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a b s t r a c t
Background: The Northern Territory (NT) has the highest tuberculosis (TB) rate of all Australian jurisdictions. We combined TB public health surveillance data with genomic sequencing of Mycobacterium
tuberculosis isolates in the tropical ‘Top End’ of the NT to investigate trends in TB incidence and transmission.
Methods: This retrospective observational study included all 741 culture-conﬁrmed cases of TB in the
Top End over three decades from 1989–2020. All 497 available M. tuberculosis isolates were sequenced.
We used contact tracing data to deﬁne a threshold pairwise SNP distance for hierarchical single linkage
clustering, and examined putative transmission clusters in the context of epidemiologic information.
Findings: There were 359 (48%) cases born overseas, 329 (44%) cases among Australian First Nations peoples, and 52 (7%) cases were Australian-born and non-Indigenous. The annual incidence in First Nations
peoples from 1989-2019 fell from average 50.4 to 11.0 per 10 0,0 0 0 (P<0·0 01). First Nations cases were
more likely to die from TB (41/329, 12·5%) than overseas-born cases (11/359, 3·1%; P<0·001). Using a
threshold of ≤12 SNPs, 28 clusters of between 2–64 individuals were identiﬁed, totalling 250 cases; 214
(86%) were First Nations cases and 189 (76%) were from a remote region. The time between cases and
past epidemiologically- and genomically-linked contacts ranged from 4·5 months to 24 years.
Interpretation: Our ﬁndings support prioritisation of timely case detection, contact tracing augmented by
genomic sequencing, and latent TB treatment to break transmission chains in Top End remote hotspot
regions.
© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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In this study we combined public health surveillance data
with genomic sequencing of Mycobacterium tuberculosis isolates to understand trends in TB incidence and transmission
in the tropical ‘Top End’ of the NT during three decades from
1989–2020. The annual TB incidence in Australian First Nations peoples dropped on average by 5% per year. First Nations TB cases were more likely to have smear-positive sputum at diagnosis and to die from TB than overseas-born
cases, suggesting diagnosis later in the course of illness. Genomic clusters predominantly involved First Nations cases in
remote hotspot regions, with evidence that both reactivation
from latency and recent transmission are contributing to incident TB. Genomic sequencing identiﬁed putative transmission links which had not been evident during contact tracing. There were few overseas-born cases within transmission
clusters, and there was no evidence of transmission of drugresistant TB.

rates of Australian jurisdictions.1 , 4 Multidrug-resistant TB (MDRTB) remains uncommon accounting for 1.5% of NT TB notiﬁcations.5
The NT is sparsely populated but culturally rich; 20% of the
population were born overseas and 30% are Aboriginal people
among whom ~30 different languages are spoken.6 The capital city
Darwin is closer to Dili in Timor-Leste (686km) than to the nearest
Australian capital city Adelaide over 3,0 0 0km away. Approximately
three quarters of NT Aboriginal people live in remote areas, a partial legacy of forced relocation to missions and reserves associated
with the 1869 Aboriginal Protection Act. Overcrowded housing persists with up to 16 people per household, with high rates of homelessness, food insecurity and malnutrition.7 , 8 There are high rates
of smoking, hazardous alcohol consumption, diabetes, and chronic
kidney disease.8 Together these factors contribute to increased TB
risk in the NT.9 , 10
Following the disbanding of the NT TB control program in
1982, TB incidence in NT Aboriginal peoples rose and was 114 per
10 0,0 0 0 population annually by 1989.11 Consequently the program
was reinstituted in 1989 with an increase in TB control oﬃcers,
standardisation and supervision of treatment, recording of treatment compliance, extension of contact tracing and screening of
high-risk groups, and promotion of latent TB treatment.12 TB rates
in NT Aboriginal peoples have subsequently dropped, and in 20152018 the annual rates were 5·4–12·1 per 10 0,0 0 0 population.1 The
number of overseas-born NT TB cases has ﬂuctuated under the inﬂuence of regional policies and politics. TB cases increased in association with evacuation of >1,800 people to Darwin from TimorLeste during conﬂict associated with transition to independence in
1999,13 with the on-shore detention of illegal ﬁshers in northern
Australian waters since 2005,14 and detention in the NT of people
arriving by boat to seek asylum in Australia predominantly from
2007–2013.15
In this study, we combine TB public health surveillance data
with genomic sequencing of Mycobacterium tuberculosis isolates
from the tropical ‘Top End’ of the NT during three decades from
1989–2020, to understand the changing epidemiology and identify
priority groups and regions for public health initiatives.

Implications of all the available evidence

2. Methods

This study provides support for focussing on timely case
detection, contact tracing augmented by genomic sequencing, and effective latent TB treatment to break transmission
chains in NT remote hotspot regions. Future work includes
investigation of the factors contributing to late TB presentations among Australian First Nations peoples, incorporation
of prospective genomic sequencing into TB surveillance and
outbreak investigations, and evaluation of short, effective regimens for latent TB treatment in this setting.

2.1. Data sources and case deﬁnitions

Research in context

Evidence before this study
The Northern Territory (NT) has the highest rate of TB in
Australia, with most cases occurring in those born overseas
and in Australian First Nations peoples. The NT lies in close
geographic proximity to Southeast Asia, and TB cases have increased with sporadic inﬂuxes of arrivals from neighbouring
countries. Approximately a third of NT residents are Aboriginal peoples, three quarters of whom live in remote regions.
Public health surveillance data suggest that TB rates in NT
Aboriginal peoples have dropped markedly but remain consistently higher than in non-Indigenous Australian-born people.
A PubMed search using the terms “tuberculosis,” “Australia,” “genomic,” and “sequencing” revealed no previous TB
genomic sequencing studies within the NT, and few studies
reporting use of genomics to understand TB transmission in
other jurisdictions of Australia.
Added value of this study

Data were extracted from the NT Notiﬁable Diseases System
(NDS), a Northern Territory Government database for managing
notiﬁable disease data maintained by the NT Centre for Disease
Control (CDC). All cases of culture-conﬁrmed TB in the Top End
of the NT between 1st January 1989 and 6th August 2020 were included. It is a legal requirement for diagnostic laboratories to notify the NT CDC when M. tuberculosis is isolated, and for the NT
CDC to notify the Australian Government of tuberculosis cases; it
is therefore unlikely that cases were missed. We determined the
demographics, risk factors, clinical presentations, and outcomes of
Top End NT TB cases using NT NDS data. Demographic information included age, sex, ethnicity, country of birth, Top End NT region, whether the case was an illegal ﬁsher, whether the case
was a maritime arrival in immigration detention under other circumstances (for example, asylum seekers and crew), and whether
the case had been evacuated from Timor-Leste as a result of the
1999 conﬂict. Risk factors included human immunodeﬁciency virus
(HIV) infection and previous identiﬁcation as a contact during
past NT TB contact tracing investigation. Outcomes included TB
treatment completion, incomplete TB treatment, death prior to TB
treatment completion, and unknown outcome. We placed focus on
the ﬁnal 5 study years because past TB contact data were most
complete for recently diagnosed cases and our main aim was to
determine current TB control priorities.

1. Introduction
Australia has one of the lowest rates of tuberculosis (TB) in
the world with an annual incidence of 5·2–7·0 per 10 0,0 0 0 population since the 1980s and with 86–89% of TB notiﬁcations being in people born overseas.1 First Nations populations are disproportionately affected by TB globally including in Australia.2 , 3 Here,
the terms ‘First Nations’ or ‘Indigenous’ are respectfully used to
refer to Australian Aboriginal and Torres Strait Islander peoples.
Where appropriate in this study we refer to Aboriginal peoples,
the main Indigenous population of the study setting. The TB rate
in Australian First Nations populations is 3·8–7·5 per 10 0,0 0 0 population, consistently 5–6 times higher than in the Australian-born
non-Indigenous population (<1 case per 10 0,0 0 0 population).1 The
Northern Territory (NT) has the highest overall and childhood TB
2
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2.2. Microbiological testing and genomic sequencing

tors and ﬁtted outcome; there was no temporal autocorrelation
and there were no overly inﬂuential outliers.

Mycobacterial culture of samples from patients with suspected
TB was done at Territory Pathology (Royal Darwin Hospital, Darwin), and positive cultures were referred to the Victorian Infectious
Diseases Reference Laboratory (Doherty Institute, Melbourne) for
identiﬁcation and antimicrobial susceptibility testing. From 1989–
2007 antimicrobial susceptibility testing was done using the radiometric BACTEC 460TB system (Becton Dickinson), and from 2007
onwards the BACTEC Mycobacterial Growth Indicator Tube 960
system (Becton Dickinson) was used. Between 1989–2007 DNA
was extracted using phenol and chloroform,16 and from 2010 by
ethanol precipitation.17 There were no samples available between
20 08–20 09. Whole genome sequencing was done at the Microbiological Diagnostic Unit Public Health Laboratory (Doherty Institute,
Melbourne). Unique dual indexed libraries were prepared using the
Nextera XT DNA sample preparation kit (Illumina) and libraries
were sequenced on the Illumina NextSeq 500/550 with 150-cycle
paired end chemistry as outlined in the manufacturer’s protocols.

2.5. Ethics and governance
The study was approved by the Human Research Ethics Committee of Menzies School of Health Research (2017-2747). Feedback
on the study design and reporting was sought from the Menzies
Global and Tropical Health Indigenous Reference Group.

2.6. Role of the funding source
The study funders had no role in study design, data collection,
data analysis, interpretation, or writing of the report

3. Results
3.1. Epidemiology

2.3. Bioinformatic analyses
Between 1st January, 1989, and 6th August, 2020, there were
741 ﬁrst-episode culture-conﬁrmed TB cases in the Top End of the
NT; 329 were Australian First Nations people (328 Aboriginal people and 1 Torres Strait Islander person), 52 were Australian-born
and non-Indigenous, 359 were born overseas, and one had unknown country of birth (Table 1). The annual incidence of cultureconﬁrmed TB in First Nations peoples in the Top End decreased
signiﬁcantly from 1989–2019 with an estimated annual incidence
rate ratio of 0·95 (95% conﬁdence interval [CI] 0·94–0·97, P<0·001);
that is, on average the incidence rate decreased by 5% every year
(Figure 1a and b). The annual incidence fell from 70.6 per 10 0,0 0 0
population (modeled average 50.4 per 10 0,0 0 0 population) in 1989
to 15.0 per 10 0,0 0 0 population (modeled average 11.0 per 10 0,0 0 0
population) in 2019 (Figure 1b). Among 329 First Nations people,
275 (84%) lived in a remote area outside urban Darwin, there were
no cases with HIV infection, there were no cases with a multidrugresistant M. tuberculosis isolate, and 41 (13%) died prior to completion of TB treatment (Table 1). 31/39 (79%) cases in children ≤14
years of age were First Nations children.
Of the 359 cases born overseas, 235 (66%) were from Southeast
Asia with the majority from Indonesia (87 cases), Timor-Leste (61
cases), the Philippines (49 cases) and Vietnam (20 cases). In 1999
there were 41 cases in evacuees from Timor-Leste. There were 57
cases among illegal ﬁshers from Indonesia predominantly between
20 04–20 09, and 34 cases among other maritime arrivals predominantly asylum seekers and crew between 2012–2013 (Figure 1a).
Among people born overseas there were 5 cases of MDR-TB and
29 cases with isoniazid resistance without rifampicin resistance.
Treatment outcome was unknown in 152 (42%) overseas-born
cases (Table 1), the majority of whom had left the NT. Some
ﬁshers, asylum seekers and crew were deported prior to treatment completion, but no cases travelled while sputum was smearpositive for acid-fast bacilli.
Among pulmonary TB cases with a sputum smear microscopy
result, greater proportions of First Nations cases (154/198, 78%) and
Australian-born non-Indigenous cases (36/40, 90%) were smearpositive at diagnosis than overseas-born cases (132/214, 62%;
P<0.001). First Nations cases (41/329, 12%) and Australian-born
non-Indigenous cases (6/52, 12%) were more likely to die prior
to treatment completion than overseas-born cases (11/359, 3%,
P<0.001). However the median age in those who died was
lower in First Nations cases (49 years, range 21–79 years) than
in Australian-born non-Indigenous cases (63 years, range 53–71
years) or overseas-born cases (median 77 years, range 55–90 years;
P<0.001).

The Sequence Read Archive (SRA) accessions for Top End NT M.
tuberculosis isolates sequenced as part of this study are listed in
Supplementary Table 1, and SRA accessions for publicly available
global genomes included in the analyses are listed in Supplementary Table 2. Sequence reads were mapped to the H37Rv genome
(GenBank accession NC_0 0 0962.3) and variants were called using Snippy v4.4.5 (https://github.com/tseemann/snippy) with minimum coverage 10 reads and minimum fraction of variant bases
90%. Repetitive regions as deﬁned by Sekizuka et al were masked
from the alignment.18 TBProﬁler v2.8.12 was used to assign sublineages.19 , 20 To determine a pairwise single nucleotide polymorphism (SNP) distance threshold for deﬁning genomic clusters, we
determined the distribution of pairwise SNP distances between
isolates from cases and their previous pulmonary TB contacts (if
belonging to the same sublineage). Based on this, a cut-off of ≤12
SNPs was selected for hierarchical single-linkage clustering, consistent with previous studies.21 , 22 Maximum likelihood phylogenetic
analyses were inferred using IQ-TREE v1.6.12 using a generalised
time reversible model with 4 gamma categories, 1,0 0 0 ultrafast
bootstrap approximation replicates and 1,0 0 0 bootstrap approximate likelihood ratio test replicates.23 Trees were visualised and
annotated using ggtree.24 TempEst v1.5.1 was used to undertake
regression of root-to-tip distance against sampling time to determine whether there was a temporal signal in the sublineage 1.2.1
and 1.2.2 trees.25 We did not proceed with molecular dating due
to poor temporal signal within the data.
2.4. Statistical analyses
Statistical analyses were done using R v4.0.2.26 Comparison of
demographics, clinical features and outcomes between groups was
done using Fisher’s exact test. The annual incidence rate ratio for
culture-conﬁrmed TB in Australian First Nations peoples was estimated using a negative binomial model, with the number of First
Nations cases as outcome, year as predictor, and the log First Nations population as offset. Population numbers were extrapolated
from Australian census data. The odds of a sequenced case belonging to a cluster was estimated using a quasi-binomial generalised
linear model with annual proportion of sequenced cases belonging to a cluster as outcome, year and number of cases associated
with the Timor-Leste evacuation as predictors, and total annual sequenced cases as weights. Years where fewer than 50% of cases
were sequenced were excluded from this analysis. For both models, residuals were checked for random distribution across predic3
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Table 1
Demographics, clinical features, antimicrobial susceptibility patterns and outcomes of patients with culture-conﬁrmed TB in the Top End of the NT, 1989-2020.
P<0.01 for all comparisons between First Nations, overseas-born, and Australian-born non-Indigenous groups, with the exception of P=0.04 for multidrug-resistance.

Median age in years (range)
Age ≤14 years
Male sex
Outside urban Darwin area
HIV infection
Pulmonary TB
Sputum smear positive (if pulmonary TB)
Extra-pulmonary TB
Lymph node TB
Isoniazid resistance without rifampicin resistance
Multidrug-resistance
Completed treatment
Incomplete treatment
Died during treatment
Unknown treatment outcome
Part of genomic cluster
Lineage 1
Lineage 2
Lineage 3
Lineage 4
∗

First Nations, number (%)

Born overseas∗ , number (%)

Australian-born, non-Indigenous, number (%)

41 (1–79)
31/329 (9·4%)
167/329 (50·8%)
275/329 (83·6%)
0/288 (0%)
245/329 (74·5%)
154/198 (78·3%)
123/329 (37·4%)
71/329 (21·6%)
5/326 (1·5%)
0/326 (0%)
265/329 (80·5%)
20/329 (6·1%)
41/329 (12·5%)
3/329 (0·9%)
209/236 (89%)
54/236 (22·9%)
15/236 (6·4%)
0/236 (0%)
167/236 (70·8%)

36 (5–90)
8/358 (2·2%)
249/359 (69·4%)
76/359 (21·2%)
6/317 (1·9%)
298/359 (83·0%)
132/214 (61·7%)
91/359 (25·3%)
40/359 (11·1%)
29/330 (8·8%)
5/330 (1·5%)
191/359 (53·2%)
5/359 (1·4%)
11/359 (3·1%)
152/359 (42·3%)
19/229 (8%)
93/229 (40·6%)
41/229 (17·9%)
22/229 (9·6%)
73/229 (31·9%)

59 (17–80)
0/52 (0%)
44/52 (84·6%)
10/52 (19·2%)
3/49 (6·1%)
47/52 (90·4%)
36/40 (90·0%)
9/52 (17·3%)
4/52 (7·7%)
3/52 (5·8%)
1/52 (1·9%)
43/52 (82·7%)
1/52 (1·9%)
6/52 (11·5%)
2/52 (3·8%)
16/31 (52%)
5/31 (16·1%)
5/31 (16·1%)
1/31 (3·2%)
20/31 (64·5%)

Southeast Asia 235; South Asia 32; Europe 25; Paciﬁc 18; East Asia 14; Eurasia 14; South America 2; North America 1.

Fig. 1. (a) Demographics of culture-conﬁrmed TB cases in the Top End of the NT, 1989–2019. (b) Annual incidence of culture-conﬁrmed TB in Australian First Nations peoples
in the Top End. Line and shaded area indicate ﬁtted mean and 95% conﬁdence intervals. (c) Number of culture-conﬁrmed cases of TB sequenced and belonging to clusters,
1989–2019. (d) Proportion of sequenced isolates belonging to a genomic cluster over time. Line and shaded area indicate ﬁtted mean and 95% conﬁdence intervals.

3.2. Genomic clusters

tact with a case of pulmonary TB with an M. tuberculosis isolate
belonging to the same sublineage. In 85/93 (91%) of such instances
the pairwise SNP distance was ≤12 SNPs; these 85 isolate pairs
were separated by a median of 2 SNPs (interquartile range 0–5
SNPs) (Figure 3). The remaining 8 isolate pairs were separated by
71, 121, 178, 199, 201, 222, and 225 SNPs. Of 10 cases in the ﬁnal
5 years of the study with a contact isolate separated by ≤12 SNPs,
the contact was diagnosed a median of 6 years earlier (range 4.5

There were 497/741 (67%) ﬁrst-episode M. tuberculosis isolates
successfully sequenced (Figure 1c). Lineage 4 was most common
(260 cases, 52·4%), followed by lineage 1 (152 cases, 30·6%), lineage 2 (61 cases, 12·3%) and lineage 3 (23 cases, 4·6%) (Figure 2,
Table 1). There were 93 cases that had documented previous con-

4
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Fig. 2. Midpoint-rooted maximum likelihood phylogenetic tree of Top End NT M. tuberculosis sequences between 1989–2020. Nodes with approximate likelihood ratio >95
and ultrafast bootstrap >95 are marked with a black circle. Scale bar indicates substitutions/site.

cluster decreased on average by 6% every year (odds ratio 0·94, 95%
CI 0·91–0·97, P=0·002) (Figure 1c and d). Of 250 clustered cases,
214 (86%) were First Nations people, 17 (7%) were Australianborn and non-Indigenous, and 19 (8%) were born overseas. Most
clustered cases (189; 76%) were from a remote area. In 5/10 genomic clusters involving an overseas-born case, Australian-born
cases within the cluster were diagnosed earlier. Genomic clusters
with an overseas-born case as the ﬁrst case were small; 1 cluster
included 5 cases, 1 cluster included 4 cases, and 3 clusters each
included 2 cases.
The largest genomic cluster (cluster 1, sublineage 4.4.2) spanned
the duration of the study and included 64 cases, 48 (75%) of which
were from the remote Roper Gulf region (Figure 4). The three
next largest clusters (clusters 2–4) included 46, 36 and 22 cases
(Figure 4). The Roper Gulf region had the greatest number of clustered cases (68 cases belonging to 6 clusters) followed by urban
Darwin (61 cases belonging to 21 clusters [13 clusters with <5
cases]), and the remote West Arnhem region (56 cases belonging
to 8 clusters). Of 19 cases belonging to genomic clusters in the ﬁnal 5 study years, 12 belonged to the same cluster as a known previous TB contact, 1 belonged to a different genomic cluster to their
previous TB contact, and 6 had not been identiﬁed as TB contacts
as part of previous contact tracing.

Fig. 3. Distribution of pairwise SNP distances between cases and previous contacts
with pulmonary TB due to M. tuberculosis belonging to the same sublineage. Each
circle represents a pairwise SNP distance. Eight outlying datapoints were excluded
from the ﬁgure; these were pairwise SNP distances of 25, 71, 121, 178, 199, 201,
222, and 225.

months–24 years earlier), suggesting that both reactivation from
latency and recent transmission are contributing to incident TB.
A cut-off of ≤12 SNPs was used for single-linkage hierarchical
clustering; 28 genomic clusters including 250 cases were deﬁned
based on this, with 11 clusters having ≥5 cases (Figures 2 and
4). No multidrug-resistant or isoniazid-resistant isolates clustered
together (Figure 2). The odds of a case belonging to a genomic

3.3. Recurrent TB cases
Seven cases had a second episode of culture-conﬁrmed TB
which occurred 1·2–19·3 years after initial diagnosis; All were pre5
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Fig. 4. Clusters with ≥5 cases separated by ≤12 SNPs in the Top End NT, 1989–2020.

scribed directly observed treatment but two were lost to follow-up
prior to treatment completion during their ﬁrst episode. All initial
and recurrent M. tuberculosis isolates were susceptible to all ﬁrstline antimicrobials (Table 2). Five recurrent episode isolate pairs
were sequenced, and 4/5 pairs belonged to a larger cluster (Table 2,

Figure 5). The pairwise SNP distance between initial and recurrent M. tuberculosis isolates was 0–4 SNPs. Based on phylogenetic
analyses, in 3/5 cases it was unclear whether recurrent episodes
were relapses due to inadequate treatment or reinfection from another case in a cluster (Table 2 and Figure 5). For instance, one case
6
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Table 2
Cases of recurrent of TB.
Patient demographics#

First presentation

Time between
episodes (years)

Second presentation

Pairwise SNP
distance

Genomic cluster∗

1. 41M, Aboriginal

Pulmonary TB, fully
susceptible, lost to
follow-up during
treatment
Pulmonary TB, fully
susceptible, completed
treatment

3·9

Pulmonary TB, fully
susceptible, completed
treatment

0

2

Relapse

1·8

1

7

Uncertain

Pulmonary TB, fully
susceptible, completed
treatment
Lymph node TB, fully
susceptible, completed
treatment

1·2

1

7

Uncertain

4

9

Uncertain

Pulmonary TB, fully
susceptible, completed
treatment
Pulmonary TB, fully
susceptible, lost to
follow-up during
treatment
Pulmonary TB, fully
susceptible, completed
treatment

1·3

Pulmonary TB, fully
susceptible, died of
other cause during 2nd
treatment course
Pulmonary TB, fully
susceptible, completed
treatment
Lymph node TB, fully
susceptible, lost to
follow-up during
treatment
Pulmonary TB, fully
susceptible, completed
treatment
Pulmonary TB, fully
susceptible, completed
treatment

3

Not part of cluster

Relapse

Not sequenced

Not sequenced

Uncertain

Pulmonary TB, fully
susceptible, completed
treatment

Not sequenced

Not sequenced

Uncertain

2. 36F, Aboriginal

3. 64M, Australian-born,
non-Indigenous
4. 3F, Aboriginal

5. 42M, born overseas

6. 39M, Aboriginal

7. 24M, Aboriginal

#
∗

19·3

8·8

10·0

Relapse or
reinfection

Patient number in genomic clusters in Figure 5, age in years, M=male, F=female
Genomic cluster number in Figures 4 and 5.

belonging to cluster 9 had an episode of cervical lymph node TB in
20 0 0, exposure to a case of heavily smear-positive pulmonary TB
in 2017, and recurrent lymph node TB at the original cervical site
in 2019; the initial and recurrence isolates were separated from
each other by 4 SNPs, and were both separated from the contact
isolate by 3 SNPs (Figure 5).

cated between the north-eastern tip of Australia and Papua New
Guinea,27 and two Australian sublineage 4.4.1.1 genomes (AUSMDU0 0 0 09954 and AUSMDU0 0 043809) were separated by 63–
71 SNPs from genomes belonging to the New Zealand ‘Rangipo’
strain.28
4. Discussion

3.4. Phylogeography of M. tuberculosis sublineages
In this study we have described the changing epidemiology of
TB in the NT Top End over a 31-year period to identify priority
areas for public health initiatives. From 1989–2019, the incidence
of culture-conﬁrmed TB in Australian First Nations people dropped
markedly. Increases in overseas-born cases were noted to be associated with inﬂuxes of arrivals from neighbouring countries.13-15
Pre-elimination of TB, <1 case per 10 0,0 0 0 population per year,
was reached over a decade ago in non-Indigenous Australian-born
people.2 However, if a 5% per year incidence reduction continues it
is predicted that TB pre-elimination in Top End First Nations peoples will not be reached until ~2066.
Similar changes in TB epidemiology have been noted in Far
North Queensland, Australia, where incidence in Aboriginal peoples has fallen and the proportion of cases born overseas has
risen.29 Increased case numbers from neighbouring Papua New
Guinea have also been noted, with high annual TB incidence (54
per 10 0,0 0 0 population) in Torres Strait Islander peoples. First Nations populations are disproportionately affected by TB in other
countries with low TB incidence including New Zealand, Canada,
and the United States of America.3 For example, the annual TB incidence in New Zealanders of European descent is 1 per 10 0,0 0 0
population but is 6 times higher in Māori.30 High rates of diabetes and cancers, overcrowded housing, and barriers to accessing healthcare have been highlighted as contributing factors, with
genomic sequencing demonstrating ongoing transmission of the
dominant ‘Rangipo’ strain over three decades in the Waikato region.31 , 32
Our analyses suggest that both reactivation from latency and
recent transmission with progression are currently contributing to

Among cases born in Australia lineage 4 was most common
(187/267 [70%] cases), while lineage 1 was most common in people born in Southeast Asia (82/145 [57%] cases) including among
Indonesian ﬁshers (18/28 [64%] cases) and evacuees from TimorLeste (14/29 [48%] cases) (Table 1). The genomic clusters predominantly comprising Australian-born cases belonged to a diverse
range of lineage 1 and lineage 4 sublineages (Figures 2 and 4).
Phylogenetic analyses of the study M. tuberculosis genomes in
the context of diverse publicly available global M. tuberculosis
genomes demonstrated that two Australian lineage 1 clusters (clusters 3 and 9) belonged to the same clades as isolates from Indonesian ﬁshers and evacuees from Timor-Leste (Figure 6). Cluster 9
(sublineage 1.2.1) was most closely related to two isolates from
Indonesian ﬁshers (AUSMDU0 0 010247 and AUSMDU0 0 030 071).
Cluster 3 (sublineage 1.2.2.2) was most closely related to two
isolates from evacuees from Timor-Leste (AUSMDU0 0 044352 and
AUSMDU0 0 045785), with isolates from Indonesian ﬁshers also located on this clade (Figure 6). There was poor correlation between
sampling time and genetic divergence in the sublineage 1.2.1 and
1.2.2 trees, with correlation coeﬃcients 0·11 and 0·17 respectively;
we therefore did not proceed with temporal phylogenetic analyses.
Australian sublineage 4.3.3 genomes belonging to cluster 2 were
located on a clade with public genomes from South Africa and
Russia, and Australian sublineage 4.4.2 genomes belonging to clusters 1, 4 and 5 resided on a clade with public genomes from
China, Vietnam and Thailand (Figure 6). An Australian sublineage 4.8 cluster (cluster 7) was separated by 40–55 SNPs from
an isolate (SRR6040105) from the Torres Strait Protected Zone lo7
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Fig. 5. Maximum likelihood phylogenetic trees of clusters with cases with recurrent TB infection.

incident TB in the Top End; in the ﬁnal 5 study years the time
interval between cases and epidemiologically- and genomicallylinked contacts ranged from 4·5 months to 24 years. 79% of child
cases (versus 48% of total cases) were in Aboriginal people, with
incident childhood TB also being an indicator of recent community
transmission.4 Over three quarters of clustered cases occurred outside urban Darwin with the remote Roper Gulf and West Arnhem
regions having the largest numbers of clustered cases. When the
ﬁndings are considered together, the ﬁndings indicate that TB control resources should continue to be directed to TB hotspot regions
with focus on timely and complete case detection, contact tracing,
and latent TB treatment.
Australian First Nations cases with pulmonary TB were more
likely to be smear-positive at diagnosis than overseas-born cases
(78% versus 62%, Table 1), and mortality was higher in First Nations patients than overseas-born patients (13% versus 3%) with
First Nations TB deaths occurring at a younger age (median 49
versus median 77 years). Late TB presentations resulting in intensive care unit admission and/or death continue in the NT Top End.
Such cases may be heavily smear-positive and highly infectious,
and transmission may occur over a prolonged period prior to diagnosis. We hypothesise that normalisation of cough in the context of high rates of smoking and chronic lung disease,33 under-

recognition of TB by health staff due to relative infrequency of
the condition and high staff turnover,34 , 35 lack of access to radiologic investigations in remote regions, and over-stretched health
services with competing priorities could be contributing factors
to late diagnoses. These could be addressed by further emphasising TB as an uncommon but serious cause of cough in remote
treatment guidelines and as part of community and staff orientation and education sessions. TB patient educational materials
are available in some Top End First Nations languages, however
evaluation of their effectiveness, expansion to further language
groups, and broader community public health messaging should be
prioritised.
In our study, 6/19 clustered cases in the ﬁnal 5 study years
had no previous TB contact identiﬁed. Social networks in northern Australian regions can be complex with frequent movement
between households and communities that can pose a challenge to
contact tracing.36 , 37 Extended community screening is done when
there are secondary cases identiﬁed through contact tracing or
there are ≥2 cases within 12 months in a community, but it is
labour-intensive.37 Prospective, timely M. tuberculosis genomic sequencing for tracking TB spread would augment contact tracing
by identifying occult transmission.38 Treatment of contacts conﬁrmed to have latent TB infection with short, effective regimens
8
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Fig. 6. Maximum likelihood phylogenetic trees including Top End NT (inner rings) and publicly available global M. tuberculosis sequences (outer rings). “Region of origin” is
based on country of birth if known. Nodes with approximate likelihood ratio >95 and ultrafast bootstrap >95 are marked with a black circle. Scale bars indicate substitutions/site.

administered by remote clinics would likely improve completion
rates.39
Genomic analyses suggested there were very few instances of
community transmission arising from overseas-born cases. This
supports the current practice of chest radiograph screening and
treatment of active TB prior to immigration to Australia, and
screening and treatment for latent TB after arrival in Australia.[2]
Active TB treatment completion rates were low among overseasborn cases predominantly due to departure from the NT prior to
treatment completion. Many irregular maritime arrivals from overseas were repatriated during treatment, and while efforts were
made to encourage treatment completion on return home, this was
not assured.14
There was no evidence of acquisition of antimicrobial-resistance
during treatment and there were very few recurrent TB episodes.
This suggests that active TB treatment for patients surviving and
remaining in the NT was adequate in almost all cases and provides support for the current directly observed therapy program.
It was not possible to differentiate relapse from reinfection in 3/5
sequenced recurrent TB episodes. Previous studies have differentiated relapse from reinfection based on pairwise SNP distances of
≤5–10 SNPs.40 , 41 However even with the addition of phylogenetic
analysis it was not possible to differentiate relapse from reinfection within 3 genomic clusters in our study, reﬂecting a limitation
of genomics when active transmission of a strain with little diversity is occurring in a community. Alignment to a closed reference
genome closely related to the cluster genomes and sequencing to
a greater depth of coverage could improve resolution.42
There is no evidence to suggest that TB was present in Australia prior to European colonisation in 1788, however it did spread
rapidly among Aboriginal peoples in southern Australia soon thereafter.43 , 44 Lineages 4 and 1 were most common among Australian
First Nations peoples in the NT Top End. Lineage 4 is the dom-

inant M. tuberculosis lineage in Europe and is predicted to have
expanded globally from there subsequent to colonisation of the
Americas, Africa and the Asia-Paciﬁc,19 , 45 with outbreaks reported
in First Nations groups previously reported in New Zealand,28 and
Canada.46 Lineage 1 is found predominantly in regions bordering
the Indian Ocean and is predicted to have expanded from South
Asia to Southeast Asia and East Africa.47 , 48 The diversity of endemic lineage 4 and lineage 1 M. tuberculosis sublineages in the
NT Top End is consistent with multiple introductions from Europe
and Asia, compatible with recent history of the region.
Permanent European settlement on Larrakia land at Port Darwin occurred in 1869, with expansion of the Chinese expatriate
population soon thereafter.44 TB was likely introduced to the Top
End at this time, but it is uncertain whether it was present prior
to this. Makassans from present-day Indonesia visited the northern coastline since the 1700s and formed important social and economic ties with Aboriginal peoples. The Makassans travelled annually from the port of Makassar in South Sulawesi to ﬁsh and trade
for sea cucumbers (trepang) which were sought after for aphrodisiac qualities and traded on return.49 Indonesian ﬁshers from
South Sulawesi and surrounding islands have continued to visit
northern Australian waters into the present day, including during
this study.14 The phylogenetic proximity between some M. tuberculosis isolates from the remote Top End and those from ﬁshers from
Indonesia could indicate introduction from Indonesia, however the
timing is uncertain.
Our study has three main limitations. Only two thirds of M. tuberculosis isolates during the study period were sequenced and it
is likely that there were many cases belonging to genomic clusters that were not sequenced. There was a 2-year period in which
no samples were available. Some cultures were contaminated or
did not grow on arrival at the reference laboratory, and a minority of cases did not have mycobacterial culture done by the study
9
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laboratories. Despite these limitations, it is likely that the subset
of sequenced cases is representative. Secondly, we did not account
for within-host diversity in our analyses of transmission clusters.
Deep sequencing is expensive but can enable detection of mixed
infection and onward transmission of M. tuberculosis subpopulations that may be missed using conventional methods and therefore confound analyses of transmission.42 , 50 Finally, we were unable to make deﬁnitive conclusions about the timing and source of
TB introductions to the Top End due to inadequate temporal signal
in the genomic data.
TB in the Top End of the NT has been shaped by local and
regional political policies, and geographic proximity to Southeast
Asia. The incidence in Australian First Nations peoples and the proportion of cases belonging to clusters dropped signiﬁcantly during
the study, however rates remain much higher than in Australianborn non-Indigenous people. In addition to TB screening and treatment of those born overseas, priorities in remote Top End hotspot
regions comprise community and health staff education to improve
the timely diagnosis of active TB, thorough contact tracing augmented by genomic sequencing to ﬁnd and diagnose TB, and implementation of short, effective latent TB regimens.

Supplementary materials
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.lanwpc.2021.100229.
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