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ABSTRACT Here, we report the development and key features of the first external
quality assessment (EQA) scheme for Mycobacterium tuberculosis whole-genome
sequencing (WGS). The results of four rounds (2017 to 2020) of implementation
within the European tuberculosis reference laboratories network (ERLTB-Net-2)
are presented and discussed. EQA panels comprising 10 genomic DNAs were
distributed to ERLTB-Net 2 laboratories volunteering to participate in this exercise.
Since 2018, five FASTQ files were added to better assess the dry WGS processes,
and in 2020, three of the five files were replaced by synthetic files (providing
additional flexibility for the mutations included in the panels). Ten National
tuberculosis reference laboratories participated in all four EQA rounds, and seven
participated in at least one. High-confidence resistance mutations were correctly
identified by all laboratories, but challenges remained with respect to the identifi-
cation of mixed loci and interpretation of rare mutations. M. tuberculosis genotyp-
ing and clustering analysis was >90% accurate for pure samples with the main
challenges being related to the analysis of mixed genotypes and DNA FASTQ files.
The development and implementation of this WGS EQA scheme has contributed
to the continuous improvement in performance of participating laboratories in
M. tuberculosis WGS and data analysis. This scheme can serve as a model of com-
prehensive quality assessment for M. tuberculosis WGS that can be replicated in
different settings worldwide.

IMPORTANCE The wider availability of whole-genome sequencing (WGS) coupled to
new developments in bioinformatic tools and databases to interpret Mycobacterium
tuberculosis complex WGS data has accelerated the adoption of this method for the
routine prediction of antimycobacterial drug resistance and genotyping, thus neces-
sitating the establishment of a comprehensive external quality control system. Here,
we report 4 years of development and results from such a panel.

KEYWORDS Mycobacterium tuberculosis,Mycobacterium, genome analysis, quality
assurance

Adramatic decline in the cost of whole-genome sequencing (WGS) and availability
of WGS infrastructure, along with analysis methods for Mycobacterium tuberculosis

sequence data (1–6), has resulted in WGS being implemented by many tuberculosis
(TB) national reference laboratories (NRLs) in the European Union/European Economic
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Area (EU/EEA). WGS can be used for both resistance detection and epidemiological
typing/(sub)species identification, meaning that WGS, in addition to being more accu-
rate, is also potentially more cost efficient than previous approaches (7). WGS results
generally become available before (full) culture-based susceptibility testing results,
and the increased typing resolution allows more accurately targeted epidemiological
investigations (8, 9). For these reasons, WGS results are increasingly used to support
patient treatment and for public health interventions. M. tuberculosisWGS data genera-
tion and analysis involves many (nonstandardized) steps and complex interpretation
(2, 10); thus, quality control is particularly important. Development of international
EQA schemes would also support M. tuberculosis WGS standardization and interpreta-
tion of the results in the international context, thus contributing to the harmonization
of drug resistance prediction (11) and the quality of epidemiological investigations and
supporting the potential of WGS to detect uncommon forms of resistance, which are
only rarely routinely encountered by any individual laboratory. Furthermore, participa-
tion in an EQA scheme is a requirement for ISO 15189 accreditation and contributes to
maintaining and improving laboratory proficiency.

The European Reference Laboratory Network for TB (ERLTB-Net-2), comprising 31
TB NRLs in the European Union/European Economic Area member states and the
United Kingdom, was established with the aim of consolidating and strengthening TB
laboratory capacity, improving quality, and achieving sustainability in TB laboratory di-
agnosis through provision of training, harmonization of laboratory methods, and de-
velopment and implementation of reliable EQA systems and standards in TB laboratory
diagnosis within the EU/EEA and beyond, as well as supporting the functionality of
national TB laboratory networks.

One of the major network activities is related to the development of a sustainable
external quality assurance (EQA) system. Since 2010, the ERLTB-Net has developed and
implemented several EQA schemes covering all TB laboratory diagnostic methods,
from microscopy to M. tuberculosis identification using rapid molecular diagnostics,
culture, genotypic- and phenotypic-based antimicrobial susceptibility testing, and mo-
lecular typing (i.e., mycobacterial interspersed repetitive units variable number of tan-
dem repeats [MIRU-VNTR]) (8, 12–14).

With the gradual shifting from MIRU-VNTR to WGS for M. tuberculosis genotyping in
several EU/EEA member states and with its increased use for M. tuberculosis drug resist-
ance prediction, the ERLTB-Net-2 coordination team decided in 2016 to develop and
implement a specific EQA scheme to assess the EU laboratory proficiency for detecting
drug resistance and perform M. tuberculosis relatedness analysis.

To our knowledge, this is the first EQA scheme for M. tuberculosis WGS being devel-
oped and implemented on a large scale. Here, we describe its development and report
the results of the 4-year (2017 to 2020) implementation within ERLTB-Net-2.

RESULTS

In 2017, 2018, 2019, and 2020, a total of 13, 12, 14, and 15 EU/EEA TB NRLs of 32,
participated in the EQA exercise, respectively.

Sequencing technology used. All laboratories utilized Illumina (San Diego, CA,
USA) technology to generate their sequence data, apart from one laboratory that used
IonTorrent (Thermo Fisher Scientific, USA) for all four EQA rounds.

Time line for result submission. After the samples were shipped to participating
laboratories, the results were expected within 6 weeks. In 2017, only 5 (38.5%) of the
13 laboratories that joined the EQA activity returned the results within the deadline;
the remaining labs requested extensions of up to 21 days. In 2018, only three (25%)
laboratories requested an extension. In 2019, two (14.3%) laboratories requested a
short extension and returned the results within 8 days of the deadline. In 2020, the
great majority, 14 of 15 laboratories, met the deadline, while one laboratory requested
an extension due to a COVID-related delay in their sequencing provider.

Scores. In 2017, 12 (92.3%) of 13 laboratories scored >75 points and received the
EQA proficiency certificate. The remaining laboratory missed the identification of the
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multidrug-resistant tuberculosis (MDR-TB) isolate due to an error in the analysis pipeline,
thus scoring ,75 points. In 2018, the number of laboratories receiving the proficiency
certificate went down to 10 (83.3%) of 12, and in 2019 and 2020, 100% of participating
laboratories received the proficiency certificate.

Detection and reporting of resistance-associated genotypes. Overall, during the
4 years EQA time frame, a total of 55 samples, including 15 FASTQ files, three of which
synthetic, were provided to the participating laboratories. The four panels included a
total of 32 fully susceptible isolates that were correctly characterized by all laboratories;
these fully susceptible isolates represented 428 (100%) correct calls.

Single nucleotide polymorphism (SNP) mutations associated with resistance in pure
isolates were not always correctly detected: 27 (15%) of 178 resistance-associated calls
were missed or incorrectly interpreted (Table 1). In the 2017 panel, an inhA c-15t muta-
tion was missed by a single laboratory, while six laboratories failed to report an embB
M306V mutation. In addition, the panel included a Mycobacterium canettii isolate
intrinsically resistant to pyrazinamide due to a M117T mutation in the panD gene (15),
which was reported by only 3 (23%) of the 13 participating laboratories. In 2018, four
laboratories failed to report a pncA A46V mutation associated with pyrazinamide resist-
ance, and in 2019, six laboratories did not report a silent fabG L203L mutation previ-
ously reported to be associated with isoniazid resistance (16, 17).

As expected, mutations associated with an only moderately raised MIC and or a
weak association to phenotypic drug resistance (18) were more frequently mischaracter-
ized: 17 (37%) of 46 calls of this type were missed or incorrectly interpreted (Table 2). In
2018, an isolate with a double mutation in the inhA gene was included; while the c-15t in
the promoter region was correctly identified by all 12 laboratories, the I21T in the coding
region was reported by 10 (83%) laboratories. In 2020, a synthetic FASTQ file with muta-
tions associated with an increased MIC to bedaquiline and clofazimine (i.e., position 2
GTG-GCG in Rv0678 loss of start codon [19]) and delamanid (i.e., position 3987106 G > A
Trp88Stop in Rv3547 [19]) was included in the panel. Mutations in Rv0678 and Rv3547
were correctly reported by four (33%) and seven (58.3%) laboratories, respectively.

Of the 26 frame shifts/insertions and deletions associated with resistance, 17
(65.4%) were accurately reported (Table 1). In 2018, a large deletion in the pncA gene
(223419 to 229307) was included and was detected and correctly interpreted by 7
(58%) of 12 laboratories. In 2019, a single base pair insertion in the katG gene was
included and correctly detected and interpreted by 10 (71%) of 14 laboratories. In
2020, a deletion in the embB gene with unknown significance for the ethambutol MIC
and a double single base pair deletion in the katG gene were both reported by 4 (50%)
of 14 laboratories.

TABLE 1 Summary of the types of determinations scored over the four external quality
assessment rounds and the number of errorsa

Determination
Expected no.
of calls

Correctly
reported %

No SNPs associated with resistance 428 428 100
Resistance-associated SNPs 166 151 90
SNPs with moderate or weak association
with resistance

46 29 63

Deletion/insertion associated with resistance 26 17 65
Resistance-associated SNPs at$50% and,90% frequency 34 17 50
Resistance-associated SNPs at;25% frequency 14 7b 50
Resistance-associated SNPs at,20% frequency 0 2c NA
aNA, not applicable; SNP, single nucleotide polymorphism.
bTwelve laboratories identified the mixed genotype but did not detect the resistant loci.
cTwo different laboratories detected 5% L449Q (ctg/cAg) in rpoB in two different FASTQ files. These loci were
flagged as suspicious and potentially associated with (developing) resistance. These positions were checked by
the coordinating laboratory and were found to indeed contain a low number of reads (approximately 3 to 10%)
containing this SNP. Their significance is unknown but likely represents low level contamination with DNA from
a closely related species.
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In the 2018 EQA panel, a sample with mixed resistant loci at a 50:50 ratio was cor-
rectly detected by 10 (83.3%) of 12 laboratories. Conversely, in the 2019 EQA panel,
only 7 (58%) of 12 laboratories correctly reported the resistant mutations of a mixed
sample with resistant loci at a 25% frequency, even if the presence of a mixed geno-
type was reported by the majority (85.7%) of participating laboratories. In 2020, of 11
(78.6%) laboratories able to analyze the 3 synthetic FASTQ files included in the panel, 8
(72.7%) and 7 (63.6%) laboratories, respectively, correctly detected the resistant muta-
tions present at 60% frequency and the pncA deletion at 40% frequency (Table 1).

Identification of lineages. Identification to the subspecies level was highly accurate
in all panels. All laboratories were able to correctly assign the Coll (4) type or genotypic
designation to the pure samples included. The naming conventions were consistent
within each laboratory but not completely consistent between laboratories. Detection of
the mixed genotypes was not required to score full marks; reporting a mixed genotype
was sufficient. Nevertheless, in 2019, 9 (64.3%) of 14 laboratories correctly identified the
constituents and proportions of the 75:25 mixture of Euro-American (LAM) lineage
4.3.4.2 and East Asian (Beijing) lineage 2.2.1.

Relatedness analysis. (i) Duplicate isolates. Over the 4 years, 10 duplicate isolates
were included in the panels. Laboratories were expected to cluster these isolates and
indicate they were very closely related, suggesting either possible transmission or labo-
ratory contamination. There were a total of 133 duplicate calls expected, of which 131
(98.5%) were correctly identified as closely related. The single pair of identical isolates
missed by one laboratory was due to a clerical error. A precise SNP distance was
reported for 114 of these duplicate calls, of which 91 (80%) were reported to have zero
SNP distance. The distribution of the SNP distances reported is summarized Fig. 1.

(ii) Epidemiologically clustered but nonidentical samples. Over the 4 years, 230
relationships between independent epidemiologically linked isolates were included in
the panels. Among those, 220 (95.7%) were correctly reported by the laboratories as
potentially epidemiologically linked. The 10 missed links were due to a failure to cor-
rectly cluster a DNA sample with a FASTQ file. For 170 (77.3%) of the identified links, a
precise SNP distance was provided, including three links reported as likely to be epide-
miologically linked but with a SNPs distance of 20 (Fig. 1). In 2019, a sample closely
related to two other clustered isolates was included in the panel with an estimated
SNP distance of 12 SNPs (based on the organizing laboratories analytical pipeline). The
SNP distances reported for this sample are indicated in Fig. 1.

Two synthetic FASTQ files in the 2020 panel differed by three SNPs. The two sam-
ples were correctly identified by all laboratories as clustered, and 10 (71%) laboratories
reported an exact SNPs distance between these isolates which ranged from 1 to 7
SNPs (blue bars in fig. 1).

Overall, there were 18 incorrect epidemiologically linked samples reported; 1 was the
result of a clerical error already mentioned above, while the remaining 17 were the result of
unrelated isolates being incorrectly joined by the clustering algorithm. This was due to the

TABLE 2 Criteria used for scoring the WGS external quality assessmenta

Error
Points
lost

Incorrect drug resistance-associated call (resistance versus susceptibility) 10
Unreported low-confidence resistance mutation or resistance predicted
at the incorrect level (high versus intermediate versus low)

5

Failure to report an MDR-TB (yr 2017)a 25
Failure to detect a mixed genotype 10
Failure to detect rifampicin resistance, 50% or more, in a mixed sample 10
Incorrect genotype (sub/species) assigned to an isolate 10
Incorrect assignment of an isolate to a genetic cluster 6
aMDR-TB, multidrug-resistant tuberculosis; WGS, whole-genome sequencing.
bThis heavy penalty for missing an MDR-TB was not included in the later panels as more complex isolates mixed
with other strains with different sensitivities or less common resistance mutations were included in these panels.
Miscalling individual drugs was still penalized with 10 points when a high-confidence mutation was missed.

Experiences Organizing anM. tuberculosisWGS EQA Microbiology Spectrum

January/February 2023 Volume 11 Issue 1 10.1128/spectrum.02244-22 4

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02244-22


presence of a DNA sample containing a mixture of two isolates belonging to different clus-
ters in both the 2018 and 2019 panels. In 2017 and 2020, a genetically related but not clus-
tered sample with an approximate distance of 50 SNPs was included in the panels. In 2017,
none of the 12 laboratories considered this sample epidemiologically linked with any other
sample in the panel, while in 2020, one of 14 laboratories indicated this sample as closely
related to a cluster. The laboratories that reported an SNP distance for these pairs estimated
a distance of between 23 and 81 SNPs, with an average of 64 SNPs (gray bars in Fig. 1).

DISCUSSION

Of the 32 EU/EEA TB NRLs invited to participate, almost 50% (between 12 and 15)
joined this initiative. They represent the current EU/EEA laboratories routinely using
WGS or in the process of implementing this technology to characterize M. tuberculosis
isolates. A rapid switch to the use of M. tuberculosis WGS is under way, but as this meth-
odology is not yet fully standardized, the development of an external quality assurance
system is critical to assess and compare laboratories’ proficiency. M. tuberculosis WGS-
based genotyping has been shown to be superior to MIRU-VNTR-based genotyping with
respect to resolution, reproducibility, and cluster detection (8, 12, 13), and the use of
WGS for prediction of resistance and susceptibility to anti-TB drugs shows great promise,
even if the precise resistance mechanisms for new and repurposed drugs remain uncer-
tain. In addition, laboratories value M. tuberculosis WGS as a potential cost-saving oppor-
tunity, for instance by reducing the need for phenotypic drug susceptibility testing (DST)
in the presence of fully susceptible isolates.

Importantly, the recent publication by the World Health Organization (WHO) of a
curated list of M. tuberculosis mutations and their associated link with resistance/sus-
ceptibility provides a basis for future development of M. tuberculosis WGS, including its
use as the reference method for specific drugs and EQAs. This publication represents a
significant development with respect to the standardization and acceptance of this
methodology for M. tuberculosis complex drug susceptibility prediction (20).

Genotyping. Overall, the results of WGS-based mycobacterial genotyping were
more accurate compared to the ones previously observed in EQA rounds based on
MIRU-VNTR typing (12). Nonetheless, some laboratories did report structurally high

FIG 1 Frequency of scored single nucleotide polymorphism (SNP) distances reported for duplicate samples (black bars),
epidemiologically linked samples (empty bars), closely related (approximately 12 SNP distance, red bars), synthetic FASTQ pair (four
SNPs and one 3-bp insertion, blue bars), and a genetically close but nonclustered sample (approximately 50-bp distance, gray bars).
For the black, empty, and blue bars, a recent epidemiological link should not be ruled out; for the red bars, an epidemiological link is
possible but unlikely; and for the gray bars, a recent epidemiological link should be ruled out.
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SNP distances for closely related isolates, even if the isolates were correctly reported as
potentially related. This is likely due to incomplete filtering of noise in the SNP-calling
algorithm, often caused by not excluding all poorly mapped reads, used by different
laboratories, which makes the comparison of precise SNP distances provided by the
EQA participants potentially misleading (21).

The presence of SNP-calling noise was further confirmed by the analysis of the
duplicate isolates included in the EQA panel. In this case, only 67% of the links were
identified with a zero SNP distance (Table 1; Fig. 1). Thus, low numbers of SNPs should
be treated with caution when investigating transmission chains, as in many pipelines,
a proportion of these SNPs may be due to artifacts (Fig. 1). In addition, the inclusion of
two synthetic FASTQ files generated from an edited reference sequence (22) and differ-
ing by three single SNPs, one double nucleotide change, and one 3-bp insertion (sam-
ple 12 and 13 in Table 3) were reported by participating laboratories as differing by a
number of SNPs ranging from one to seven, which is in line with previous findings (21).
These minor differences between pipelines, although having only minor effects when
detecting potentially epidemiologically linked isolates, may have implications when
inferring transmission chains as the natural accumulation of mutations in M. tuberculo-
sis is extremely slow (9).

The inclusion in the panel of samples containing a mixed genotype between iso-
lates belonging to two different clusters resulted in over clustering when the analysis
was performed by core genome multilocus sequence typing (cg-MLST). In this case,
two unrelated clusters were combined in one cluster with the mixed genotypes iso-
lates linking the two unrelated clusters together. This was largely a consequence of
lack of familiarity with the characteristics of the specific clustering algorithms used, as
in all cases the laboratories correctly identified the different genotypes (Coll clades) of
the artificially clustered isolates. The naming conventions were consistent within each
laboratory but not completely consistent between laboratories; this problem related to
the complex publication history of these names and was not encountered for the Coll
system (4). For this reason, for communication between laboratories, the Coll classifica-
tion system is favored and will be required in future rounds of this EQA.

Given the lack of a standardization between different analytical pipelines, the inter-
laboratory comparison of WGS genotypic results is not fully accurate. Therefore, the
primary way to check whether a cluster identified by one laboratory is linked to a clus-
ter identified by another laboratory is by sharing strains, DNA, or FASTQ files between
the two sites and having them analyzed by a single pipeline.

This is a critical issue that was partially addressed within the EuSeqMyTB initiative
(14, 23) by generating a central WGS data repository in which all sequence data of
rifampicin-resistant/multidrug-resistant M. tuberculosis strains were analyzed using a
common pipeline. Importantly, the lessons learned from this pilot initiative served as a
base for the development by the European Centre for Disease Prevention and Control
(ECDC) of a WGS-based surveillance system for M. tuberculosis within the newly estab-
lished EpiPulse platform (https://www.ecdc.europa.eu/en/news-events/launch-epipulse
-new-portal-strengthen-prevention-and-control-infectious-diseases).

Prediction of drug susceptibility. The use of WGS for the prediction of drug sus-
ceptibility was highly accurate, as all laboratories over the 4 years of this study correctly
identified all fully susceptible strains. Similarly, laboratories showed good performance
in the detection of mutations associated with drug resistance. It should be noted that
that these EQA rounds were performed prior to the publication of the WHO catalogue
(20). The most common errors were related to: (i) intrinsic limitations of the analytical
pipeline used (e.g., unable to detect large gene deletions); (ii) interpretation and report-
ing of specific resistance-associated mutations present in genes not routinely screened
by laboratories (e.g., mutation M117T in the panD gene conferring PZA resistance); and
(iii) clerical errors. The second type of error is likely overemphasized in this exercise, as
in order to challenge laboratories, rarely encountered mutations were included, and
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during this exercise, no standard curated list of potentially resistance-associated was
available.

All mutations with strong association to phenotypic drug resistance were expected
to be reported and the impact on the associated phenotypic resistance was expected
to be indicated. Mutations with a moderate or weak association to phenotypic drug resist-
ance were expected to be identified, and further investigations, for example by phenotypic
testing, were expected to be suggested. In 2017, one laboratory failed to report a high-
confidence mutation for isoniazid resistance located in the gene upstream region. In this
case, the specific pipeline used correctly detected the mutation, but it was, however, missed
by the user because only the gene-coding regions were included the screening scheme.

Mutations in genes of interest with unknown or weak association with resistance
were obviously more challenging (18). The fabG1 L203L mutation (16, 17) included in
2019 was detected and reported as significant by 8 of 14 laboratories but correctly
linked to isoniazid (INH) resistance by only 7 laboratories. When this omission was com-
municated, one laboratory, which missed the phenotype associated with this mutation,
indicated that they have previously seen this mutation but did not link it with an INH-
resistant phenotype. This raises an interesting reporting problem, as three laboratories
indicated they would not report an undocumented mutation with unknown pheno-
typic implications to their clinical colleagues. Reporting standards are an ongoing dis-
cussion and future EQA panels should reflect these discussions. The recently published
list of mutations by the WHO addresses this critical issue (20) and will be used to
inform the scoring of this EQA in the following rounds. Nonetheless, even before this
list became available, many laboratories were able to identify and even interpret novel
mutations. For example, the single base pair deletion/insertion in samples 6 and 10 in
the 2020 panel was reported, with 50% of laboratories suggesting confirmation of the
resistant phenotype by MIC determination and drug susceptibility testing. This empha-
sizes the great potential of WGS for MIC prediction as the knowledge base builds (24).

In conclusion, this EQA activity was designed to assess and challenge M. tuberculosis
WGS pipeline results, interpretation, and reporting—and we believe helped improve—
the quality of M. tuberculosis WGS analysis in the EU/EEA particularly with respect to
the prediction of drug resistance/susceptibility. Intralaboratory genotyping capacity
was also assessed, and with the use of the shared FASTQ files, an assessment of interla-
boratory reproducibility was also attempted. Overall, WGS-based genotyping EQA
results were more reliable and accurate than those based on the previously used reference
method, MIRU-VNTR. Even if for now we limited the evaluation to the laboratory capacity
to identify likely related strains rather than directly comparing SNPs distance between iso-
lates, we believe that future EQA rounds should look more carefully at the different per-
formance of individual pipelines and help identifying criteria for standardization.

Study limitations.We recognize that the WGS EQA scheme described in this paper
has some limitations. We assessed the laboratories’ capacity to analyze WGS data with
respect to drug resistance prediction and relatedness analysis but have not directly
evaluated the quality of the generated raw sequence data nor compared the different
analytical pipelines or the performance of the various sequencing technologies used
(i.e., Illumina platforms and IonTorrent). Although only one laboratory used the IonTorrent
platform, we did not observe any impact on the laboratory capacity to detect the resist-
ance-associated mutations or on its capacity to identify likely related clones.

Although the quality of the raw sequence data generated by the different laborato-
ries was not assessed, we did include in the EQA panel five FASTQ files, which would
have indirectly indicated if the quality of the raw sequence data was the primary
source of errors. This did not appear to be the case. However, the inclusion of these
files did highlight some difficulties of some participants to effectively cluster geneti-
cally closely related isolates when the WGS sequence was not generated locally. This
was likely due to inexperience or possibly by the lack of standardized protocols for the
processing and downstream analysis of the shared FASTQ files compared to the ones

Experiences Organizing anM. tuberculosisWGS EQA Microbiology Spectrum

January/February 2023 Volume 11 Issue 1 10.1128/spectrum.02244-22 9

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02244-22


generated locally. If this is indeed the case, we expect it to be resolved in future EQA
rounds.

Second, during the study period (2017 to 2020), there was no single globally endorsed
list of resistance-associated mutations for M. tuberculosis complex to guide data interpre-
tation. However, the recent publication by WHO of the catalogue of mutations in M. tu-
berculosis complex and their association with drug resistance (20) resolves this limitation
and provides a standard to be used in future EQA rounds.

Third, although more rapid (or slightly delayed) reporting of EQA results was not
scored, we acknowledge the importance of providing WGS results within short turn-
around times. Therefore, we will discuss the possibility of scoring this indicator in
future EQA schemes.

In addition, given the increasing relevance of nontuberculous mycobacteria (NTMs)
infections within our network and globally, we will consider the inclusion of more NTM
species within future EQA panels. Finally, we acknowledge that fact that this EQA activ-
ity is not ISO accredited.

MATERIALS ANDMETHODS
Participants. National TB reference laboratories in the EU/EEA routinely performing WGS genotyping of

M. tuberculosis isolates or in the process of establishing this service were invited to enroll in the EQA scheme
for WGS. A total of 13, 12, 14, and 15 laboratories within the ERLTB-Net-2 participated in 2017, 2018, 2019,
and 2020, respectively. The National Institute for Public Health and the Environment (RIVM) coordi-
nated test panels preparation, distribution, data analysis, and laboratory certification (Fig. S1).

EQA panel composition. The four test panels prepared in 2017, 2018, 2019, and 2020 consisted of ten
high molecular weight genomic DNA from mycobacterial isolates, supplemented, in year 2018 onwards,
with five FASTQ files generated in the organizing laboratory. Then, in 2020, three FASTQ files were replaced
by synthetic files to allow for additional flexibility with the inclusion of specific variants not represented in
the isolate collection of the organizing institution (Table 3). The panels prepared at the RIVM were distrib-
uted as noninfectious inactivated DNA to participating laboratories. The laboratories were asked to perform
WGS typing using their standard methodology and to report the results to the RIVM.

Reference results were based on the in-house analysis of WGS sequence data obtained in the RIVM
(10) supplemented with phenotypic-based DST data routinely obtained from the selected isolates. As
the majority of M. tuberculosis isolates in the EU/EEA are phenotypically sensitive to first line antimyco-
bacterial drugs, all panels included at least 50% sensitive isolates, providing the possibility to assess the
specificity of drug resistance prediction (i.e., detection of false-positive resistance calls). The remain-
ing M. tuberculosis strains were mono- or multidrug-resistant isolates carrying a mix of frequently
encountered and rare mutations associated/interim-associated with drug resistance. Strains with
rarely encountered mutations in genes associated with drug resistance but with uncertain or no
documented association with drug resistance were also included.

All panels contained either two or three duplicate samples consisting of exactly the same DNA. In 2018
and 2019, duplicates consisted of extracted DNA and data obtained by the organizing laboratory shared in
the form of FASTQ files. Genetically close isolates ($12 to 50 SNPs apart) not considered to be part of a
recent cluster, according to the RIVM pipeline (10), were also included in two panels.

The panels also included DNA from different members of the M. tuberculosis complex, as well as
other mycobacterial species that were expected to be identified as nontuberculous isolates. The labora-
tories were asked to define the bacteria at the species/subspecies level.

Finally, panels included artificial mixtures of DNA from two different M. tuberculosis complex strains
at specific ratio to challenge the laboratories WGS analysis pipeline by mimicking mixed infections or
potential laboratory cross-contaminations. The composition of the different EQA panels from 2017 to
2020 is outlined in Table 3.

In 2020, three synthetic FASTQ files (200-bp reads) were included in the panel. They were generated
from a reference M. tuberculosis reference FASTA (AE000516.2 CDC1551 complete genome [25]) file by
CuReSim, a customized tool using the default options to generate synthetic new-generation sequencing
reads (22). Mutations were manually introduced into the reference sequence and mixed alleles created
by combining synthetic reads generated from different input files by CuReSim and combining them into
a single file in the desired ratio. Table 4 reports the specific mutations introduced into the three syn-
thetic FASTQ file in 2020 and their respective frequency. Of note, the results from the analysis of the syn-
thetic FASTQ files did not contribute to the overall EQA assessment score due to their novelty but still
reported to the participating laboratories for information.

EQA panel preparation. DNA was extracted using the CTAB method (26). The DNA was prepared
exactly as previously described for MIRU-VNTR EQA panels (12). Briefly, DNA concentration was meas-
ured with the Nanodrop ND-1000 system (Thermo Scientific, Wilmington, DE). For the preparation of
test panels, the DNA samples were diluted to a final concentration of 100 ng/mL. The test panels were
stored at 4°C and shipped to registered laboratories at room temperature by a courier service. FASTQ
files were made available for download from a link provided by email to laboratories who agreed to
participate.
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EQA results assessment and reporting. Laboratories were expected to report the methodology used,
any mutations regarded as significant with respect to drug resistance, and the genotype of the isolates, as
well as to indicate isolates they regarded as genetically closely related (potentially clustered). Finally, labora-
tories were requested to provide an interpretation of these results based on their standard reporting of WGS
sequence results for routine isolates. Duplicates and isolates belonging to a molecular cluster, defined by a
six SNPs distance threshold, were correctly scored if reported as closely related. The reporting of the exact
genetic SNPs distance between the different isolates was not mandatory but recorded when provided. The
RIVM compared the results from each laboratory to those expected and reported the individual results to
each of the laboratories. Laboratories were given the option to query any discrepancies.

An initial conclusion on the submitted EQA results was communicated to each laboratory. Participants
were able to query specific results or ask for clarifications to the organizing laboratory. Points were
deducted if isolates were not correctly identified or if drug resistance-associated mutations were not
reported or correctly interpreted. The criteria used for scoring the EQA results slightly varied over the years
(Table 2) to reflect the changes of the EQA panel composition. An EQA WGS proficiency certificate was
granted to laboratories that scored at least 75 of 100 points.

Data availability. All WGS data generated at RIVM for this study are deposited as FASTQ files in the
Sequence Read Archive of the National Center for Biotechnology Information (accession number PRJNA896516).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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