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Summary
Background Whole genome sequencing (WGS) is increasingly used by tuberculosis (TB) programs to monitor
Mycobacterium tuberculosis (Mtb) transmission. We aimed to characterise the molecular epidemiology of TB and Mtb
transmission in the low-incidence setting of Victoria, Australia, and assess the utility of WGS.

MethodsWGS was performed on all firstMtb isolates from TB cases from 2017 to 2020. Potential clusters (≤12 sin-
gle nucleotide polymorphisms [SNPs]) were investigated for epidemiological links. Transmission events in highly-
related (≤5 SNPs) clusters were classified as likely or possible, based on the presence or absence of an epidemiologi-
cal link, respectively. Case characteristics and transmission settings (as defined by case relationship) were summar-
ised. Poisson regression was used to examine associations with secondary case number.

Findings Of 1844 TB cases, 1276 (69.2%) had sequenced isolates, with 182 (14.2%) in 54 highly-related clusters,
2−40 cases in size. Following investigation, 140 cases (11.0% of sequenced) were classified as resulting from likely/
possible local-transmission, including 82 (6.4%) for which transmission was likely. Common identified transmis-
sion settings were social/religious (26.4%), household (22.9%) and family living in different households (7.1%), but
many were uncertain (41.4%). While household transmission featured in many clusters (n = 24), clusters were gen-
erally smaller (median = 3 cases) than the fewer that included transmission in social/religious settings (n = 12,
median = 7.5 cases). Sputum-smear-positivity was associated with higher secondary case numbers.

Interpretation WGS results suggest Mtb transmission commonly occurs outside the household in our low-inci-
dence setting. Further work is required to optimise the use of WGS in public health management of TB.

Funding The Victorian Tuberculosis Program receives block funding for activities including case management and
contact tracing from the Victorian Department of Health. No specific funding for this report was received by manu-
script authors or the Victorian Tuberculosis Program, and the funders had no role in the study design, data collec-
tion, data analysis, interpretation or report writing.
*Corresponding author at: Victorian Tuberculosis Program, The Peter Doherty Institute of Infection and Immunity, Level 5, 792
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Research in context

Evidence before this study

Whole genome sequencing (WGS) is increasingly used by
tuberculosis (TB) programs to monitor Mycobacterium
tuberculosis (Mtb) transmission, with its increased discrimi-
natory power compared to previous typingmethods allow-
ing improved detection of clusters and chains of
transmission. We searched Medline for all articles pub-
lished from database inception to 31 December 2021, with
the terms “Mycobacterium tuberculosis” and “whole
genome sequencing”, limited to human studies. Results
revealed that WGS and epidemiological data have been
used to describe clustering in many settings and to investi-
gate Mtb transmission contexts in high-incidence settings.
However, no studies have yet used WGS and epidemiologi-
cal data to provide a detailed characterisation ofMtb trans-
mission, including an examination of transmission by age-
group and transmission setting, in a low-incidence setting.
Additionally, no studies have assessed the utility of routine
WGS to support TB program activities.

Added value of this study

Our study assesses the utility of WGS for TB program
activities over four years (2017−2020) in the low-inci-
dence setting of Victoria, Australia, and uses WGS and
epidemiological data to characterise Mtb transmission.
We found that Mtb transmission commonly occurs out-
side the household and, while this has been previously
suggested by genotyping studies in high incidence set-
tings, to our knowledge, ours is the first study to dem-
onstrate this in a low-incidence setting. Transmission
among young adults in social/religious settings
accounted for the majority of the identified extra-
household instances and the largest clusters. However,
a significant proportion also occurred between individu-
als without identified epidemiological links, which limits
the ability to translate WGS findings into public health
interventions in our setting.

Implications of all the available evidence

Integrating WGS and epidemiological data can improve
our understanding of Mtb transmission and so guide TB
control and case-finding efforts. However, continued
comprehensive investigations of instances of WGS clus-
tering without epidemiological links will be important
to advance our understanding.
Introduction
Tuberculosis (TB) is an infectious disease predomi-
nantly caused by the bacteria, Mycobacterium tuberculosis
(Mtb).1 Genotyping ofMtb isolates may be performed by
TB reference laboratories to assist in monitoring disease
transmission and outbreaks within populations. Geno-
typing is also used to identify laboratory cross-contami-
nation events, distinguish recurrent disease episodes as
relapses or reinfection, and classify Mtb isolates into lin-
eages.2−6 Molecular methods used for genotyping of
Mtb have progressed from techniques such as
spoligotyping,7,8 restriction fragment length polymor-
phism (RFLP), variable number tandem repeat
(VNTR)9 and mycobacterial interspersed repetitive unit
(MIRU) typing,10 to the routine use of whole genome
sequencing (WGS) in some centres.11,12 WGS has
increased discriminatory power compared to previous
typing methods, allowing for the prediction of drug
resistance13 and improved detection of clusters and
chains of transmission.14

The Australian state of Victoria has a population of
approximately 6.6 million15 and is considered to have a
low TB incidence (7.1 per 100,000 in 202116,17). A previ-
ous report assessing relatedness of Mtb in our setting
(2003−2010) using MIRU-VNTR typing and epidemio-
logical investigation concluded that 17.0% (390/2298)
of cases ‘possibly’ resulted from local transmission
(were genomically related), including 4.2% of cases that
‘likely’ did (were genomically related with known epide-
miological links).18 In Victoria, WGS has been routinely
used to sequence all first isolates since 2018, and some
prior isolates have also been retrospectively sequenced.
Here, we present the genomic epidemiology of Mtb in
Victoria from 2017 to 2020, characterising Mtb trans-
mission in our low-incidence setting, and assessing the
utility of genomic data integration into public health
investigation.
Methods

Study population
The study population included all TB cases diagnosed in
Victoria and notified to the Department of Health from
1 January 2017 to 31 December 2020, focusing on cul-
ture-confirmed cases with associated sequenced iso-
lates. Study start and end dates were determined by the
www.thelancet.com Vol 28 Month , 2022

http://creativecommons.org/licenses/by-nc-nd/4.0/


Articles
commencement of WGS in our setting (2017) and data
completeness, respectively. Notification of TB to public
health authorities is mandatory for clinicians and labo-
ratories in Australia. A confirmed case requires culture
or polymerase chain reaction confirmation of Mtb, or
clinical/radiological diagnosis by a medical practitioner
experienced in TB management.19 All notified cases of
TB are followed up by the Victorian Tuberculosis Pro-
gram (VTP), and epidemiological data are collected dur-
ing contact tracing investigations.
Susceptibility testing, whole genome sequencing and
bioinformatic analysis of Mtb complex isolates
During the study period, Mtb isolates were referred to
the Mycobacterium Reference Laboratory (MRL) at the
Victorian Infectious Diseases Reference Laboratory
(VIDRL) for identification and phenotypic susceptibility
testing (See Appendix 1 for methods). Sequencing and
genomic analyses were performed at the Microbiolog-
ical Diagnostic Unit Public Health Laboratory. Genomic
DNA was extracted from Mtb isolates grown on solid
culture utilising bead beating and ethanol precipitation
as previously described.20 Briefly, unique dual indexed
libraries were prepared using the Nextera XT DNA sam-
ple preparation kit (Illumina). Libraries were sequenced
on the Illumina NextSeq500/550 with 150-cycle paired
end chemistry as described by the manufacturer’s proto-
cols. Sequences not meeting predefined quality control
metrics (minimum average quality score 30, target
sequencing depth ≥40X were resequenced).

Sequences were analysed using a custom bioinfor-
matics pipeline for Mtb,21 incorporating mycobacterial
species identification, lineage calling, detection of anti-
microbial resistance (AMR)-conferring single nucleo-
tide polymorphisms (SNPs), phylogenetic analysis and
identification of genomic clusters.

Mycobacterial species identification was performed
by k-mer identification using the kraken2 tool22 and
minikraken.v2 database23,24 to identify Mtb complex
sequences, followed by use of the SNP-IT tool25 to iden-
tify Mtb sequences; non-Mtb sequences were excluded
from further analysis. Lineage calling and detection of
AMR-conferring SNPs were performed using the tb-
profiler tool, employing the ReSeqTB database.26

Phylogenetic analysis was performed by aligning
all genomes to the H37Rv (v3) reference (a widely
used strain in tuberculosis research27) and core
genome SNP calling using snippy (v4.4.5),28 phylo-
genetic tree building using iqtree (v1.6.12).29 Pair-
wise SNP distances were also calculated from this
alignment and single-linkage clustering performed
on the resulting matrix. Genomic clusters were
defined at two levels: ≤5 SNPs (highly related) and 6
−12 SNPs (potentially related), as these thresholds
are widely accepted/used internationally.30−32
www.thelancet.com Vol 28 Month , 2022
Incorporation of genomic sequencing results into
programmatic responses
Integration of whole genome sequencing results into
clinical and public health practice involved monthly
meetings and multilateral and continuous exchange
between a multidisciplinary team, including laboratory
scientists, bioinformaticians, epidemiologists, clini-
cians, and public health nurses.

The possibility a case was diagnosed due to labora-
tory contamination was considered for all clustered
cases. The final decision was made by the medical direc-
tor of the VTP, based on discussion with a multidisci-
plinary team described above and consideration of all
available evidence including: laboratory handling
records, to identify opportunity for co-handling or co-
process in specimens or isolates; medical opinion
regarding the likelihood the patient had TB; and the
presence or absence of epidemiological links between
the cases.
Epidemiological classification of cases
Classification was conducted according to national clus-
ter and outbreak definitions,33 with additional defini-
tions and methodological detail available in Appendix 2
and Box 1. Briefly, local-transmission (defined as trans-
mission occurring within the state of Victoria) was clas-
sified as ‘likely’ where both epidemiological and
genomic links were demonstrated between two cases,
‘possible’ where genomic clustering was seen without a
known epidemiological link, and ‘probable’ where epi-
demiological links were identified but genomic data
were unavailable. In each instance, transmission
between the two cases also needed to be physically, geo-
graphically and temporally possible (Appendix 2 and
Box 1). An epidemiological link was defined as when
exposure to a suspected source case/s in a shared space
was either known, or likely based on identified shared
personal connections, when the suspected source case/s
were infectious. Characteristics of suspected instances
of transmission were analysed, including case demo-
graphics and transmission settings. When describing
the age characteristics of source cases, for instances
where a secondary case had more than one possible
source case, the average age of all possible source cases
was presented. Findings in highly related (≤5 SNPs)
and potentially related (6−12 SNPs) clusters are sepa-
rately presented. Sequenced isolates from cases notified
prior to the study period were considered when classify-
ing cases and when referring to cluster size, but those
occurring after were not.

Box 1 Definitions of commonly used terms in
this report
Case: Any person with tuberculosis (TB) who is diag-
nosed and notified to the Victorian Department of
3
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Health. A person may be notified more than once due
to relapse or reinfection, and so each person may result
in more than one case. In this manuscript, all of the 182
cases in highly related clusters during the study period
were separate individuals.

Isolate: A pure culture of Mycobacterium tuberculosis
grown from a pulmonary or extra-pulmonary sample
taken from a TB case. The first isolate for each TB case
was used in this study.

Clusters:
Highly related: two or more cases with Mtb isolates

that differ by ≤5 SNPs on genomic analysis.
Potentially related: two or more cases with Mtb

isolates that differ by 6-12 SNPs on genomic analysis.
Instances of local transmission (see Appendix 2

for a more detailed explanation):
Likely: suspected secondary and source case/s

share an epidemiological link (see below) and also have
Mtb isolates that are highly genomically-related (differ
by ≤5 SNPs) on WGS.

Likely − source assigned: the “likely source case”
for a suspected secondary case can be assigned
because the suspected secondary case only had a
known epidemiological link with one other pulmonary
case in the cluster.

Likely − uncertain source: the source case is uncer-
tain because more than one possible source case has
genomic and epidemiological links with a secondary
case.

Possible: Mtb isolates of suspected secondary and
source case/s are highly genomically-related (differ by
≤5 SNPs) on WGS and no epidemiological link (see
below) could be identified between the two cases. Addi-
tionally, transmission was physically, temporally and
geographically possible, i.e. the possible source case
was pulmonary and over the age of nine (i.e. potentially
infectious with adult type pulmonary disease34,35); pre-
ceded the possible secondary case, with reference to
the potential infectious period of the earlier source
case/s and the symptom onset of the secondary case;
and both cases were present in our setting when the
source case was potentially infectious.

Probable: suspected secondary case has a known
epidemiological link (see below) with a suspected
source case, but whole genome sequencing data was
unavailable for one or both of the cases, because, for
example, the secondary case was culture negative.

Impossible: where transmission could not have
occurred between two cases because the first case was
extra pulmonary, or because the two cases had no rele-
vant temporal overlap in Australia, e.g. the suspected
secondary case migrated to Australia after the sus-
pected source case completed treatment.

Epidemiological link: a suspected secondary case
is known to have had contact with a suspected source
case/s in a shared space, or this is likely based on identi-
fied shared personal connections. Temporally, this con-
tact occurred when the suspected source case/s were
potentially infectious, and prior to the symptom onset
of the secondary case. Exposures of any duration were
considered.
Transmission settings (defined by the relationship
between the likely/possible source and secondary
cases):

Household: likely source and secondary cases share
the same address.

Family (living in different households): likely
source and secondary cases are members of the same
family but don’t share the same address.

Social: likely source and secondary cases are friends
living at separate addresses.

Religious: likely source and secondary cases
attended the same religious setting and live at separate
addresses.

Unknown: the transmission setting was uncertain/
unknown, due to the absence of known epidemiologi-
cal links.

Extra-household: All categories other than ‘house-
hold’ are regarded as extra-household transmission.

Abbreviations: Mtb = Mycobacterium tuberculosis;
SNP = single nucleotide polymorphisms; WGS = whole
genome sequencing.
Statistical analyses, including associations between TB
case characteristics and Mtb transmission
Differences between the characteristics of cases that
were sequenced and unsequenced were assessed using
Chi-Squared tests. The agreement between phenotypic
and genotypic antimicrobial resistance determinations
was assessed using Cohen’s Kappa coefficient, and we
report 95% confidence intervals.

Poisson regression, was used to examine associa-
tions between case characteristics and the number of
likely secondary cases, with an offset representing time
in the study and a random effect term used to model
variation between clusters (and, indirectly, lineage).
Multivariable logistic regression was also used to exam-
ine associations between case characteristics and two
outcomes of interest: being a likely and/or possible
source case (including cluster size as an independent
variable and cluster as a random effect term); and
having pulmonary involvement. All analyses were
performed using R, version 4.2.0.36 Cases missing
one or more characteristics were excluded from the
analysis. Univariable regression analyses were per-
formed and reported to show the unadjusted rela-
tionship between the independent and dependent
variables. The multivariable model was built using a
backwards stepwise procedure based on Akaike infor-
mation criterion. No adjustments were made for
multiple testing.
Role of funding source
The VTP receives block funding for activities from the
Victorian Department of Health. No specific funding
for this report was received by manuscript authors or
www.thelancet.com Vol 28 Month , 2022
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the VTP, and the funders had no role in the study
design, data analysis, interpretation or report writing.
Results
A total of 1854 TB cases were notified in Victoria
during the study period. Culture-confirmed isolates
were obtained from 1392 (1392/1854; 75.1%), and
Figure 1. Flow chart showing the results of molecular and epidemi
ria. See Box 1 of the main text for definitions. *The denominator f
determined to be instances of laboratory contamination.

www.thelancet.com Vol 28 Month , 2022
1286 (1286/1854; 69.4%, 92.4% of culture con-
firmed) underwent WGS (Figure 1 and Table 1). Fol-
lowing WGS, ten cases were de-notified as they
were determined to be due to laboratory contamina-
tion, reducing the number of notified cases to 1844
and the number of sequenced cases to 1276
(69.2%). The proportion of sequenced isolates var-
ied across the study years (70.5%, 98.5%, 99.4%
ological investigations into TB cases from 2017 to 2020 in Victo-
or these calculations is 1,276, and excludes nine notified cases
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Cases with

sequenced

isolates

Clustered

(≤5 SNPs)

Cluster sizes

(range)

Cases resulting from

local transmission

Source cases

Likely Likely and

possible

Likely Likely and

possible

Total 1276 206 (2 −40) 82 140 29 94

Year

2017 232 (18.2%) 39 (18.9%) (2−31) 10 (12.2%) 22 (15.7%) 9 (31%) 27 (28.7%)

2018 337 (26.4%) 68 (33%) (2 −33) 30 (36.6%) 44 (31.4%) 11 (37.9%) 25 (26.6%)

2019 341 (26.7%) 55 (26.7%) (2−36) 29 (35.4%) 39 (27.9%) 6 (20.7%) 24 (25.5%)

2020 366 (28.7%) 44 (21.4%) (2 −40) 13 (15.9%) 35 (25%) 3 (10.3%) 18 (19.1%)

Sex

Female 707 (55.4%) 110 (53.4%) (2 −40) 45 (54.9%) 76 (54.3%) 14 (48.3%) 56 (59.6%)

Male 569 (44.6%) 96 (46.6%) (2−39) 37 (45.1%) 64 (45.7%) 15 (51.7%) 38 (40.4%)

Age group

0-4 15 (1.2%) 13 (6.3%) (2−20) 8 (9.8%) 13 (9.3%) 0.00 1 (1.1%)

5-14 21 (1.6%) 12 (5.8%) (2 −21) 9 (11%) 12 (8.6%) 0.00 4 (4.3%)

15-24 252 (19.7%) 56 (27.2%) (2 −39) 33 (40.2%) 44 (31.4%) 8 (27.6%) 32 (34%)

25-34 374 (29.3%) 52 (25.2%) (2 −40) 17 (20.7%) 33 (23.6%) 7 (24.1%) 21 (22.3%)

35-64 400 (31.3%) 54 (26.2%) (2−37) 9 (11%) 26 (18.6%) 11 (37.9%) 29 (30.9%)

65+ 214 (16.8%) 19 (9.2%) (2−38) 6 (7.3%) 12 (8.6%) 3 (10.3%) 7 (7.4%)

Median age 34 (25 - 55) 29 (22 - 43) NA 23.5 (18 - 31.75) 25 (19 - 37) 33 (23 - 51) 29 (22.25 - 43)

Manifestation

Extra Pulmonary 394 (30.9%) 33 (16%) (2−35) 11 (13.4%) 25 (17.9%) 0 0

Pulmonary 628 (49.2%) 130 (63.1%) (2−38) 58 (70.7%) 84 (60%) 23 (79.3%) 70 (74.5%)

Pulmonary Plus

Other Sites

254 (19.9%) 43 (20.9%) (2−40) 13 (15.9%) 31 (22.1%) 6 (20.7%) 24 (25.5%)

Sputum Smear

Negative/

Unknown

1007 (78.9%) 137 (66.5%) (2−38) 60 (73.2%) 106 (75.7%) 7 (24.1%) 43 (45.7%)

Positive 269 (21.1%) 69 (33.5%) (2−40) 22 (26.8%) 34 (24.3%) 22 (75.9%) 51 (54.3%)

Cavity

No results 318 (24.9%) 35 (17%) (2−33) 12 (14.6%) 27 (19.3%) 5 (17.2%) 8 (8.5%)

No 761 (59.6%) 118 (57.3%) (2−40) 53 (64.6%) 86 (61.4%) 10 (34.5%) 48 (51.1%)

Yes 197 (15.4%) 53 (25.7%) (2−39) 17 (20.7%) 27 (19.3%) 14 (48.3%) 38 (40.4%)

Cough

Missing 16 (1.3%) 2 (1%) (2−5) 2 (2.4%) 2 (1.4%) 0 0

No 694 (54.4%) 98 (47.6%) (2−40) 44 (53.7%) 74 (52.9%) 5 (17.2%) 32 (34%)

Yes 566 (44.4%) 106 (51.5%) (2 −38) 36 (43.9%) 64 (45.7%) 24 (82.8%) 62 (66%)

Symptoms

Missing 16 (1.3%) 2 (1%) (2− 5) 2 (2.4%) 2 (1.4%) 0 0

No 123 (9.6%) 16 (7.8%) (2−21) 8 (9.8%) 10 (7.1%) 1 (3.4%)b 6 (6.4%)

Yes 1137 (89.1%) 188 (91.3%) (2−40) 72 (87.8%) 128 (91.4%) 28 (96.6%) 88 (93.6%)

Resistance

Missing 2 (0.2%) 0 0 0 0 0 0

Fully sensitive 1150 (90.1%) 190 (92.2%) (2 −40) 76 (92.7%) 129 (92.1%) 27 (93.1%) 89 (94.7%)

Yes 124 (9.7%) 16 (7.8%) (2−5) 6 (7.3%) 11 (7.9%) 2 (6.9%) 5 (5.3%)

Work

Missing 48 (3.8%) 4 (1.9%) (2 −23) 1 (1.2%) 3 (2.1%) 0.00 1 (1.1%)

Employed 524 (41.1%) 80 (38.8%) (2−39) 29 (35.4%) 50 (35.7%) 11 (37.9%) 40 (42.6%)

Home duties 93 (7.3%) 26 (12.6%) (2−22) 13 (15.9%) 23 (16.4%) 2 (6.9%) 5 (5.3%)

Retired 189 (14.8%) 17 (8.3%) (2−7) 6 (7.3%) 9 (6.4%) 5 (17.2%) 8 (8.5%)

Student 279 (21.9%) 42 (20.4%) (2−27) 19 (23.2%) 31 (22.1%) 3 (10.3%) 18 (19.1%)

Tourist/visitor 14 (1.1%) 1 (0.5%) (2−1) 0 0 1 (3.4%) 1 (1.1%)

Unemployed 129 (10.1%) 36 (17.5%) (2 − 40) 14 (17.1%) 24 (17.1%) 7 (24.1%) 21 (22.3%)

Table 1 (Continued)
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Cases with

sequenced

isolates

Clustered

(≤5 SNPs)

Cluster sizes

(range)

Cases resulting from

local transmission

Source cases

Likely Likely and

possible

Likely Likely and

possible

Risk factors

Substance abuse 35 (2.7%) 20 (9.7%) (2− 40) 12 (14.6%) 18 (12.9%) 4 (13.8%) 15 (16%)

Ever homeless 31 (2.4%) 8 (3.9%) (2−37) 2 (2.4%) 4 (2.9%) 2 (6.9%) 6 (6.4%)

Ever resided in

prison

32 (2.5%) 10 (4.9%) (2−38) 3 (3.7%) 5 (3.6%) 2 (6.9%) 8 (8.5%)

Australian-born

child <15years,

parent/s from

high risk

country

17 (1.3%) 9 (4.4%) (2−21) 8 (9.8%) 9 (6.4%) 0.00 1 (1.1%)

Household mem-

ber or close

contact

203 (15.9%) 90 (43.7%) (2−39) 66 (80.5%) 78 (55.7%) 7 (24.1%) 31 (33%)

Residency

Unknown 19 (1.5%) 0 0 0 0 0 0

Australia born 107 (8.4%) 51 (24.8%) (2−39) 28 (34.1%) 44 (31.4%) 3 (10.3%) 20 (21.3%)

Permanent

resident

699 (54.8%) 124 (60.2%) (2−40) 46 (56.1%) 82 (58.6%) 22 (75.9%) 59 (62.8%)

Overseas student 228 (17.9%) 18 (8.7%) (2− 5) 3 (3.7%) 7 (5%) 3 (10.3%) 10 (10.6%)

Refugee /

humanitarian

24 (1.9%) 5 (2.4%) (2− 9) 3 (3.7%) 4 (2.9%) 0 2 (2.1%)

Unauthorized

person

4 (0.3%) 0 0 0 0 0 0

Visitor 79 (6.2%) 3 (1.5%) (2 − 29) 1 (1.2%) 2 (1.4%) 1 (3.4%) 1 (1.1%)

Other 116 (9.1%) 5 (2.4%) (2− 8) 1 (1.2%) 1 (0.7%) 0 2 (2.1%)

Place of birth

Missing 3 (0.2%) 0 0 0 0 0 0

Australian born 108 (8.5%) 51 (24.8%) (2−39) 28 (34.1%) 44 (31.4%) 3 (10.3%) 20 (21.3%)

Overseas born 1165 (91.3%) 155 (75.2%) (2 −40) 54 (65.9%) 96 (68.6%) 26 (89.7%) 74 (78.7%)

Median time to

healthcare presen-

tation (IQR)

27 (3−67) 30 (8 - 73) NA 31 (11.5 - 70) 27 (3−75.5) 30 (12.5−61.75) 29 (12−73)

Median years since

arrival before TB

event date, if

overseas-born

(IQR)

5 (2 −14) 9 (3−16) NA 13.5 (6.25 −16.75) 11.5 (4.25−16) 7 (3−14.75) 10 (3 −16)

Table 1: Characteristics of TB cases with sequenced isolates in Victoria 2017−2020
a

.
Abbreviations: SNP=single nucleotide polymorphisms; MDR=multi-drug resistant; IQR=interquartile range; NA=not applicable.

a Excludes 10 initially notified TB cases that were subsequently determined to have resulted from laboratory contamination.
b Although “No” was entered in the symptom field, the case was noted to have had a cough on-and-off for several months in their case notes.

Articles
and 99.5% in 2017, 2018, 2019 and 2020 respec-
tively).

The 569 cases without sequenced isolates were made
up of 462 culture-negative cases, and 107 culture-posi-
tive cases with unsequenced isolates, 97 (97/107;
90.7%) of which were from the end of 2017, when fund-
ing for sequencing was limited. Overall, in the unse-
quenced group there was a higher proportion of
children under five years of age (24/569 [4.2%] versus
15/1276 [1.2%], p <0.001) and 5−14 years of age (18/569
www.thelancet.com Vol 28 Month , 2022
[3.2%] versus 21/1276 [1.6%], p = 0.069) and a higher
proportion of extrapulmonary cases (315/569 [55.3%]
versus 395/1276 [31.0%], p < 0.001) compared to
sequenced cases (Appendix Table 1).
Strain diversity
The 1276 Mtb isolates included in the study were from
five different previously described lineages,37 with Line-
age 1 (Indo-Oceanic, 372/1276; 29¢2%), Lineage 2 (East-
7



Figure 2. Timeline of genotypic clusters seen among Victorian TB cases from 2017 to 2020. Clusters are ordered on the y axis by line-
age, cluster (≤ 12) size, and sub-cluster number (≤ 5), and this is also indicated by the lightening point colours. Lineages are given by
the point colours: Lineage 3 = orange; Lineage 1 = green; Lineage 4 = blue, and Lineage 2 = red. On the y axis, the figures prior to
and after the forward-slash refer to the cluster (≤ 12) and sub-cluster (≤ 5) numbers, respectively. (For interpretation of the referen-
ces to color in this figure legend, the reader is referred to the web version of this article.)
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Asian, 333/1276; 26.1%), Lineage 3 (East-African-
Indian, 236/1276; 18.5%) and Lineage 4 (Euro-Amer-
ican, 331/1276; 25.9%) accounting for 99.8% of all
identified strains (Figure 2). There was also a single
isolate from Lineage 6, a single Mycobacterium bovis
isolate, and lineage could not be assigned for a fur-
ther two isolates.
Phenotypic-genotypic concordance of antimicrobial
resistance profiles
Phenotypic drug susceptibility testing results were
obtained from 1383 isolates during the study period
(excluding isolates determined to have resulted from
laboratory contamination), with 112 (112/1383; 8.1%)
found to be resistant to isoniazid, 23 (23/1383; 1.7%)
resistant to rifampicin, 11 (11/1383; 0.8%) resistant to
ethambutol, 28 (28/1383; 2.0%) resistant to pyrazina-
mide, and 11 (11/1383; 0.8%) resistant to moxifloxacin.
There were eight (8/1383; 0.6%) multi-drug resistant
cases (resistant to isoniazid and rifampicin) and nine
(9/1383; 0.7%) pre-extensively drug-resistant cases
(resistance to isoniazid, rifampicin and moxifloxacin or
ofloxacin) during the study period.

Phenotypic and genotypic results for antimicrobial
resistance were predominantly concordant among
sequenced isolates. Where results were available, con-
cordance was highest for rifampicin (1231/1233; 99¢8%)
and ethambutol (1226/1233; 99.4%), and lower for pyra-
zinamide (1216/1235; 98.5%) and isoniazid (1216/1234;
98.5%) (Table 2). Phenotypic and/or genotypic results
were missing for the four main drugs for 9.7% of
sequenced isolates.

Leading concordant mutations were katG (p.
Ser315Thr) for isoniazid (61/1234; 4.9%), rpoB
(p.Ser450Leu) for rifampicin (7/1233; 0.6%), pncA (p.
Ser104Arg) for pyrazinamide (2/1235; 0.2%), and embB
(p.Gln497Arg) for ethambutol (2/1233; 0.2%) (Appen-
dix Table 2). The most common discordant gene muta-
tions were fabG1 (c.-15C>T) for isoniazid (7/1234;
0.6%), a promoter mutation that is known to result in
borderline resistance to isoniazid,38 and rpoB (p.
Leu452Pro) for rifampicin (1/1233; 0.1%). (Appendix
Table 2).
www.thelancet.com Vol 28 Month , 2022
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Clustering
Of all 1286 original TB notifications with sequenced iso-
lates during the study period, 216 (216/1286; 16.8%)
were in 66 potentially related clusters (≤12 SNP differ-
ences). Each genomic cluster could be divided into one
or more highly-related clusters (≤5 SNP difference), cre-
ating 80 highly related clusters (≤5 SNP difference) in
total. There were 1070 (1070/1286; 83.2%) genotypi-
cally unique isolates.

After epidemiologic investigation, 15 cases within the
highly-related clusters (≤5 SNP) were excluded as they
were identified as relapse (n = 3) or local transmission
was determined to be ‘impossible’ (n = 2) and, as men-
tioned earlier, ten cases were determined to be due to
laboratory contamination (see Box 1 and Figure 1). A fur-
ther 19 cases were only in potentially related clusters (6
−12 SNPs). This left 182 cases (182/1276; 14.2% of
sequenced cases) in 54 highly related clusters (≤5 SNP),
ranging from two to 40 cases in size (the largest cluster
includes 30 cases notified prior to the study period)
(Figure 2). A sample of a genomic report used program-
matically during the study period is included in Appen-
dix Figure 1.

Of these 182 cases in highly related clusters (≤5
SNP) during the study period, 42 were determined to be
exclusively likely and/or possible source cases (rather
than from local transmission themselves) and 140 were
secondary cases. Additionally, 52 of the 140 secondary
cases were also likely and/or possible source cases
themselves (i.e. they were potentially infectious and pos-
sibly/likely transmitted onwards). Of all 94 source
cases, 29 were determined to be likely, as they were
involved in likely instances of transmission (with known
epidemiological links), and a further 65 were deter-
mined to be possible source cases, because they
occurred prior to other cases in their cluster and,
although they didn’t share an epidemiological link with
any subsequent cases, transmission was physically, tem-
porally and geographically possible (see definitions in
Box 1 and Appendix 2). Of the 140 secondary cases
(140/1276; 11.0% of sequenced cases, ranging from 9.5
−13.1% of annual cases), 82 cases (82/1276; 6.4% of
sequenced cases) were designated as likely resulting
from local transmission (with known epidemiological
links, see definitions in Box 1) and 58 (58/1276; 4.5% of
sequenced cases) possibly resulted from local transmis-
sion (without known epidemiological links). Addition-
ally, there were 40 probable cases of transmission
during the study period, identified based only on epide-
miological links, because genomic results were unavail-
able for one or both cases.

Characteristics of local transmission
Considering all likely and possible instances of local
transmission identified in highly-related clusters,
26.4% (37/140) occurred in social or religious settings,
22.9% (32/140) within households and 7.1% (10/140)
9



Univariate analysis Multivariate analysis

Incidence
rate ratio

95% confidence
interval

p value Likelihood
ratio test

Incidence
rate ratio

95% confidence
interval

p value Likelihood
ratio test

Event year (versus 2017)
2018 1.62 (0.78−3.37) 0.195 0.082
2019 2.59 (1.25−5.38) 0.011
2020 1.61 (0.52−4.99) 0.410

Sex (males versus females) 0.72 (0.42−1.24) 0.232 0.231 0.41 (0.18−0.92) 0.031 0.030
Age group, years (versus 35−65 years)

0−14c,b

15−24 1.01 (0.50−2.02) 0.987
25−34 0.77 (0.39−1.50) 0.442
65+ 0.37 (0.13−1.08) 0.069

Overseas-born (versus Australian born) 0.71 (0.30−1.66) 0.427 0.448 4.46 (1.00−19.85) 0.050 0.023
Work status (versus employed)

Home duties 0.52 (0.12−2.25) 0.384 <0.001
Retired 0.72 (0.27−1.92) 0.509
Student 0.30 (0.09−1.02) 0.054
Tourist/Visitor 5.82 (1.35−24.97) 0.018
Unemployed 4.24 (2.28−7.88) <0.001

Residency status (versus Australian born)
Permanent resident 0.99 (0.42−2.34) 0.985 <0.001
Overseas student 0.25 (0.06−0.99) 0.048
Refugee/humanitarianb

Visitor 0.62 (0.12−3.07) 0.557
Otherb

Ever homeless 8.85 (4.17−18.80) <0.001 <0.001
History of substance abuse 6.21 (3.03−12.74) <0.001 <0.001
Ever in a correctional facility 5.82 (2.49−13.63) <0.001 0.001
CXR suggestive of past TB 3.25 (1.74−6.09) <0.001 <0.001 3.41 (0.99−11.80) 0.052 0.068
Lineage (versus Lineage 1) <0.001

Lineage 2 11.81 (2.79−49.98) <0.001 <0.001
Lineage 3 2.29 (0.38−13.70) 0.364
Lineage 4 11.67 (2.75−49.49) <0.001
Lineage 6b

Symptoms 6.00 (0.83−43.43) 0.076 0.015
Cough 5.22 (2.55−10.72) <0.001 <0.001 5.03 (1.60−15.83) 0.006 0.001
Cavity 5.23 (3.03−9.01) <0.001 <0.001
Sputum Smear positive 20.52 (9.66−43.58) <0.001 <0.001 12.74 (4.44−36.60) <0.001 <0.001
Any resistance to anti-microbials 0.97 (0.35−2.70) 0.957 0.957

Table 3: Factors associated with the number of secondary cases that a TB case leads to in Victoria 2017−2020, among all sequenced cases. Only secondary cases arising from likely source cases were
considered in this analysis.

a

a All analyses were performed with an offset for time in the study. Some TB cases (n = 64, 5.0%) were removed from the analysis due to missing data. The number of cases missing certain fields (not mutually exclusive) were, as

follows: work (n = 48), lineage (n = 3), symptoms (n = 16), cough (n = 16), sputum smear result (n = 5), resistance information (n = 2). We did not account for this missing data.
b Due to no observed transmission events from cases in this group the estimated incidence rate ratio, 95% confidence interval and p-value are not meaningful, and therefore not reported.
c 0-14 year olds (n = 34) were removed from the multivariate model because there were no outcomes.

Note: We excluded the risk factor “Australian-born child <15years, parent/s from high risk country” as it perfectly predicted not being a source case. We also excluded “Household member or close contact” because it reflects such a

variety of exposures, recent or not, household or not. We double-checked the impact of this variable in the multivariable model, and its impact was limited.
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Figure 3. Proportion of transmission that occurred in different contexts for the 140 identified instances in Victoria 2017-2020,
including instances that were A) likely or possible, or B) likely, possible or probable. “Other” includes instances of transmission in
health, education and child care settings.

Articles
within families living in different households, hence-
forth simply referred to as “family” (Figure 3A). While
household transmission featured in more clusters
(n = 24) than transmission in social/religious settings
(n = 12), the clusters were generally smaller (median of
3 cases, compared to 7.5 cases in social/religious set-
tings). There were also two instances of likely transmis-
sion in a healthcare setting, and one in an education
setting (“other” settings, 3/140; 2.1%). The remaining
transmission settings were unknown (58/140, 41.4%).
Therefore, if all 140 instances represent local transmis-
sion, 77.1% (108/140) occurred beyond household con-
tacts (70.0% beyond household and family contacts;
98/140), and 82.4% (28/34) of all sputum smear posi-
tive secondary cases (i.e. those likely to be infectious
themselves) resulted from transmission outside the
household. The contribution of household transmis-
sion increased if probable instances (n = 40) were
added (Figure 3b), with 70.6% (127/180) occurring
beyond the household and 56.7% (102/180) beyond
www.thelancet.com Vol 28 Month , 2022
the household and family contacts. Transmission in
household (21/40, 52.5%) and family (15/40, 37.5%)
settings was common among the probable cases of
transmission, with children under five and 5−14 years
of age making up 40.0% (16/40) and 22.5% (9/40)
of secondary cases, respectively. Overseas born chil-
dren <15 years of age made up 10.0% (4/40) of
probable secondary cases, and 47.5% (19/40) were
Australian-born children with parent/s from a high-
risk country.

The 58 possible cases of local transmission (with
unknown epidemiological links) accounted for all
instances where the transmission setting was
unknown. Of these, all shared one or more of the
following characteristics with possible source case/s
in their clusters, including: social risk factors (e.g.
substance use, 13/58, 22.4%), religious setting atten-
dance (10/58, 17.2%), local government area resi-
dence (25/58, 43.1%), diagnosis within the same year
(n = 39/58, 67.2%), or country of birth (11/58,
11



Articles

12
19.0%); and 22 cases (22/58; 37.9%) were in the
three largest clusters.

The ages between which transmission occurred var-
ied by setting. When considering all instances of likely,
possible and probable transmission, transmission
occurred between a relatively wide range of age groups
in household settings; 17.0% (9/53) between 15 and 34
year olds (Figure 4A) (Appendix Figure 3). In contrast,
among instances of transmission that occurred in
social/religious settings for which the age of a source
case could be defined, 46.7% (7/15) occurred between 15
and 34 year olds (Figure 4B). If we infer the age of 23 of
the 24 cases with uncertain possible source cases by
averaging the age of all their possible source cases
(inference was impossible for one probable case because
they were epidemiologically linked to cases from multi-
ple sub-clusters), 66.7% (26/39) occurred between 15
and 34 year olds and 38.5% (15/39) between 15 and 24
year olds (Figure 4H).
Association between TB case characteristics and Mtb
transmission
Likely source cases most often transmitted to one other
person (18/29; 65.5%, median = 1, interquartile range = 1
−2) (Appendix Figure 4) and there were three instances
of likely transmission chains, i.e. a likely secondary case
becoming a likely source case themselves, and transmit-
ting onwards.

Likely source cases often reported a cough (24/29;
82.8%), and all but one reported symptoms (28/29;
96.6%) although, inconsistently, the case-notes of the
single asymptomatic case mentioned a recent history of
an intermittent cough (Table 1).

The multivariable Poisson regression model
included the covariates sputum smear positivity, sex,
presence of a cough, place of birth (overseas or not), and
whether or not the chest x-ray suggested past TB. In
this model, the only case characteristic found to be asso-
ciated with the number of resultant secondary cases, as
indicated by likelihood ratio tests with a p value of <0¢
001, was sputum smear positivity (incidence rate ratio
[IRR] 12.74, 95% CI 4.44−36.60, p < 0.001) as com-
pared to sputum smear negativity. Cases that reported
having had a cough were also associated with a higher
number of secondary cases than those without (IRR
5¢03, 95% CI 1.60−15.83, p = 0.006, likelihood ratio
p value = 0.0015). An assessment of the random effects
of clusters (≤5 SNPs) (Appendix Figure 5) revealed Line-
age 2 and Lineage 4 to make up a higher proportion of
the results above the population mean estimate (45.8%
and 33.3%, respectively), and they also had higher aver-
age random effect terms (5.9 and 22.9, respectively)
than Lineages 1 and 3 (2.4 and 2.8, respectively), which
may imply higher transmissibility of these lineages
(Appendix Figure 5).
The multivariable regression model included the
covariates sputum smear positivity, event year, presence
of a cough, cavity, age group and whether they had ever
spent time in a correctional facility. In this model, the
only case characteristic found to be associated with
being a likely or possible source case, as indicated by
likelihood ratio tests with a p value of <0.001, was the
event year. Cases notified in 2020 were less likely to
be identified as possible index cases (odds ratio [OR]
0.07, 95% CI 0.02−0.28, p <0.001) than cases in
2017 (Appendix Table 4), which may relate to the
increased likelihood of being identified as a possible
index case with increasing time in the study. An
assessment of the random effects of clusters (≤5
SNPs) (Appendix Figure 6) revealed Lineage 2 and
Lineage 4 to make up a higher proportion of the
results above one (33.3% each), which may imply
higher transmissibility of these lineages, although
and their average random effect terms (3.2 and 8.0,
respectively) were similar to Lineages 1 and 3 (5.1
and 3.0, respectively).

During the study period, 20−24 year old males
made up the highest proportion of all cases who were
smear positive (38/297; 12.7%, Appendix Figure 6A),
and the groups with the highest probability of being
smear positive were 15−19 year olds females (9/30;
30.0%) and, again, 20−24 year old males (38/141;
27.0%, Appendix Figure 6B).

Pulmonary involvement was excluded as a vari-
able in the models because it perfectly predicted
transmission, but in a separate multivariable logistic
regression model, lineage was associated with pul-
monary involvement (likelihood ratio p value <
0.001). Those with Mtb strain Lineage 2 (OR 1.80,
95% CI 1.26−2.58, p = 0.001) were more likely to
have pulmonary involvement, compared to those
with Lineage 1, and those with Lineage 3 were less
likely (OR 0.66, 95% CI 0.46−0.94, p = 0.02)
(Appendix Table 5).
Potentially-related genomic clusters (6-12 SNPs)
During the study period, 50 cases clustered to other
cases in the 6−12 SNP range, 19 of which did not clus-
ter at ≤5 SNPS to any other cases. Of the 40 potential
secondary cases in this group, local transmission was
impossible for five (5/40; 12.5%) (Box 1), compared to
one (0.7%) of the 140 potential secondary cases in
highly related clusters. All but one of the 35 cases of pos-
sible local transmission (at 6−12 SNPs) shared the
same country of birth, lived in the same local geographi-
cal area, or were diagnosed within the same year as their
possible source cases.

In one of the largest clusters (≤12 SNPs), which
included three highly-related clusters (≤5 SNPs), three
cases only had epidemiological links (including one
household contact) with cases in a different sub-cluster.
www.thelancet.com Vol 28 Month , 2022
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Discussion
Genomic and epidemiological investigations in our low-
incidence setting from 2017 to 2020 determined that
6.4% of sequenced isolates from TB cases likely
resulted from local transmission, and a further 4.5%
were possibly due to local transmission, with most
instances occurring beyond household contacts. Most
sequenced TB isolates were genotypically distinct, and
are likely to reflect TB incursions resulting from infec-
tion that was acquired overseas.39 Australia has seen
high levels of immigration from high incidence settings
for many years.40

Molecular typing can be used to support TB program
activities in several ways. One of its uses is to identify
unsuspected instances of Mtb transmission, thus
prompting further epidemiological investigation and
possible opportunities for prevention, and the potential
advantage of WGS compared to other typing techniques
lies in its superior resolution.14,33 While we could not
compare typing techniques head-to-head, a previous
report of clustering and transmission in our setting
(2003−2010) based on MIRU-VNTR provides an oppor-
tunity for comparison. In the earlier study, 17.0% of
genotyped isolates were genotypically indistinguishable,
compared to 10.8% in our study, likely reflecting the
improved discriminatory power of WGS.41 It is possible
that the lower proportion of cases requiring additional
epidemiological investigation allows for, or motivates,
more comprehensive investigations.32 In one instance
during the study period, investigations prompted by
WGS led to the identification of a new transmission
site, leading to additional active case finding and use of
preventative therapy; MIRU-VNTR typing results may
not have facilitated a similar response. Second, genotyp-
ing methods are also used to identify cases due to labo-
ratory contamination, allowing for the cessation of
unnecessary treatment and opportunities to review labo-
ratory handling practices. A similar proportion of cases
with sequenced isolates were identified as resulting
from laboratory contamination in both this and the ear-
lier study (0.8% and 0.7%, respectively),18 suggesting
both methods are similarly able to inform on these
events. Third, WGS is able to identify possible antimi-
crobial resistance, and may do so sooner than culture-
based methods, allowing for the timelier provision of
appropriate treatment regimens.13 Although it has not
yet been used for this purpose in our setting, we found
high concordance between phenotypic and genotypic
sensitivity of isolates.

More broadly, molecular and epidemiological data
can also inform the characterisation of Mtb transmis-
sion in a setting and, therefore, inform TB control strat-
egies. Regardless of the typing method or transmission
classification (i.e. likely or possible), Mtb transmission
commonly occurred beyond household contacts in our
low-incidence setting and these instances accounted for
www.thelancet.com Vol 28 Month , 2022
a large proportion of the potentially infectious (i.e.
smear positive) secondary cases. We found that young
adults had a relatively high likelihood of pulmonary and
smear positive disease, and transmission among young
adults in social and religious settings accounted for the
majority of the identified extra-household instances and
the largest clusters, emphasising the need for broad
contact tracing investigations, and the possible benefit
of directing prevention efforts to certain demographic
groups or clusters. However, transmission also
remained uncharacterised for many highly-related clus-
ters, which prevents any public health response in our
setting, despite genomic evidence. While it is possible
that some of these unexpected clusters may relate to
transmission that occurred outside geographical bound-
aries, with frequent interstate and overseas travel
reported by many in the study, some are also likely to
represent extra-household local transmission not identi-
fied during contact tracing investigations. As has been
noted in other settings,32,42 epidemiological investiga-
tions were sometimes challenging in our setting due to
complex social situations and patient reluctance to share
knowledge of contacts, potentially preventing the identi-
fication of epidemiological links. Additionally, as
observed in our study, Mtb transmission can occur dur-
ing casual contact, but these instances are more chal-
lenging to identify, and it may only sometimes be
possible to do so retrospectively. Because of their impor-
tant contribution to transmission, continued systematic,
comprehensive, investigations of unexpected clusters
will be important to inform our understanding and
practices into the future. Linking genomic data between
jurisdictions and other countries may also inform our
understanding of the significance of WGS clustering in
the absence of identified epidemiological links.

It is interesting to consider how well our results may
be generalised to other settings, or even to our own set-
ting across time. Genotyping studies in high incidence
settings have similarly highlighted the importance of
extra-household transmission43−45 and, consistently, in
our setting only 14.0% of overseas born TB cases during
the study period reported having household or close
contact with a TB case. A WGS study in Malawi esti-
mated that only 9.4% of confirmed TB transmission
was from known contacts (using ≤10 SNPs to confirm
transmission),43 lower than we observed among clus-
tered cases in our setting, even if we applied a ≤12 SNP
cut-off. It is possible that the relative importance of
household versus extra-household transmission in dif-
ferent settings may be influenced by factors such as
household size, social mixing patterns, urban density
and community TB incidence. Improving our under-
standing of these sociodemographic influences may
usefully advise case-finding efforts, including contact-
tracing, particularly in high incidence settings. Extra-
household social mixing patterns have been modified
13



Figure 4. Transmission matrices showing the age groups between which local transmission occurred in Victoria, 2017-2020, for
those instances where transmission was likely, possible or probable in A) household, B) social/religious C) family (living in different
households), D) other E) unknown, and F) all settings. In Panel 2 the average age of all possible sources cases is used to estimate the
age of source cases for 53 secondary cases with multiple possible source cases. The transmission matrices include the age groups of
source and secondary cases for instances where the local transmission is: G) household, H) social/religious, I) family (living in differ-
ent households, J) other, K) unknown, and L) all settings. Ages are those at the time of case diagnosis for both source and secondary
cases. “Other” includes instances of transmission in health, education and childcare setting. Inferring the age of the possible source
case for one probable secondary case was impossible because they were epidemiologically linked to cases from multiple sub-clus-
ters.
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during the COVID-19 pandemic (e.g. due to “stay-at-
home” restrictions) and this may provide an opportunity
to assess their influence onMtb transmission in our set-
ting and others. To fully assess this in our setting, fur-
ther collection and analysis of WGS data from 2021 and
beyond will be required.

The use of ≤5 SNPs as a primary cut-off to define
highly related clusters was largely supported by our
study findings. While there were three instances where
cases only shared epidemiological links with potentially
related source cases (6−12 SNPs), these cases were all
part of a large cluster (≤12 SNPs) and may reflect our
incomplete understanding of transmission chains,
rather than the threshold. However, given this, and
given that cluster differences may expand over longer
follow up periods due to accumulated mutations,46 con-
tinued monitoring of thresholds greater than 5 SNP
may have value in our setting.

Multivariate analysis in our cohort indicated that
sputum smear positivity was associated with a higher
number of secondary cases, but there was also some evi-
dence that the presence of a cough and lineage were
associated. The infectiousness of sputum smear positive
cases is well understood,47,48 but there is little empirical
evidence supporting the importance of cough for Mtb
transmission,49,50 except for a study by Turner et al.
2018 that found a weak association between objectively
assessed 24 hour cough frequency and the prevalence
immunoreactivity among household contacts
(p = 0.022).51 The possible association we found
between cough presence and a higher number of sec-
ondary cases in our cohort adds molecular epidemiolog-
ical evidence to support the possible contribution of
cough to transmissibility. Cluster random effects in our
analysis also suggested there may be differing transmis-
sion dynamics by Mtb lineage, as other studies have
similarly found,52−55 particularly Lineage 2.52 However,
in addition to Lineage 2, our results also suggested that
Lineage 4 may be associated with a higher number of
secondary cases, and this has not been commonly
observed. For example, a WGS study in Malawi found
Lineage 2 and 3 were more likely to transmit than Line-
age 4.55 Two of the largest clusters in our setting were
Lineage 4, and so we cannot rule out the possibility that
certain social and/or environmental factors in these
clusters contributed to our finding, rather than lineage.
A further limitation of our analysis was that we neces-
sarily excluded instances of likely transmission with
uncertain source cases. Due to the latency of Mtb,
assigning source cases in any cluster with a history of
more than one infectious individual will always be diffi-
cult, despite WGS. Unfortunately, this limits our ability
to characterise transmission in larger clusters and the
degree to which several individuals contribute to trans-
mission versus fewer, highly-infectious, individuals.

There were several other study limitations. First, we
did not assess the cost-effectiveness of WGS compared
www.thelancet.com Vol 28 Month , 2022
to prior techniques (MIRU-VNTR), as there was only a
short period where both techniques were used. A formal
evaluation should include an assessment of the cost-
benefit of implementation of Mtb WGS, as previously
described by our group.56 Second, the use of typing
methods to characterise Mtb transmission omits instan-
ces involving unsequenced isolates. We included
‘probable’ transmission in our analysis for this reason
but acknowledge that instances without epidemiological
links may still have been missed, as will those involving
unsequenced isolates beyond the four-year study period
or those involving the cases that were unsequenced in
late 2017. Therefore, this may have led to an underesti-
mation of clustering in our study, and if the timing of
disease progression differs by lineage,55 this may also
have influenced our findings. Additionally we acknowl-
edge that bias is possible when assigning possible
source and secondary cases, and may have occurred in
our study. For example, the identity of all past pulmo-
nary cases in a cluster cannot be divulged to each new
case, and once an epidemiological link has been estab-
lished between a case and a potential source case in a
cluster, further investigation is less likely, despite the
possible existence of other links. This may bias source
case designations to those that are more easily identi-
fied, e.g. household contacts. Finally, TB contacts can
be prescribed preventive treatment in our setting, and
so it’s possible this may have affected the degree and
distribution of clustering observed, although because
treatment commencement and completion are not sys-
tematically monitored in our setting, the impact is
uncertain.

The incorporation of WGS into programmatic man-
agement continues to evolve. While WGS findings in
our setting have enabled the more accurate characterisa-
tion of Mtb transmission and, in one instance,
prompted the need for additional public health investi-
gations, our findings also illustrate that in many cases
even after incorporating both genomic and epidemio-
logical data, connection between some reported cases
remains uncertain. Existing approaches to contact trac-
ing should be reviewed in light of genomic evidence of
transmission, ideally using a systematic approach to
implementation.56 In our setting, we now plan to estab-
lish and evaluate national consensus standards for how
the insights gained from WGS derived genomic data
can best inform and guide programmatic responses in
future.
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