset reflecting SARS- CoV- 2 WGS methodologies across Australia, its design posed challenges for our comparative 
analysis. Issues included data entry mistakes and inconsistencies in the PTP questionnaire responses. The questionnaire aimed 
to gauge the ability of participants to accurately report and convey results, but our analysis highlights potential challenges 
PHLs faced during pandemic surges. This might also underscore varying PHL capabilities in recognizing critical bioinformatic 
traits. For future reference, multidisciplinary working groups might consider creating an intuitive bioinformatic analysis 
platform for participants to upload data and obtain technical feedback, like the metrics described here. These insights would 
increase bioinformatic analysis equity and provide PHLs with data- driven strategies to inform living guidelines, facilitating 
sequence data concordance as knowledge and methods evolve throughout a pandemic.

https://www.qiagenbioinformatics.com/products/clc-genomics-workbench
https://www.qiagenbioinformatics.com/products/clc-genomics-workbench
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