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Summary
Background Routine whole genome sequencing of Mycobacterium tuberculosis has been implemented with increasing
frequency. However, its value for tuberculosis (TB) control programs beyond individual case management and
enhanced drug resistance detection has not yet been explored.

Methods We analysed routine sequencing data of culture-confirmed TB cases notified between 1st January 2017 and
31st December 2021 in New South Wales (NSW), Australia. Genomic surveillance included evidence of local TB
transmission, defined by single nucleotide polymorphism (SNP) clustering over a variable (0–25) SNP threshold,
and drug resistance conferring mutations.

FindingsM. tuberculosis sequences from 1831 patients were examined, representing 64.8% of all notified TB cases and
96.2% of culture-confirmed cases. Applying a traditional 5-SNP cluster threshold identified 62 transmission clusters
with 183 clustered cases; 101/183 (55.2%) had 0 SNP differences. Cluster assessment over a 5-year period, using a 5-
SNP threshold, provided a comprehensive overview of likely recent transmission within NSW, Australia, as an
indicator of local TB control. Genotypic drug susceptibility testing (DST) was highly concordant with phenotypic
DST and provided a 6.8% increase in antimycobacterial resistance detection. Importantly, it detected mutations
missed by routine molecular tests. Lineage 2 strains were more likely to be drug resistant (p < 0.0001) and locally
transmitted if drug resistant (p < 0.0001).

Interpretation Performing routine prospective WGS in a low incidence country like Australia, provides genomically
informed programmatic indicators of local TB control. A rolling 5-year cluster assessment reflects epidemic
containment and progress towards ‘zero TB transmission’. Genomic DST also provides valuable information for
clinical care and drug resistance surveillance.
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Research in context

Evidence before this study
M. tuberculosis culture-based whole genome sequencing
(WGS) has been used with increasing frequency in low
incidence settings for tuberculosis (TB) drug resistance
surveillance and transmission tracking. However, the value of
routine prospective WGS at the TB control program level,
particularly in informing enhanced programmatic indicators
of local TB control, have not been assessed.

Added value of this study
This is the first study to explore programmatic indicators of
local TB control derived from routine WGS. A variable pairwise
SNPs distance (0-25 SNPs) cluster definition was used to
explore the most appropriate SNP cut-off for TB control
monitoring and proactive transmission tracking. A rolling 5-
year cluster assessment, using a 5-SNP cut off, seemed to
offer a useful TB control program indicator of local TB
transmission. A particular focus on large and/or protracted

clusters identified instances of failed disease containment and
opportunities for TB control improvement. Despite routine
phenotypic drug susceptibility testing (DST), genomic DST
provided an overall 6.8% increase in detecting drug resistance
mutations with likely clinical relevance.

Implications of all the available evidence
Routine WGS provides high-resolution transmission
surveillance that can enhance TB control efforts by guiding
targeted public health interventions. A ‘rolling 5-year review’
of large and protracted transmission clusters offers a
pragmatic indicator to monitor local TB transmission and TB
control program performance. Assessment of TB cases
representing likely local TB transmission is useful to inform
progress towards ‘zero TB transmission’ in low incidence
countries. Routine WGS also provides ongoing surveillance of
drug resistance mutations with accurate drug resistance
prediction guiding personalised TB treatment.
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Introduction
Tuberculosis (TB) remains a leading infectious disease
threat worldwide with more than 10 million people
developing TB and ∼1.5 million deaths attributed to TB
every year.1 The emergence of highly drug-resistant
Mycobacterium tuberculosis strains poses additional
challenges.1,2 Globally, 3–4% of new infections and
18–21% of previously treated TB cases have rifampicin-
or multidrug-resistant (RR/MDR) TB.1 Before 2020,
global TB incidence and mortality trends were
declining, but not enough to meet World Health Orga-
nization (WHO) End TB targets.1 However, the health
system disruption caused by the COVID-19 inflicted
major setbacks to global TB control efforts.1

Australia has a low burden of TB with an annual
incidence of ∼6 cases per 100,000 population and
∼2–3% of RR/MDR-TB cases per year.3 New South
Wales (NSW) has the highest number of TB notifica-
tions, with ∼90% of TB cases occurring in people born
in high TB incidence countries.4 Although TB case
numbers in NSW remain relatively small compared to
high incidence settings, TB control is a constitutionally
mandated public health priority in Australia and the
country has made a formal commitment to pursue local
TB elimination.

Recent advances in whole genome sequencing (WGS)
have accelerated the integration of pathogen genomics
into public health surveillance and control efforts.5 WGS
provides major advantages over conventional testing
methods, particularly with regards to rapid drug resis-
tance assessment and high-resolution surveillance, which
allows better targeted public health responses.6,7 The
benefits of routine genotypic drug susceptibility testing
(DST) over phenotypic DST presents an opportunity to
standardise techniques across laboratories and reduce
time to drug resistance detection, which is important for
clinical case management.7

Given these advantages, routine WGS has been
increasingly applied in low TB incidence settings to
improve personalised case management and disease
control efforts.8,9 NSW began routine prospective WGS
of all culture-confirmed TB cases in 2016 and stand-
ardised processes were implemented from 2017. The
utility of WGS for timely recognition of drug resistance
and accurate transmission tracking for individual cases
and TB outbreaks has been recognised in many
settings,10–13 but the use of routine WGS in advising and
evaluating the overall performance of TB control pro-
grams has yet to be established. One suggested metric is
the calculation of “locally transmitted TB incidence” to
reflect local TB control in low TB incidence settings.9

The calculation of ‘locally transmitted TB incidence’,
based on standardized cluster definitions and epidemi-
ological verification, presents an opportunity to establish
programmatic indicators of local TB control that eval-
uate progress towards the aspirational goal of “zero TB
transmission”. In this study, we aimed to explore the
potential for routine WGS to provide genomically
informed programmatic indicators, which can be used
to evaluate TB control program performance.
Methods
TB is a notifiable condition under the NSW Public
Health Act (2010). We used the STREGA reporting
guidelines14 to perform an analysis of all TB cases with
cultured isolates referred to the NSW Mycobacterium
Reference Laboratory (MRL) at the Institute of Clinical
Pathology and Medical Research (ICPMR) NSW Health
Pathology, with a specimen collection date between 1st
www.thelancet.com Vol 41 December, 2023
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January 2017 and 31st December 2021. All positive
M. tuberculosis cultures were routinely referred to the
NSW MRL by public and private pathology providers for
confirmatory identification, phenotypic DST, and pro-
spective WGS, usually from primary cultures.
M. tuberculosis isolates were cultured either in BACTEC
MGIT 960 (Becton Dickinson) or on Lowenstein Jensen
(LJ) slopes; confirmatory identification was performed
using real-time PCR targeting IS6110 and regions of
deletion analysis.15

Phenotypic drug susceptibility testing (pDST)
Phenotypic DST was conducted using the modified
microdilution method in the BACTEC MGIT 960 system
with WHO recommended critical concentrations.15 In
brief, we tested first line TB drugs at the following critical
concentrations; 0.1 μg/mL (low) and 0.4 μg/mL (high) for
isoniazid (INH), 1 μg/mL for rifampicin (RIF), 100 μg/
mL for pyrazinamide (PZA), and 5 μg/mL for ethambutol
(EMB). Isolates with discrepant PZA resistance received
further testing using the Wayne assay. Isolates resistant
to rifampicin or more than one first-line drug, or upon
request from the clinician, were tested for resistance
against second-line TB drugs; including amikacin (1 μg/
mL), and moxifloxacin (0.25 μg/mL).

Whole genome sequencing (WGS) and lineage
determination
All M. tuberculosis isolates were prospectively sequenced
in house. WGS libraries were prepared with DNA
extracted from MGIT or LJ cultures using the Nextera
XT kit (Illumina, San Diego, California). Sequencing
was performed on an IIlumina NextSeq500 (Illumina,
San Diego, California) instrument using 2 × 150 bp
paired-end chemistry as previously described. The
quality of short reads was checked using FastQC v0.1
(https://github.com/s-andrews/FastQC). Sequenced
reads were trimmed using Trimmomatic v0.36 (https://
github.com/usadellab/Trimmomatic). Trimmed reads
were mapped to the M. tuberculosis H37Rv reference
genome (NCBI GenBank accession NC_000962.3) using
Mykrobe predict/master to classify isolates into major
M. tuberculosis lineages.16

Genotypic drug susceptibility testing (gDST)
Single-nucleotide polymorphisms (SNPs) and small
insertion/deletions (indels) were called using Snippy
v3.1 (https://github.com/tseemann/snippy) with a
minimum coverage of five reads and a minimum frac-
tion of variant bases of 10%, using the M. tuberculosis
H37Rv as reference genome. SNPs identified by Snippy
were manually cross-checked against known TB drug
resistance conferring mutations listed in the 2021 WHO
Catalogue.17,18 Large indels associated with drug resis-
tance were detected using RedDog v1beta.8 (https://
github.com/katholt/RedDog). Mutations associated
with resistance to any first-line drugs (isoniazid,
www.thelancet.com Vol 41 December, 2023
rifampicin, pyrazinamide, ethambutol) were included in
the analysis, as well as those associated with resistance
to second-line injectables (amikacin, capreomycin,
kanamycin) and fluoroquinolones.

The perceived added value of gDST for first-line drug
resistance detection, defined as increased sensitivity to
detect high confidence mutations missed by other
routine tests, was assessed by considering the presence
of drug resistance conferring mutations detected in
strains that tested susceptible on pDST or in whom
pDST was unsuccessful. We only considered the drug
resistance conferring mutations classified as group 1
(Assoc W R) and group 2 (Assoc w R – Interim) in the
2021 WHO Catalogue.17,18

Genomic clusters suggestive of recent TB
transmission
Sequence reads were mapped to the M. tuberculosis
H37Rv genome using RedDog v1beta.8 (https://github.
com/katholt/RedDog) with default settings. The quality
filter for SNP alignment in cluster and phylogenetic
analysis was defined as reads covering over 98% of the
reference genome with >15x coverage of all isolates, and
minimum depth of five in at least 95% of reads. PE/PPE
and mobile genomic regions were excluded from SNP
alignment.19 Pairwise SNP distances were calculated
using Snp-dists v0.6 (https://github.com/tseemann/
snp-dists). SNP clusters were identified using the hier-
archical single-linkage agglomerative clustering algo-
rithm in python package. A lineage specific
transmission overview was obtained by incorporating a
5-SNP cut-off together with the case collection date and
assumed molecular clock of 0.5 SNP per year per
genome, using the Transcluster package (https://github.
com/JamesStimson/transcluster). The estimated rate of
recent transmission (RRT) was used to assess likely local
transmission. The RRT was calculated using the for-
mula (N-C)/T*100, where N is the number of clustered
isolates (using a 5-SNP cut off), C the number of clus-
ters and T the total number of isolates analysed.20

Statistical analysis and ethics
Prism GraphPad v9.4.1 was used for statistical ana-
lyses. The accuracy of gDST was calculated using
descriptive statistics and reported with 95% confidence
intervals. Genomic markers of drug resistance and
differences in transmission clusters between lineages
were assessed using the Fisher’s exact and paired-t
tests with a significance level of p < 0.05. The study
received ethics approval from the Western Sydney
Local Health District (WSLHD) Human Research
Ethics Committee (approval no. 2019/PID14240).

Role of the funding source
The funders of this study did not have any role in study
design, data collection, data analysis, data interpretation
or writing of this manuscript.
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Results
In total, M. tuberculosis strains from 1831 patients were
sequenced, representing 64.8% of all notified TB cases
in NSW during the study period; 84.8% of all bacterio-
logically confirmed cases and 96.2% of all culture
confirmed cases (Figure S1). Patients with successfully
sequenced M. tuberculosis strains were highly represen-
tative of the microbiologically-confirmed TB patient
cohort in NSW (Table 1). The gender, age group and
disease type (∼33.3% of sequences obtained from non-
respiratory specimens) associated with sequenced iso-
lates were also highly comparable to ratios observed
among all notified TB cases. Children <15 years were
the only under-represented group, representing 1.9% of
all TB cases and only 0.8% of those sequenced, but
numbers were very small and all 14 cases who had
microbiological confirmation were successfully
sequenced. All four major M. tuberculosis strain lineages
were represented, with Lineage 1 (n = 571, 31.2%) and
Lineage 2 (n = 544, 29.7%) strains being most common.

Phenotypic and genotypic drug resistance
Routine pDST data were available for 1829/1831
(99.9%) isolates, with 198 (198/1829, 10.8%) resistant
to one or more first-line TB drug (Table S1). Among
drug resistant isolates, five (2.5%) were RR and 40
(20.2%) were MDR (defined as resistance to both
isoniazid and rifampicin); four (10.0%) had additional
fluoroquinolone resistance. Among strains with any
All notified TB cases Microbiologically confirmeda

n (%) n (%)

Gender

Male 1563 (55.3) 1192 (55.2)

Female 1258 (44.5) 964 (44.7)

Not stated <5 (<0.1) <5 (<0.1)

Transgender <5 (<0.1) <5 (<0.1)

Total 2824 (100%) 2158 (100%)

Age (years)

<15 55 (1.9) 14 (0.6)

15–29 897 (31.8) 699 (32.4)

30–44 793 (28.1) 589 (27.3)

45–64 570 (20.2) 432 (20.0)

≥65 509 (18.0) 424 (19.6)

Total 2824 (100%) 2158 (100%)

Disease type

PTB 1521 (53.9) 1218 (56.4)

PTB + EPTB 305 (10.8) 280 (13.0)

EPTB only 997 (35.3) 660 (30.6)

Total 2824 (100%) 2158 (100%)

EPTB: extrapulmonary tuberculosis; NA: not available; PCR: Polymerase Chain Reaction
tuberculosis; WGS: whole genome sequencing. aCulture and/or PCR positive. b254 cases
sequenced. cSuccessfully sequenced isolates represented 64.8% of all notified TB cases,
cases.

Table 1: Overview of all notified TB cases and those whose M. tuberculosis is
drug resistance, 179 were resistant to isoniazid; 133
(74.3%) were mono-resistant to isoniazid, 40 (22.3%)
were MDR and 6 (3.4%) were poly-resistant (isoniazid
resistance with additional resistance to any drug other
than rifampicin). Mono-resistance against pyr-
azinamide (13/198, 6.6%) and ethambutol (1/198,
0.5%) was uncommon. Second-line pDST data were
available for RR/MDR strains; four were resistant to
fluoroquinolones and none to injectables (amikacin,
capreomycin, kanamycin). Drug resistant strains were
detected in all lineages (Fig. 1a) but were significantly
over-represented in Lineage 2 compared to other
phylogenetic lineages combined (odds ratio 2.1, 95%
CI 1.7–2.8, p < 0.0001).

Among sequenced isolates 12.2% (223/1831) con-
tained a mutation predicting likely resistance to at least
one first-line drug.17,18 Mutations in the Rifampicin
Resistance Determining Region (RRDR) of the rpoB
gene (detected by Xpert MTB/RIF®) were documented
in 97.8% (44/45) of strains with phenotypic rifampicin
resistance (Fig. 1b). However, two strains had a rpoB
V170F mutation outside the RRDR that was associated
with phenotypic resistance but not detected by Xpert
MTB/RIF®. In addition, one phenotypically susceptible
strain had a rpoB L430P mutation located within the
RRDR, which has been associated with low-level
rifampicin resistance.21 Monitoring the local frequency
of these clinically relevant mutations has important
surveillance value.
Culture confirmedb Successfully sequenced With pDST

n (%) n (%) n (%)

1067 (56.0) 1016 (55.5) 1016 (55.5)

835 (43.9) 813 (44.4) 811 (44.3)

<5 (<0.1) <5 (<0.1) <5 (<0.1)

<5 (<0.1) <5 (<0.1) <5 (<0.1)

1904 (100%) 1831 (100%) 1829 (100%)

14 (0.6) 14 (0.8) 14 (0.8)

626 (32.9) 582 (31.8) 581 (31.8)

510 (26.8) 494 (27.0) 494 (27.0)

383 (20.1) 375 (20.5) 375 (20.5)

373 (19.6) 366 (20.0) 365 (19.9)

1906 (100%) 1831 (100%) 1829 (100%)

1113 (58.5) NA NA

260 (13.7) NA NA

531 (27.9) NA NA

1904 (100%) 1831c (100%) 1829 (100%)

; pDST: phenotypic drug susceptibility testing; PTB: pulmonary tuberculosis; TB:
were confirmed by PCR only; 96.2% of culture confirmed cases were successfully
84.8% of all bacteriologically confirmed cases, and 96.2% of all culture confirmed

olates were successfully sequenced.
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Fig. 1: Overview of M. tuberculosis drug resistance profiles, and transmission clusters identified over the 5-year study period. a):
M. tuberculosis lineage-specific pDST profiles. Numbers (n) in brackets next to drugs (X axis) indicate the total number of isolates with
phenotypic resistance against the specified drug. Numbers (N) in brackets next to lineages (legend) indicate the total number of isolates per
lineage. b): Frequency of mutations inside or outside the RRDR and its association with phenotypic rifampicin resistance. All mutations
identified for rifampicin resistance were group 1 (Assoc w R) mutations according to the 2021 WHO drug resistant TB mutation catalogue.
Mutations outside RRDR (indicated by the red bar) would be missed by Gene Xpert. c): Number of M. tuberculosis transmission clusters
identified. ‘SNP distance’ defined as the number of SNP differences from 0 to 25 and ‘SNP cluster’ defined using variable pairwise SNP distance
cluster definition. d): Number of TB cases contained in these clusters. EMB: ethambutol; INH: isoniazid; MDR: multidrug-resistant; PZA: pyr-
azinamide; pDST: phenotypic drug susceptibility testing; RIF: rifampicin; RRDR: Rifampicin Resistance Determining Region used for rifampicin
resistance detection by Xpert MTB/RIF®/ULTRA® and Hain GenoType MTBDRplus V2; SNP: single nucleotide polymorphism; TB: tuberculosis;
XDR: extensively drug resistant. *delCACAinsTCCC p.HisLys445SerGln; **with compensatory mutations in rpoC P1040R (n = 3, MDR-TB), I491T
(n = 3, 2 MDR-TB and 1 RR-TB); ***Number of isolates reflects the number of TB patients in identified transmission clusters.

Articles
Mutations in genes conferring resistance to INH
were detected in 82.1% (197/240) of isolates with any
gDST resistance (Table S3). The most common muta-
tions were katG S315T (n = 113) and fabG1-inhA (−15
c > t, n = 45; −8 t > c, n = 4; −8 t>a, n = 5) promoter
mutations, which are included in the Genotype
MTBDRplus v2® kit (HAIN LifeSciences). katG muta-
tions were always associated with high-level (>0.4 μg/
mL) isoniazid resistance, except for a 275-bp deletion in
the katG-furA intergenic region in one isolate that was
phenotypically susceptible, as well as katG A106V and
M105I mutations. katG A106V were detected in eight
www.thelancet.com Vol 41 December, 2023
isolates, and M105I in one isolate, showing low-level
(0.1–0.4 μg/mL) isoniazid resistance. In contrast,
fabG1-inhA mutations, found in 27.0% of isolates, were
mostly (80.8%) associated with low-level (0.1–0.4 μg/
mL) isoniazid resistance.

Mutations in genes conferring resistance to PZA
were detected in 84.2% (32/38) of phenotypically resis-
tant isolates and in 16 susceptible isolates (Figure S2).
All 26 isolates phenotypically resistant to ethambutol, as
well as five phenotypically susceptible, had mutations in
the embB gene (Figure S3). Mutations associated with
fluroquinolone resistance were detected in six additional
5
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pDST n (%)

RIF 45 (2.5%)

INH 179 (9.8%)

PZAb 38 (2.1%)

EMBb 26 (1.4%)

MDR 40 (2.2%)

Total 198/1829 (10.8%

CI: confidence interval; DST:
PPV: Positive Predictive Valu
resistance. dReflects gDST ‘va
as “Assoc w R′′ in 2021 WHO
catalogue on gDST and that
tested PZA resistant by pDST
(198−6 = 192). The mutation
(n = 5), and fabG1 -8 t > c

Table 2: Overview of gDS
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isolates that tested susceptible to all first-line TB drugs
by pDST. Additionally, two MDR isolates were found to
have mutations in genes conferring resistance to
second-line injectables agents (amikacin, capreomycin,
kanamycin).

Compared to pDST, gDST demonstrated high accu-
racy with 96.5% (95% CI 92.9%–98.3%) sensitivity and
98.2% (95% CI 97.4%–98.7%) specificity in predicting
first-line drug resistance, with the reference standard
defined by pDST using specified critical concentrations
(Table 2). gDST detected all MDR and phenotypically
drug resistant cases. In the study setting, where routine
pDST was performed, gDST detected an additional 6.8%
of cases with likely drug resistance (Table 2). The
number of discordant pairs observed included six iso-
lates that tested PZA resistant by pDST, but had no
recognised resistance conferring mutations detected by
gDST. These strains were considered to be ‘PZA resis-
tanc missed by gDST’ and were subtracted from the
perceived ‘added value of gDST’ calculation
(198−6 = 192).

Transmission surveillance & examination of SNP
thresholds for cluster assessment
Of 1831 sequenced isolates (median coverage of 83x;
range 15–751x), 1821 (99.5%) passed the quality filter
for SNP alignment and were included in transmission
cluster analysis. Fig. 1 illustrates the number of clusters
(1c), and the number of TB patients within these clus-
ters (1d), identified using an increasing (0–25) SNP
distance cut-off for cluster identification. Previous
studies used variable (0, 5, or 12) SNP cut-offs to identify
genomic clusters in comparison with identified epide-
miological clusters.5 The application of a large and in-
clusive 25 SNP threshold that is not highly reflective of
likely recent transmission, identified 88 clusters
gDST n (%) Sensitivity % (95% CI) Specificity % (95% CI) PPV % (95%

46 (2.5%) 100 (92.1–100) 99.9 (99.7–100) 97.8 (88.7–9

195 (10.6%) 99.4 (96.9–100) 99.0 (98.4–99.4) 91.3 (86.5–9

48 (2.6%) 84.2 (69.6–92.6) 99.1 (98.6–99.5) 66.7 (52.5–7

31 (1.7%) 100 (87.1–100) 99.7 (99.4–99.9) 83.9 (67.4–9

42 (2.3%) 100 (91.2–100) 99.9 (99.6–100) 95.2 (84.2–9

) 221/1829 (12.1%) 96.5 (92.9–98.3) 98.2(97.4–98.7) 86.4 (81.3–9

drug susceptibility testing; gDST: genotypic DST; pDST: phenotypic DST; EMB: ethambutol;
e. aCompared to pDST (regarded as the reference standard). bpDST result was unavailable f
lue add’ in the presence of routine pDST; would be greatly increased in settings without rout
catalogue and specimens with failed pDST. eAll discordant’ indicate strains with resistance
tested susceptible on pDST. fpDST failed. gFraction with resistance mutations not detected b
, but had no recognised resistance conferring mutations detected by gDST. These resistant s
s that contributed to the 6.8% ‘value add’ estimate for first-line drug resistance detection, i
(n = 1).

Ta accuracy for first-line drug resistance detection and consideration of its ‘pe
representing 15.0% (273/1821) of all sequenced TB
cases, with an estimated RRT of 10.2% (25-SNP RRT).
Application of a traditional 5-SNP threshold identified
62 clusters with 183 clustered TB cases and an esti-
mated RRT of 6.8% (5-SNP RRT). A more conservative
2-SNP cut-off identified 55 clusters and 160 clustered
TB cases, with an estimated RRT of 5.8% (2-SNP RRT).
Of these clustered cases 101/160 (63.1%) had 0 SNP
differences, which is highly indicative of recent person-
to-person transmission within Australia.

We assessed clusters by lineage using 0 SNP
(Figure S4), 2 SNP (Table S1), 5 SNP (Fig. 2), and 12
SNP (Figure S5) cut-offs over the 5-year study period. A
5-SNP cut-off identified eight large clusters (defined as
≥5 cases per cluster) that included a total of 60 TB cases.
Lineage 2 strains had the largest proportion of clustered
isolates (79/543, 14.5%); significantly more than the
other lineages combined (odds ratio 1.9, 95% CI 1.4–2.6,
p < 0.0001) (Table S4). Lineage 2 strains also had a
higher proportion of TB cases in large clusters (34/79,
43.0%) compared to the other lineages combined (odds
ratio 2.8, 95% CI 1.7–4.6, p < 0.0001) (Table S4). We
performed expanded cluster assessment, using 0, 2 and
5 SNP cut-offs, over a rolling 2-year period (Table S5,
Figure S6). The proportion of TB isolates in large clus-
ters were identical using a 2-SNP or 5-SNP cut-off.
Overall we believe that use of a 5-SNP cut-off for clus-
ter identification, with analysis over a rolling 5-year re-
view period, should provide a standard and highly
informative overview of likely local transmission in low
incidence settings, like Australia.

We also examined protracted multi-year clusters as
an indication of sub-optimal local TB control. Such
clusters included cases detected in at least three out of
five consecutive years. In total, 29.0% (18/62) of all
clusters (using a 5-SNP cut-off) were multi-year clusters,
CI) NPV % (95% CI) Perceived added value of gDSTd

All discordante gDST onlyf Frequency of
perceived value addg

9.9) 100 (99.8–100) 1 0 2.2% (1/45)

4.5) 99.9 (99.7–100) 11 1 6.7% (12/179)

8.3) 99.7 (99.3–99.9) 16c 0 0% (0/38)

2.9) 100 (99.8–100) 5 0 19.2% (5/26)

9.2) 100 (99.8–100) 2 0 5.0% (2/40)

0.3) 99.6 (99.1–99.8) 12 1 6.8% (13/192g)

INH: isoniazid; PZA: pyrazinamide; RIF: rifampicin; NPV: Negative Predictive Value;
or 1 isolate. cOverall poor confidence in individual mutations associated with PZA
ine pDST. The ‘value add’ include discordant results with mutations that are graded
mutations that are graded as “Assoc W R′′ and “Assoc w R -Interim” in 2021 WHO
y routine pDST. The number of discordant pairs observed included six isolates that
trains ‘missed by gDST’ were subtracted from the perceived added value calculation
ncluded rpoB L430P (n = 1), katG S315T (n = 1), fabG1 -15 c > t (n = 5), fabG1 -8 t>a

rceived added value’ in the study context.
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Fig. 2: All M. tuberculosis transmission clusters* identified over the 5-year study period. Y-axis indicates the study year (2017–2021) and the
X-axis the sequential clusters identified in that year. *Using a five SNP distance cut-off; programmatically the focus should be on larger and/or
multi-year clusters that indicate failed containment. **The clusters on the X-axis are presented in the order they were identified, based on the
isolate in cluster with the earliest collection date. Single cases (small dots) included were part of multi-year clusters dispersed over the period
indicated. SNP: single nucleotide polymorphism.

Articles
containing 83 TB cases (Table S4). Lineage 2 strains
were significantly more likely to have a higher percent-
age of cases in multi-year clusters compared to the other
lineages combined (odds ratio 1.6, 95% CI 1.2–2.3,
p = 0.003). Among 18 multi-year clusters, seven were
large clusters including 55 TB cases. Lineage 2 strains
were more likely to be included in large multi-year
clusters (odds ratio 2.1, 95% CI 1.4–3.4, p = 0.001).

Fig. 3 provides a ‘birds eye’ overview of lineage-
specific clusters suggestive of local TB transmission
over the study period, including 35 (35/183, 19.1%)
drug resistant isolates; one was MDR and 34 were
isoniazid mono-resistant (Table S4). Among drug
resistant isolates, Lineage 2 strains were more
frequently associated with local transmission clusters
than the other phylogenetic lineages combined (odds
ratio 9.5, 95% CI 3.7–23.2, p < 0.0001) (Table S4).
Discussion
This study employed data from routine M. tuberculosis
cultures that were prospectively sequenced by the NSW
TB control program to explore genomically-informed
programmatic indicators of local TB control. Routine
WGS can provide unique insight into local TB trans-
mission dynamics, particularly in low TB incidence
www.thelancet.com Vol 41 December, 2023
settings like Australia.6,7 During the study period, most
microbiologically-confirmed TB cases were successfully
sequenced with sufficient quality for high resolution
genomic surveillance. We assessed pairwise SNP clus-
tering over a wide range (0–25) of SNP differences, and
over two different rolling time frames to ascertain the
most useful metrics for objective programmatic perfor-
mance review and comparison.

SNP-based clustering has been used to track trans-
mission chains with high fidelity,22 but the use of stan-
dard SNP thresholds for transmission inference has
been questioned.5 In our study, we applied a 5-SNP cut-
off for cluster identification, since it is aligned with the
most widely accepted international practice, which is
important for data comparison. However, use of more
stringent 0–2 SNP cut-offs also require consideration,
since it may prove beneficial in settings with a high
number of imported TB cases from specific high-
incidence regions. A stringent SNP cut-off may also
provide stronger impetus for detailed epidemiological
investigation to verify local TB transmission. A stronger
focus on stringent (0–2) SNP clusters may be warranted,
since they are more representative of recent local
transmission and justify targeted public health in-
terventions. In NSW all clusters with ≤5 SNPs are
currently investigated, although the majority of these
7
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Fig. 3: ‘Birds eye’ overview of lineage-specific tuberculosis cases and likely local M. tuberculosis transmission* observed in New South
Wales, Australia, over the 5-year study period (2017–2021). Single dots within each lineage circle represents one sequenced M. tuberculosis
isolate (TB patient). The varying density of dots reflects variation in the number of lineage specific TB cases (Table S4). For clustered cases the
size of the cluster is explained in the legend with large clusters representing ≥5 cases/isolates and small clusters <5 cases/isolates. *Assessment
of M. tuberculosis transmission clustering using a 5 SNPs cluster cut-off. SNP: single nucleotide polymorphism; TB: tuberculosis.
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clusters have 0 SNP differences indicating a high like-
lihood of recent transmission within NSW, Australia.

As a standard and reproducible TB control metric we
propose a rolling 5-year cluster assessment, using a 5-
SNP cluster threshold, alongside classical epidemiolog-
ical investigation to monitor and track likely local
transmission. Given molecular clock estimates for
M. tuberculosis of ∼0.5 SNP/year this should broadly
reflect transmission that occurred within the past
decade,23,24 although it must be acknowledged that the
‘molecular clock’ of M. tuberculosis is highly variable and
influenced by multiple factors.25 Progression from
infection to disease usually occurs within five years of
infection/re-infection, but can be delayed for many de-
cades or occur within one year of infection as seen in
young children.26 Australian data indicate that the ma-
jority of TB cases in migrants occur within 5-years of
arrival from countries with a high TB incidence,27

although the contribution of reinfection following re-
turn visits to their country of origin in subsequent years
remains uncertain. Incorporating a rolling 5-year cluster
assessment as a standardised metric into annual TB
control reports could provide an important program-
matic indicator of local TB control.

We believe a 5-year time window represents a
reasonable compromise between practicality and
comprehensiveness within a low incidence setting.
However, assessments over different rolling time
frames, such as annual or 2-yearly reviews, may provide
additional perspectives and valuable interim insights,
particularly in the initial phases of routine WGS sur-
veillance or in higher incidence settings. In our experi-
ence the use of a rolling 2-year period limited multi-year
cluster recognition and showed a fluctuating trend,
which may make it more difficult to recognise shifts in
transmission patterns. We recommend a rolling 5-year
time frame as a starting point for standardised cluster
assessment, with the flexibility to review and modify it
as additional data becomes available. The large and/or
multi-year clusters identified during our study represent
www.thelancet.com Vol 41 December, 2023
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missed opportunities for disease prevention with
delayed transmission control that can be improved by
better targeted public health responses. In practice, a
public health containment strategy for each cluster of
concern should be developed in close collaboration with
the TB control program, considering epidemiological
data, as well as sociocultural context and workforce
considerations.

Assessment of local transmission is particularly
important for drug resistant TB,28 since the trans-
mission of drug resistant strains adds urgency to
containment efforts. Rapid drug resistance detection
assists treatment optimisation, which is important to
improve patient outcomes and to minimize community
transmission. Active surveillance of the full repertoire of
drug resistance mutations is also useful to guide
empiric treatment when patient-specific drug resistance
results are lacking. An important WGS surveillance
function is the ability to detect resistance mutations
missed by more selective methods. ‘Diagnostic selec-
tion’ of drug resistant strains with mutations outside the
RRDR that are missed by Xpert MTB/RIF® has been
demonstrated in Eswatini.29 From a programmatic
perspective it is important to monitor the frequency of
these mutations, since misdiagnosis of RR/MDR TB
compromises patient outcomes and facilitates ongoing
transmission of drug resistant strains within commu-
nities. Our initial findings also supported observations
of potential ‘false positive’ RR/MDR-TB detection by
Xpert MTB/RIF®.30 However, discordant results
observed prior to August 2019 could be explained by
changes in the critical concentration used to define
in vitro rifampicin resistance. The one ‘false positive’
rifampicin resistant strain detected by gDST, would
have tested phenotypically resistant using the new
0.5 μg/mL critical concentration.31 This highlights the
difficulty of uncertain critical concentrations, especially
for novel TB drugs where phenotypic methods are still
in development.

Apart from mutation surveillance, gDST also pro-
vides clinically useful information. More than 15.0%
of strains had genomic markers of isoniazid resis-
tance that were undetectable by commercial molecular
tests, including Gene Xpert XDR (Cepheid) and Ge-
notype MTBDRplus v2 (HAIN LifeSciences). These
included atypical katG-furA (including a large dele-
tion), fabG1-inhA and ahpC mutations. WGS based
gDST assesses the complete genetic repertoire,
including uncommon isoniazid resistance conferring
mutations such as katG S315N and fabG1 L203L that
may be associated with low- or high-level resistance.
The full diversity of mutations associated with pyr-
azinamide resistance have not been established and
global mutation databases correlate poorly with pDST
results.17,18 Discrepancies observed between pDST and
gDST results require careful consideration. Routine
gDST identified drug resistance mutations against
www.thelancet.com Vol 41 December, 2023
first-line TB drugs in an additional 6.8% of
M. tuberculosis isolates compared to routine pDST and
identified genomic markers of fluoroquinolone resis-
tance in cases that were phenotypically susceptible to
all first-line drugs and therefore not phenotypically
tested for second-line drug resistance. The limitations
of pDST as reference standard are well recognised,
given instances of suboptimal accuracy.1,18 The gDST
‘added value’ calculated in this study assumed routine
pDST against first-line TB drugs, which is not avail-
able in most settings and may not be worthwhile to
continue once routine gDST is well established.21

Replacing routine pDST with gDST is cost saving
and will reduce ‘time to drug resistance detection’,
with better tailored treatment providing clinical and
programmatic benefits.6

Some important study limitations have to be
acknowledged. We used laboratory data that lacked
relevant epidemiological and clinical data, such as
whether the cases were newly diagnosed or previously
treated. In NSW the proportion of TB cases with a his-
tory of previous treatment is consistently below 5.0%,4

but in settings where re-treatment is more common
further analysis of this subgroup may offer interesting
insights. Like all non-metagenomic studies, our study
only sequenced culture positive TB cases and sequenced
strains might have been affected by culture selection.
The fact that 64.8% of all notified TB cases were
sequenced and that sequenced cases had a similar age,
gender and disease profile as all notified cases, gives us
confidence in the representativeness of our cohort and
is a major study strength. However, it is important to
consider that certain groups, such as children with low
culture yields were underrepresented. Lastly, although
close collaboration occurs between the laboratory and
the NSW TB Program to integrate epidemiological data
in day-to-day assessment of identified transmission
clusters, this study could not integrate epidemiological
or individual patient data into the analyses. We
acknowledge the important added value of such data
and the need for close collaboration with the TB control
programme to assist critical assessment and interpre-
tation of sequencing data.

In conclusion, routine WGS of M. tuberculosis
offered important benefits for transmission and drug
resistance surveillance. Monitoring of genomic case
clusters was useful to guide public health in-
terventions and could provide a useful programmatic
indicator for enhanced TB control. It may also assist to
measure progress towards ‘zero TB transmission’ in
low TB incidence countries like Australia.9 As a pro-
grammatic tool we propose a standard rolling 5-year
review of transmission clusters, using a 5-SNP
threshold, with additional assessment as relevant to
monitor local TB transmission and guide public
health interventions. In addition, routine gDST pro-
vided valuable information to assist patient
9
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management and could serve an important drug
resistance surveillance function.
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