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ABSTRACT

Objectives: Whole genome sequencing (WGS) can identify clusters, transmission patterns, and drug re-
sistance mutations. This is important in low-burden settings such as Australia, as it can assist in efficient
contact tracing and surveillance.
Methods: We conducted a retrospective cohort study using WGS from 155 genomically defined drug-
resistant Mycobacterium tuberculosis (DR-TB) isolates collected between 2018-2021 in Victoria, Australia.
Bioinformatic analysis was performed to identify resistance-conferring mutations, lineages, clusters and
understand how local sequences compared with international context.
Results: Of the 155 sequences, 42% were identified as lineage 2 and 35% as lineage 1; 65.8% (102/155)
were isoniazid mono-resistant, 8.4% were multi-drug resistant TB and 5.8% were pre-extensively drug-
resistant | extensively drug-resistant TB. The most common mutations were observed in katG and fabG1
genes, especially at Ser315Thr and fabG1 -15 C>T for first-line drugs. Ser450Leu was the most frequent
mutation in rpoB gene. Phylogenetic analysis confirmed that Victorian DR-TB were associated with impor-
tation events. There was little evidence of local transmission with only five isolate pairs.
Conclusion: Isoniazid-resistant TB is the commonest DR-TB in Victoria, and the mutation profile is similar
to global circulating DR-TB. Most cases are diagnosed among migrants with limited transmission. This
study highlights the value of WGS in identification of clusters and resistance-conferring mutations. This
information is crucial in supporting disease mitigation and treatment strategies.
© 2023 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

quired the disease overseas. In Australia, TB is mostly diagnosed
among migrants from high TB-burden countries, healthcare work-

Globally, millions of people are infected with Mycobacterium tu-
berculosis, with most cases concentrated in developing countries.
The burden of tuberculosis (TB) is low in most industrialised coun-
tries, and clusters of cases mostly arise from index cases who ac-
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ers, and among communities of First Nations Peoples [1]. The high
frequency among migrant populations is primarily due to reactiva-
tion of latent TB. Substantial progress has been made in TB case
reduction in Australia, with case notification rates decreasing from
40 per 100,000 in the 1960s, to six cases per 100,000 in 1980s, and
plateauing since then [2].

The Australian Government endorsed the World Health Organi-
zation (WHO)'s ‘TB elimination action framework for low incidence
countries’ in 2014. This framework aims to reduce the number of
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TB cases to <10 TB cases/million population by 2035 to achieve
pre-elimination phase [3]. While this has been achieved among
the non-indigenous Australian population, it is yet to be reached
among the First Nations People and people born overseas [2], in-
dicating the need for further optimisation of existing surveillance
and screening systems to better capture these high-risk groups.

Currently, phenotypic drug susceptibility testing (pDST) is the
gold standard test for the diagnosis of drug-resistant TB (DR-
TB). However, it is impeded by long duration required for cul-
ture and testing [4]. Whole genome sequencing (WGS) can iden-
tify resistance-conferring mutations with high concordance with
pDST, and is increasingly used in parallel with phenotypic tests
for the identification of drug resistance [5]. Additionally, mutation
profiles derived in silico facilitate inter-laboratory comparison. Ge-
nomic analysis can also identify clusters of strains with high ge-
netic similarity [5], which in conjunction with epidemiological data
can characterise disease transmission, enhancing contact tracing
efforts toward elimination of the disease. This is particularly im-
portant in the context of DR-TB, as recent studies demonstrate that
the increasing burden of drug resistance is due to the transmission
of drug-resistant strains, rather than de novo development of resis-
tance [6].

Recently, a study describing the genomic epidemiology of TB in
Victoria was published by Dale et al. [7] but did not examine drug
resistance of the TB cases in depth. Therefore, to better understand
the dynamics of resistance-conferring mutations and phylogenetic
relationships among genomic drug-resistant strains, we performed
a detailed genomic analysis of DR-TB identified between 2018 and
2021 in the state of Victoria, Australia.

Methodology
Setting, study design, and data sources

In the state of Victoria, Australia (population 6.5 million in
2021) all TB cases are notifiable by legislation. Positive TB cul-
tures are referred to the Victorian Infectious Disease Reference
Laboratory, where species identification is confirmed, and routine
pDST for first-line antimicrobials is performed (rifampicin, iso-
niazid, pyrazinamide, and ethambutol). Since mid-2018, all non-
duplicate TB isolates have undergone WGS at the Microbiological
Diagnostic Unit Public Health Laboratory. The genomic antimicro-
bial resistance (AMR) data are then reported to referring labs, clin-
icians, and the state Department of Health/Victorian Tuberculosis
Program.

This retrospective cohort study includes all genomically defined
DR-TB cases diagnosed between January 01, 2018 and December
31, 2021. The resistance pattern was defined as per the updated
WHO classification [8], but in silico identification of resistance mu-
tations was used in this study. Rifampicin-resistant TB (RR-TB) was
defined as resistance to rifampicin and any other TB agent except
for isoniazid. Isoniazid-resistant TB (HR-TB) was defined as resis-
tant to isoniazid and other TB drug except for rifampicin. Multi-
drug resistant TB (MDR-TB) was defined as resistance to both ri-
fampicin and isoniazid. Pre-extensively drug-resistant (pre-XDR-TB)
was defined as MDR-TB also resistant to fluoroquinolones. Exten-
sively drug resistant TB (XDR-TB) was defined as a case of pre-
XDR-TB also resistant to one of the Group A drugs (bedaquiline,
linezolid, levofloxacin, and moxifloxacin). However, since the ge-
nomic AMR has not been validated for all second-line drugs, we
have grouped these together as pre-XDR/XDR-TB. “Other resistant
TB” in this study was defined as resistance to any TB agents but
not fulfilling above definitions. De-identified epidemiological and
sample data required for analysis was provided by the Victorian
Tuberculosis Program. This is presented in the form of frequency
and proportions, analysed using R-studio (version 2023.06.1).
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DST and whole genome sequencing

The culture, drug susceptibility testing, and DNA extraction
were performed as previously described [7]. Library preparations
were performed using NexteraXT DNA preparation kit (Illumina)
and sequenced on an Illumina NextSeq platform. WGS was per-
formed as per the manufacturer’s protocol.

Drug resistance mutations and phylogenetic analysis

TB-Profiler was used for lineage prediction and identification
of resistance-conferring mutations against TB drugs [9]. Single nu-
cleotide polymorphisms (SNP)-based analysis was performed with
the reference strain, M. tuberculosis H37Rv (GenBank accession no.
NC_000962.3) using default settings in bohra (https://github.com/
kristyhoran/bohra). The maximum likelihood phylogenetic tree was
built in IQ-tree with GTR-G4 model and bootstrap of 1000 [10].
SNPs in the repetitive region and PE/PPE were excluded from the
phylogenetic tree. Single linkage clustering was performed on the
SNP-distance matrix using a cut-off of < 5 SNPs. Drug-sensitive
samples from study period (n = 1197) were included in the as-
sessment of clustering of drug-resistant isolates. Phylogenies were
visualised using midpoint rooting in ggtree [11]. All data analyses
were performed using R-studio (version 2023.06.1).

International dataset

The Victorian genomic data were compared to publicly available
international DR-TB sequences. All DR-TB isolates from the CRyP-
TIC (Comprehensive Resistance Prediction for Tuberculosis Interna-
tional Consortium) study [12] were curated to compare with our
data. In addition, the sequences were identified from publications
in National Center for Biotechnology Information (NCBI) using the
Medical Subject Headings terms “whole genome sequencing” AND
“drug resistant tuberculosis” AND “Not drug sensitive OR drug sus-
ceptible”. We also searched for sequences from India and Vietnam
as there were no DR-TB sequences from these countries in the
CRyPTIC data. We then randomly selected 1800 international se-
quences. To provide further temporal context, 55 Victorian DR-TB
genome sequences from 2010 to 2017 were also included in the
phylogenetic analysis.

Results

The study included 155 cases of DR-TB Mycobacterium tuber-
culosis sensu stricto with a temporal distribution of 37 (23.9%) in
2018, 47 (30.3%) in 2019, 46 (29.7%) in 2020 and 25 (16.1%) in 2021.
This corresponded to 8.2% (37/449) of the annual proportions of
all notified cases in the state of Victoria in 2018, 10.4% (47/454) in
2019, 9.2% (46/501) in 2020 and 5.3%) in 2021 (25/472) [12].

Demographic characteristics of patients

The median age of the patients was 37 years (interquartile
range 33, range: 5-90 years) with most (43%) in the age groups
of 26-50 years (Table 1). In total, 43 % (n = 61) were diagnosed
with DR-TB within five years of arrival in Australia. Of the total pa-
tients, 46% (n = 71) were diagnosed with pulmonary TB, while 18%
(n = 28) had a mix of both pulmonary and extrapulmonary TB. The
extrapulmonary TB accounted for 36% (n = 48) of all cases. Most
patients (n = 150, 97%) had not been previously treated for TB. At
the time of analysis, 79% (120/155) of the patients had completed
treatment, while 12 patients died before completing the treatment.
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Table 1
Socio-demographic and clinical characteristics of genomic drug TB sequences.

Characteristic MDR/Pre-XDR-TB/XDR-TB, N = 22° Non-MDR-TB, N = 133! Overall, N = 155! P-value®

Age of patients 0.007
< 25 years 7 (32%) 29 (22%) 36 (23%)
26-50 years 13 (59%) 53 (40%) 66 (43%)
51-75 years 0 (0%) 39 (30%) 39 (25%)
> 75 years 2 (9.1%) 11 (8.3%) 3 (8.4%)
Unknown 0 1 1

Sex 0.7
Female 11 (50%) 61 (46%) 72 (46%)
Male 11 (50%) 72 (54%) 83 (54%)

Continent of birth 0.3
Africa 3 (14%) 6 (4.5%) 9 (5.8%)
Asia 16 (76%) 113 (85%) 129 (84%)
Australia 1 (4.8%) 9 (6.8%) 10 (6.5%)
Europe 1 (4.8%) 5 (3.8%) 6 (3.9%)
Unknown 1 0 1

Years of arrival in Australia 0.2
< 1 year 1 (4.8%) 10 (8.3%) 11 (7.8%)
1-5 years 12 (57%) 38 (32%) 0 (35%)
6-10 years 4 (19%) 1(18%) 5 (18%)
10-15 years 1 (4.8%) 4 (12%) 5 (11%)
> 15 years 3 (14%) 7 (31%) 0 (28%)
Unknown 1 13 14

Previously treated for TB 0.021
No 19 (86%) 131 (98%) 150 (97%)
Yes 2 (9.1%) 2 (1.5%) 4 (2.6%)
Unknown 1 (4.5%) 0 (0%) 1 (0.6%)

Year of diagnosis 0.7
2018 6 (27%) 31 (23%) 7 (24%)
2019 5 (23%) 42 (32%) 7 (30%)
2020 6 (27%) 40 (30%) 6 (30%)
2021 5 (23%) 20 (15%) 5 (16%)

Lineage 0.004
Lineage 1 2 (9.1%) 52 (39%) 4 (35%)
Lineage 2 16 (73%) 49 (37%) 5 (42%)
Lineage 3 1 (4.5%) 19 (14%) 0 (12.9%)
Lineage 4 3 (14%) 13 (9.8%) 16 (10.3%)

Symptoms present 0.5
No 3 (14%) 10 (7.5%) 13 (8.4%)
Yes 19 (86%) 122 (92%) 141 (91%)
Unknown 0 (0%) 1(0.8%) 1 (0.6%)

Disease site >0.9
Extra pulmonary 8 (36%) 48 (36%) 56 (36%)
Pulmonary 10 (45%) 61 (46%) 71 (46%)
Pulmonary plus Other sites 4 (18%) 24 (18%) 28 (18%)

Treatment outcome >0.9
Completed treatment 15 (79%) 105 (79%) 120 (79%)
Defaulted 0 (0%) 2 (1.5%) 2 (1.3%)
Died from another cause 0 (0%) 4 (3.0%) 4 (2.6%)
Died of TB 1 (5.3%) 7 (5.3%) 8 (5.3%)
Transferred overseas 1(5.3%) 8 (6.0%) 9 (5.9%)
Under treatment 2 (11%) 7 (5.3%) 9 (5.9%)
Unknown 3 0 3

2 n (%)

b Fisher's exact test; Pearson’s chi-squared test

Footnotes: MDR/pre-XDR-TB/XDR-TB: multi-drug resistant TB/pre-extensively drug resistant TB /extensively drug resistant TB. The pre-XDR-TB and XDR-TB have been
combined as pre-XDR/XDR-TB since the genomic detection of bedaquiline/ linezolid resistance has not been validated. Non-MDR-TB refers to all sequences not fulfilling the

definition of MDR-TB or pre-XDR/XDR-TB

Phylogenetic analysis of drug-resistant Mycobacterium tuberculosis in
Victoria

The phylogenetic analysis showed an early divergence of lineage
1 from the other three lineages, which all shared a common ances-
tor before subsequently diverging (Figure 1). Lineage 2 (East Asian
lineage, 42%) was the predominant lineage in this dataset, followed
by lineage 1 (Indo-Oceanic lineage, 35%), lineage 3 (East-African In-
dian, 12.9%), and lineage 4 (Euro-American, 10.3%).

Genomic analysis detected 102 HR-TB (65.8%), 13 MDR-TB
(8.4%), nine pre-XDR/XDR-TB (5.8%), five RR-TB (3.2%), and 26 iso-
lates (16.8%) resistant to other TB drugs. HR-TB (43/102) was com-
monly seen among lineage 1 compared to other lineages. In con-
trast, MDR-TB (8/13) and pre-XDR/XDR-TB (8/9) were seen more
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among lineage 2. The sequences of patients from Asia were uni-
formly distributed over all lineages while sequences from Africa
were commonly seen among lineage 3 and 4. Conversely, se-
quences from Oceania were more frequently observed among lin-
eage 2.

Clustering

The median pairwise core-SNP distance among the 155 isolates
in this dataset was 1169 SNPs (range: 0-1934 SNPs). Cluster anal-
ysis performed using <5 SNPs distance threshold and single link-
age clustering revealed the presence of five genomic clusters, with
two isolates each, all observed in Beijing sub-lineage 2.2.1. Clus-
ter 1 included two pre-XDR/XDR-TB cases with SNP distance of
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Figure 1. Maximum likelihood phylogeny of circulating 155 DR-TB in Victoria for 2018-2021 with lineage, resistance profile defined as per the World Health Organization,
year of diagnosis and continent of birth. MDR-TB (Multi-drug resistant TB), HR-TB (Isoniazid resistant TB), RR-TB (Rifampicin resistance TB), Pre-XDR/XDR-TB (Pre-extensively
resistant/Extensively resistant TB). Others include resistance to other TB drugs The pre-XDR-TB and XDR-TB have been combined as pre-XDR/XDR-TB since the genomic

detection of bedaquiline/ linezolid resistance has not been validated.

0. Clusters 2 and 3 comprised of HR-TB, with SNP distances of 0
and 3 respectively. Epidemiologically, there was no contact among
cases in cluster 1, while latter two clusters were among mem-
bers from same household. Cluster 4 included two unrelated HR-TB
cases (SNP distance 3) who separately had history of multiple trips
to Asia, where they likely acquired their infections independently.
The fifth cluster encompassed one RR-TB (this sequence was resis-
tant to rifampicin and fluoroquinolone) and one fluoroquinolone-
resistant case, with a pairwise SNP distance of 4. There was no
known contact between these two cases.

The inclusion of drug-sensitive TB (DS-TB) samples lead to addi-
tion of one DS-TB case with one of the above clusters. Moreover, a
new cluster was formed consisting of a sensitive and streptomycin-
resistant TB cases.

Comparison with international data

We incorporated 1800 randomly selected DR-TB sequences from
CRyPTIC and other publicly available DR-TB sequences for the phy-
logenetic analysis. In addition, 55 Victorian DR-TB genome se-
quences from 2010 to 2017 were also included in the phylogeny for
temporal context. Victorian sequences were interspersed among
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the global circulating lineages without forming a separate clade.
The majority of Victorian sequences notably shared common an-
cestors with sequences from Asian countries, aligning closely with
the sequences from their country of origin and its neighbouring
regions. This could be due to the fact that most of our cases were
born in Asia, suggesting that the Victorian cases might have ac-
quired the infection in country of birth or during visits. Therefore,
it is most likely that drug-resistant Victorian strains resulted from
multiple separate incursions from high TB-burden areas (Supple-
mentary Figure 1).

Resistance pattern and lineages based on country of origin

The majority (83.2%, 129/155) of DR-TB in Australia were iso-
lated among people born in Vietnam (n = 31, 20%), India (n = 31,
20%), China (n = 19, 12.3%), and Philippines (n = 14, 9%) (Supple-
mentary Figure 2). HR-TB was predominantly seen among people
born in India (20/102, 19.6%) and Vietnam (19/102, 18.6%) (Supple-
mentary Table 1). MDR-TB was detected among people from Viet-
nam (4/13, 30.8%) and pre-XDR/XDR-TB from India (4/9, 44.4%).
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Lineage 1 and lineage 4 were predominantly seen among those
born in Vietnam (Supplementary Table 2). Lineage 2 was seen
among those born in China, and lineage 3 from India.

Intersection of resistance pattern

The resistance pattern of sequences was further explored using
an upset plot (Supplementary Figure 3). Forty-five isolates were re-
sistant to >3 TB drugs, commonly seen among sub-lineages 2.2.1
(n = 23, 51%) and sub-lineage 2.2.1.1 (n = 8, 17.8%). Five of these
sequences were resistant to seven or more drugs.

Drug resistance mutations against first-line drugs

A total of 27 sequences (17.4%) were resistant to rifampicin
(including RR-TB, MDR-TB, and pre-XDR/XDR-TB). Of this, 26 se-
quences had mutations in the rpoB, and one had a deletion in
position 1302_1310 (Supplementary Figure 4). Two pre-XDR/XDR-
TB sequences had putative compensatory mutations in the rpoC
(Ile491Thr). With the exception of Ile480Val, all mutations in rpoB
were in the rifampicin resistance determining region (RRDR, codon
426-452). The most common site of mutation was in codon 450
(14/26), Ser450Leu (n = 13) and Ser450Trp (n = 1), followed by
Leud452Pro (3/26). Genotypic rifampicin resistance was supported
by phenotypic resistance in 96.3% (26/27) of cases.

Isoniazid resistance mutation was present in 124 isolates (80%).
Most commonly observed in katG gene (n 82), with 87.8%
(72/82) at Ser315Thr. This mutation was present in 88.9% pre-
XDR/XDR-TB (8/9) and 84.6% MDR-TB (11/13) isolates. The second
most common loci (n = 39) were the fabG1 gene with most mu-
tations (n = 37) in the 15C>T promoter region. Among 124 iso-
lates, nine sequences had double mutations in different genes and
all of them exhibited phenotypic resistance to isoniazid (Supple-
mentary Table 3). Overall, phenotypic resistance was observed in
84.7% (105/124) of cases displaying isoniazid conferring mutations.

Pyrazinamide resistance was seen among 19 sequences: 16 with
mutations in pncA gene and one duplication in codons 234_258.
Mutations in pncA gene were diverse without hotspots. Phenotypic
pyrazinamide resistance was seen in 73.7% (14/19) of cases. Etham-
butol resistance was detected in 23 sequences, with mutations in
embB and promotor region of embA. Genotypic ethambutol resis-
tance was supported by phenotypic resistance in 69.9% (16/23) of
cases.

Drug resistance mutation against second-line drugs

Streptomycin resistance was detected in 81 sequences due to
mutations in: rpsL (n = 47), rrs (n = 17), and gid (n = 17)) genes.
All mutations in the rpsL gene were in the coding region, while
it was in the promotor region for rrs gene. Mutations in gid gene
were due to deletions, except for one isolate (Supplementary Ta-
ble 3). One sequence displayed kanamycin resistance due to a -
12C>T promotor mutation in eis gene. Thirteen sequences had mu-
tations in the gyrA gene associated with fluoroquinolone resistance,
all of which occurred in quinolone resistance determining region
(QRDR) (74-113). We did not detect any resistance-conferring mu-
tations in gyrB gene. Phenotyping fluoroquinolone resistance was
detected in 90% (9/10) isolates with genotyping resistance. Ethion-
amide resistance was present in 48 sequences. Most mutations
were found in the promotor region of fabG1 (n = 39), predom-
inantly at -15C>T (n = 37). Phenotypic concordance for ethion-
amide was 76.5% (26/34). Furthermore, we identified three se-
quences with mutations in thyA and one sequence with muta-
tions in folC gene associated with resistance to para-aminosalicylic
acid. There were also two sequences with delamanid resistance-
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conferring mutation in ddn gene. The pDST was not done for this
latter second-line drugs.

We also had sequences, where predicted genotypic resistance
was not supported by phenotypic data as described in Supplemen-
tary Table 4. Whilst most of the observed mutations were classified
as associated with resistance as per the WHO catalogue of muta-
tions, there were some that are of uncertain significance [13].

Mutations by lineages

AMR mutational profiles differed by the lineages (Figure 2). Mu-
tations in rpoB genes such as Leu452Pro and Leu430Pro, as well
as katG mutations such as Thr380Ile, Thr394Ala and Asn238Lys
were exclusively present in lineage 2. Other mutations such as rpoB
Ser450Leu, katG Ser315Thr, and rpsL Lys43Arg were more com-
monly seen among lineage 2 compared to other lineages. Con-
versely, mutations such as fabG1 -15C>T and gid deletions were
more common among lineage 1. Notably, no fluoroquinolone resis-
tance associated mutations were detected in lineage 1 or lineage
4,

Discussion

WGS is a key surveillance tool that can assist in elimination of
the TB disease [14]. We report a comprehensive view of the AMR
characteristics of DR-TB in Victoria, Australia, and their genomic
context locally and internationally.

In this study, only a small number of clustered pairs were ob-
served, likely a consequence of effective contact tracing and in-
terruption of transmission of disease. Most DR-TB cases in this
study had no previous exposure to anti-TB drugs, implying that
they acquired their infection directly as primary DR-TB. While
there were some DS-TB isolates that joined these clusters in an
expanded analysis, this is likely more indicative of common ex-
posure to strain types characteristic of specific geographical loca-
tions. Early recognition of these international strains with concern-
ing AMR characteristics is an important surveillance task, and fu-
ture enhancement of interjurisdictional and international exchange
of genomic data would support efforts towards TB elimination [15].

Comparison with an international dataset showed that the Vic-
torian cases were distributed amongst international lineages and
subclades indicative of recurrent importation to Australia, and con-
sistent with published data. Bright et al. [2] described that in Aus-
tralia in 2018, 89% of all TB cases detected among immigrants were
from 30 high TB-burden countries. The DR-TB lineages detected
in Victoria are consistent with lineages prevalent in the patient’s
country of origin; lineage 3 was most commonly seen among pa-
tients from India [16], lineage 2 from China [17] and lineage 1 from
Vietnam [18].

In this dataset, lineage 2 was most common, contrasting with a
previous study in Victoria where lineage 1 dominated [7]. This is
likely a consequence of the selection of only resistant strains in the
current study, as previously noted in other studies [19]. Compared
to other lineages, lineage 2 has been associated with higher levels
of drug resistance and higher transmissibility [19]. A greater diver-
sity of mutations was observed among lineage 2 strains compared
to other lineages in this dataset, but this could in part be due to
the proportionally higher representation of the lineage 2.

Studies have shown that WGS has the potential to deliver drug
resistance results earlier and cheaper than routine diagnostics in
high-income countries [20]. In silico determination of resistance
has high sensitivity for the detection of resistance to rifampicin
(97.5%), isoniazid (97.1%), ethambutol (94.6%) and pyrazinamide
(91.3%) [12].

DR-TB cases in Victoria primarily consist of HR-TB, while MDR-
TB and pre-XDR/XDR-TB make up small portion of cases in this
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Figure 2. Distribution of mutations for all TB drugs by lineages. The genes associated with resistance is stratified by drug with different colours. CAP, capreomycin; Cs,
cycloserine; D, delamanid; EMB, ethambutol; ETH, ethionamide; FQ, fluoroquinolone; INH, isoniazid; PZA, pyrazinamide; KM, kanamycin; PAS, para-amino salicylic acid; RIF,

rifampicin. STM, streptomycin.

low-incidence setting. The high proportion of isoniazid mono-
resistance observed is consistent with national and global data
[21]. High prevalence of isoniazid resistance has been attributed to
treatment of TB with non-rifampicin-containing regimens in 1960s
[22] and its use as monotherapy in the initial days of treatment.
katG Ser315Thr, known to confer high-level isoniazid resistance
[23], was the most frequent mutation detected in our study, and
was commonly seen among lineage 2 in agreement with a previ-
ous study from Victoria [24]. The second most common mutation
fabG1, was observed mostly among lineage 1 and mutations in this
gene provides low to moderate level resistance [23]. Mutations as-
sociated with isoniazid resistance in this study is similar to studies
from other states of Australia [25].

Congruent to other studies, our results show that RR-TB is
mainly associated with mutations in the 81 base-pair RRDR of
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rpoB, especially in the codons 450 and 452 [26]. Mutations such
as Ser450Leu in rpoB confer high-level resistance [23] while im-
posing a low fitness cost [27], contributing to selection of this mu-
tation. Moreover, this mutation is also associated with smear posi-
tivity and active transmission of the disease [19].

Resistance to fluoroquinolones is usually associated with muta-
tions in the QRDR of gyrA gene. Comparable to other studies, gyrA
Asp94Gly, associated with high-level resistance to moxifloxacin
[28], was the most common mutation observed in our study. The
second common mutation gyrA Ala90Val, is associated with low-
level moxifloxacin resistance [28].

We observed 45 isolates with resistance to >3 TB drugs, and a
small number of samples with resistance to at least seven drugs.
Unlike pDST, where each drug is tested separately, WGS simulta-
neously provides information on the resistance profile for most TB
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drugs, which can help in individualising patient therapy. This can
be particularly relevant to inhA mutations which provide low-level
isoniazid resistance and can be treated with high dose of isoniazid
[29]. This optimisation of treatment reduces the use of second-line
drugs, leaving these as alternative options for future use.

WGS can provide information on the genetic provenance of the
strain and comprehensive characterisation of the AMR elements
with a single test, as well as assist in the elucidation of the dis-
ease transmission. However, it is currently challenged by need for
high-quality isolates requiring culture before sequencing. Alterna-
tives are being explored, including DNA extraction directly from
clinical samples using biotinylated RNA baits, but remains limited
by the high cost, especially for resource-limited high TB-burden
countries [30].

Conclusion

This work highlights the value of genomics-informed surveil-
lance of DR-TB in providing high-resolution information on the lo-
cal and international context of strains, and a comprehensive view
of AMR determinants. In Victoria, DR-TB is driven by multiple in-
troductions of internationally circulating resistant strains from high
burden countries with minimal local transmission.
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