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Abstract

Extensively drug-resistant tuberculosis (XDR-TB), defined as resistance to at least isoniazid (INH), rifampicin (RIF), a fluoroqui-
nolone (FQ) and a second-line injectable drug (SLID), is difficult to treat and poses a major threat to TB control. The transmission
dynamics and distribution of XDR Mycobacterium tuberculosis (Mtb) strains have not been thoroughly investigated. Using whole
genome sequencing data on 461 XDR-Mtb strains, we aimed to investigate the geographical distribution of XDR-Mtb strains in
the Western Cape Province of South Africa over a 10year period (2006-2017) and assess the association between Mtb sub-
lineage, age, gender, geographical patient location and membership or size of XDR-TB clusters. First, we identified transmission
clusters by excluding drug resistance-conferring mutations and using the 5 SNP cutoff, followed by merging clusters based
on their most recent common ancestor. We then consecutively included variants conferring resistance to INH, RIF, ethambutol
(EMB), pyrazinamide (PZA), SLIDs and FQs in the cluster definition. Cluster sizes were classified as small (2-4 isolates), medium
(5-20 isolates), large (21-100 isolates) or very large (>100 isolates) to reflect the success of individual strains. We found that
most XDR-TB strains were clustered and that including variants conferring resistance to INH, RIF, EMB, PZA and SLIDs in the
cluster definition did not significantly reduce the proportion of clustered isolates (85.5-82.2%) but increased the number of
patients belonging to small clusters (4.3-12.4%, P=0.56). Inclusion of FQ resistance-conferring variants had the greatest effect,
with 11 clustered isolates reclassified as unique while the number of clusters increased from 17 to 37. Lineage 2 strains
(lineage 2.2.1 typical Beijing or lineage 2.2.2 atypical Beijing) showed the large clusters which were spread across all health
districts of the Western Cape Province. We identified a significant association between residence in the Cape Town metropole
and cluster membership (P=0.016) but no association between gender, age and cluster membership or cluster size (P=0.39).
Our data suggest that the XDR-TB epidemic in South Africa probably has its origin in the endemic spread of MDR Mtb and pre-
XDR Mtb strains followed by acquisition of FQ resistance, with more limited transmission of XDR Mtb strains. This only became
apparent with the inclusion of drug resistance-conferring variants in the definition of a cluster. In addition to the prevention
of amplification of resistance, rapid diagnosis of MDR, pre-XDR and XDR-TB and timely initiation of appropriate treatment is
needed to reduce transmission of difficult-to-treat TB.
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DATA SUMMARY

Previously published whole genome sequencing data of Mtb genomes are published under accession numbers PRJEB35725
(https://www.ebi.ac.uk/ena/browser/view/PRJEB357252show=reads) and PRJEB14199 (https://www.ebi.ac.uk/ena/browser/view/
PRJEB14199?show=reads) by Marissa Klopper and Keertan Dheda respectively on the European Nucleotide Archive. Newly
published whole genome sequences of Mtb genomes are published under accession number PRJEB43283 on the European
Nucleotide Archive.

The authors confirm all supporting data, code and protocols have been provided within the article or through supplementary
data files.

Impact Statement

Since the first outbreak in 2006, extensively drug-resistant tuberculosis (XDR-TB) strains have been documented in 128 coun-
tries, making prevention of transmission critical, but very little is known about the distribution and transmission dynamics of
XDR strains. Additionally, there is uncertainty regarding the impact of including or excluding drug resistance-conferring muta-
tions in transmission analysis. We aimed to investigate the locations driving transmission in a high-burden TB area as well as
the epidemiological features such as age and gender of patients in transmission clusters to identify opportunities for interven-
tions. We also aim to shed light on the role of drug resistance-conferring mutations in phylogenetic studies of drug-resistant TB.

INTRODUCTION

The control of tuberculosis (TB) is complicated by the spread of drug-resistant Mycobacterium tuberculosis (Mtb) strains. In 2006,
the first outbreak of extensively drug-resistant tuberculosis (XDR-TB) shocked the world [1-3]. Over a period of 7 months, more
than 50 patients at the Tugela Ferry hospital in KwaZulu-Natal, South Africa, were diagnosed with XDR-TB given resistance to at
least rifampicin (RIF), isoniazid (INH), a fluoroquinolone (FQ) and an injectable second-line drug (SLID) [4]. All but one patient
died after a median of 16 days from sputum collection [2]. Since then, XDR-TB cases have been documented in 128 countries [5],
making prevention of transmission critical. In 2018, 553 confirmed cases of XDR-TB were notified in South Africa, corresponding
to 5% of all multidrug-resistant/rifampicin-resistant TB (MDR/RR-TB), and about 0.18% of all TB cases [5]. In vitro observations
that drug resistance in bacteria is associated with reduced Darwinian fitness resulted in the dogma that drug-resistant Mtb strains
are less likely to transmit [6]. This fitness cost is neither absolute nor universal, with drug resistance-conferring mutations having
a variable impact on bacterial fitness depending on the specific resistance-conferring mutation and the Mtb strain type [6-11].
Furthermore, the difficulty in effectively treating drug-resistant TB can result in prolonged infectiousness which may lead to
MDR-TB and XDR-TB outbreaks in community and congregate settings [3, 12-16].

While major progress has been made in the diagnosis and treatment of XDR-TB [5], the transmission dynamics of XDR-TB
remain poorly understood. Some studies have shown that the XDR-TB epidemic in South Africa was mainly driven by acquisition
of drug resistance [17] and that acquisition of INH resistance-conferring mutations occurred first, followed by acquisition of
RIF resistance mutations [18, 19]. For XDR-TB, very little is known about the order of drug resistance acquisition. Transmission
dynamics can be influenced by the social and behavioural patterns that determine where and with whom people spend time.
Investigating the locations where clusters of cases occur, as well as the features such as age and gender of patients in transmission
clusters, can identify opportunities for further investigation and clinical interventions [20].

Whole-genome sequencing (WGS) offers high resolution and is the state-of-the-art technology to investigate Mtb transmission
[21, 22] and is especially useful in settings with high incidences of TB because the majority of transmission occurs in community
locations between individuals who do not know each other and would not be identified through conventional contact investiga-
tions [20]. We used WGS to define clusters of XDR-TB to assess the geographical distribution of XDR-TB strains in the Western
Cape Province, and to investigate the association between age and gender and the occurrence and size of XDR-TB clusters, as
well as the impact of including resistance-conferring mutations in cluster analyses.

METHODS
Setting and sample selection

The Western Cape Province of South Africa has a high burden of TB with an incidence rate of 739 per 100000 population in 2016
[23], and one of the highest burdens of XDR-TB within South Africa, with an incidence of 2.8 cases per 100000 population [16].
The Western Cape Province can be divided in six healthcare districts: Cape Town metropole, Garden Route, Cape Winelands,
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Overberg, West Coast and Central Karoo; and the large Cape Town metropole district can be subclassified into eight subdistricts:
Eastern, Southern, Western, Northern, Khayelitsha, Klipfontein, Mitchells Plain and Tygerberg.

In the Western Cape Province, routine drug susceptibility testing is done by the National Health Laboratory Services (NHLS).
Between 2006 and 2008, selected isolates were assessed by phenotypic drug susceptibility testing (pDST). In 2008, the first-line
GenoType MTBDRplus line probe assay (LPA; Hain LifeSciences) was introduced. Since 2013, the initial diagnostic assay in
the Western Cape Province is Xpert MTB/RIF (Cepheid) [24], with further investigation by first-line LPA (INH and RIF) of
RIF-resistant isolates. Second-line DST was done using culture-based methods. Since 2006, Mtb isolates with any resistance
have been archived at Stellenbosch University. This has resulted in one of the largest clinical Mtb strain collections worldwide,
with over 50000 Mtb strains of which an estimated 40000 are drug-resistant. From this strain bank, XDR-Mtb strains collected
between 2006 (first report of XDR-TB in Kwazulu-Natal, South Africa) and 2017 were selected by identifying those strains that
were classified as phenotypically resistant to RIE, INH, an FQ and SLID by the NHLS through routine DST. The first available
isolate from each patient that was classified as XDR-TB by routine DST was selected for further analysis.

Bioinformatics, phylogenetic, epidemiological and statistical analysis

Raw sequencing reads obtained by Illumina sequencing [which can be obtained at the European Nucleotide Archive (ENA) under
accession numbers PRJEB14199 (previously published), PRJEB35725 (previously published) and PRJEB43283] of purified DNA
from a subculture isolate were analysed using the CompleX Bacterial Samples (XBS) pipeline, built for analysis of Mtb WGS data.
In brief, this pipeline maps sequencing reads to the H37Rv reference genome (version NC_000962.3), joint-calls majority variants
and filters these using machine learning techniques [25]. Isolates with a mapped percentage of reads <60% (the percentage of
reads mapped against the reference genome) were considered contaminated and excluded from the study. Samples with mixed
infections, indicated by the TBProfiler mutation database (20 August 2019, version 2.8.12), were also excluded from the analysis.
The resulting SNP positions that were represented by 295% of samples were exported to a multiple sample FASTA file that was
used for phylogenetic inference, and to determine genetic distances, drug conferring mutations were initially excluded. IQ-TREE
v1.6.12 was used to infer the optimal substitution model (i.e TVM+F+ASC+R) and maximum likelihood phylogeny with 10000
ultrafast bootstraps [26].

The distribution of the Mtb (sub-)lineages and drug resistance profiles was assessed by using the TBProfiler mutation database
(20 August 2019, version 2.8.12) [27, 28], which is integrated in the XBS pipeline. All variants are reported in the HGVS (Human
Genome Variation Society) format as annotated by TBProfiler. We annotated the phylogenetic tree using the Interactive Tree Of
Life (iTOL v6) software, an online tool for the display, annotation and management of phylogenetic trees [29]. We first annotated
the phylogenetic tree with the Mtb lineage TBProfiler called for each isolate. To assess the distribution by gender, we annotated
the phylogenetic tree with the patients’ gender (male/female). To assess the distribution by age, we annotated the phylogenetic
tree with the patients’ age in five age-groups (0-19, 20-29, 30-39, 40-49, 50-69 years). To assess the geographical distribution of
XDR-TB patients, we annotated the phylogenetic tree with the assigned (sub-)district of the clinic where the sample was collected
as a surrogate for the patients’ residential address.

To identify transmission clusters, pairwise genetic distances of isolates were estimated by calculating the number of SNP differ-
ences between isolates. Resistance-causing variants were excluded as these are under strong positive selection and can mutate
at vastly different rates; exclusion of these variants is therefore a commonly applied approach for phylogenetic analysis [30].
An SNP distance of <5 was used to identify isolates that belong to a cluster, signifying recent transmission [31]. In a sensitivity
analysis, we explored the use of different SNP distances. Next, clusters were extended to include all other samples (terminal taxa)
descendant from their most recent common ancestor, thereby including isolates that were above the 5 SNP cut-oft but that are
part of the same transmission cluster as they share a common cluster ancestor [30]. We then identified transmission subclusters
with specific shared drug resistance-related profiles in the 5 SNP cut-off clusters by consecutively including variants (SNPs and
indels) associated with INH, RIF, ethambutol (EMB), pyrazinamide (PZA), FQs and SLIDs resistance into the cluster definition
as determined by TBProfiler. For example, a cluster defined under a 5 SNP cut-oftf may be further delineated into a subcluster of
isolates that all share the same RIF and INH resistance mutations (an MDR-TB transmission cluster). Based on the distribution
of cluster sizes observed in the data (Fig. S1, available in the online version of this article), cluster size was classified as small
(2-4 isolates), medium (5-20 isolates), large (21-100 isolates) and very large (>100 isolates). To assess the effect of inclusion of
resistance-conferring variants on the proportion of isolates clustered and the distribution of cluster sizes, we used a chi-square
test and Fisher-exact test.

To investigate the spatial distribution of XDR-TB, clinics were grouped into the five districts in the Western Cape Province
(https://municipalities.co.za/provinces/view/9/western-cape) and the Cape Town metropole district was subclassified into its
eight subdistricts (https://www.westerncape.gov.za/image/2012/10/ct-sub-districts.jpg). For the subdistrict analysis, we excluded
isolates for which subdistrict information of the corresponding patient was missing (#=59) or could not be allocated (n=43)
because the sample was collected at a centralized facility (Brooklyn Chest MDR-TB hospital or Pollsmoor maximum security
prison).
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To investigate the association between clustering and gender, age and health district (Cape Town metropole vs. other, non-
metropolitan, districts), we compared the distribution of these variables between XDR-Mtb isolates belonging to a cluster and
XDR-Mtb isolates with a unique WGS genotype after including drug resistance-conferring variants (SNPs and indels) for INH,
RIE, EMB, PZA, FQs and SLIDs. A chi-square test or Fisher-exact test was used to test for significant differences in distribution.
Similarly, we assessed the association of gender, age and health district with cluster size. A P-value <0.05 was considered significant.

RESULTS
Characteristics of XDR-TB patients and their Mtb isolates

WGS data were available for 748 isolates (including serial isolates) collected from patients diagnosed with XDR-TB. Of these,
three were excluded because the patient resided outside of the Western Cape Province and 197 were excluded because they were
MDR or pre-XDR strains. In addition, sequences of 54 XDR-Mtb isolates were excluded as they were sequences from duplicate
isolates (n=24) or they were serial XDR isolates from the same patient (n=30); in the latter only the first sample was included. Of
the remaining 494 XDR-Mtb strains, nine were excluded because of low sequencing depth or coverage, 21 because of multiple
infection and three because of severe bacterial contamination. The remaining 461 XDR-Mtb isolates collected between 2006 and
2017 from individual patients residing in the Western Cape Province were included in the analysis.

Of these 461 patients, 252 (54.7 %) were male, 207 (44.9%) were female and the mean age was 33 years (Table 1). Age was missing
for 18 (3.9%) patients. The majority of the patients (n=314, 68.1%) sought care in a City of Cape Town metropole district facility,
31 (6.7%) in the Garden Route district, 33 (7.2%) in Cape Winelands, 14 (3.0%) in the West Coast and nine (2.0%) in Overberg
district. The district was unknown for the remaining 60 isolates (13.0%). There were no patients originating from Central Karoo,
which was therefore excluded for further analyses. Of the 314 patients diagnosed in the Cape Town metropole health district, 28
(8.9%) originated from the Eastern subdistrict, 26 (8.3%) from the Southern subdistrict, 38 (12.1%) from the Western subdistrict,
11 (3.5%) from the Northern subdistrict, 54 (17.2%) from Khayelitsha, 32 (10.2%) from Klipfontein, 38 (12.1%) from Mitchells
Plain and 44 (14.0%) from the Tygerberg subdistrict; 43 (13.7%) were excluded from the analyses as they were diagnosed in
centralized facilities.

Almost all XDR-Mtb isolates belonged to lineage 2 (n=429, 93.1%) and the remainder to lineage 4 (n=32, 6.9%). The 429 lineage
2 isolates could be grouped into sub-lineage 2.2, of which 124 (28.9%) belonged to the typical Beijing lineage (lineage 2.2.1)
and 305 (71.1%) belonged to the atypical Beijing lineage (lineage 2.2.2). Of the 32 lineage 4 isolates, 19 (59.4%) belonged to
sub-lineage 4.1, nine (28.1%) belonged to sub-lineage 4.3, three (9.4%) belonged to sub-lineage 4.4 and one (3.1%) belonged to
sub-lineage 4.8 (Table 1, Fig. 1).

Of the 461 individual patient XDR-Mtb isolates, all were confirmed to be genotypically resistant to the four drug classes defining
XDR-TB: INH, RIF, an FQ and an SLID (Table 1). Resistance to additional drugs occurred in all isolates. Almost all (97.8%) were
resistant to EMB, 95.2% were resistant to ethionamide (ETO), 84.8% to PZA and 78.8% to streptomycin (SM). Eight isolates
(1.7%) were additionally resistant to linezolid (LZD). INH resistance was caused by mutations in the inhA promotor, katG, inhA
and ahpC. Mutations in rpoB and rpoC resulted in RIF resistance. The majority of EMB resistance was due to embB mutations
and more limited due to embA mutations. All PZA resistance was caused by mutations in the pncA gene. Mutations in rrs and eis
promotor resulted in SLID resistance. The vast majority of FQ resistance was caused by gyrA and more limited by gyrB mutations
(Tables S1 and S2).

XDR-TB clusters

Using the accepted 5 SNP cut-off and excluding drug resistance-conferring variants, we identified 183 (39.7%) unique isolates
and 278 (60.3%) isolates divided over 38 clusters. Taking common ancestors into account resulted in 116 unique isolates being
integrated within a cluster and 32 smaller clusters being collapsed within larger clusters. This led to 394 (85.5%) isolates belonging
to one of 12 clusters and 67 isolates (14.5%) not being associated with any cluster (Fig. 2). The size of XDR-TB clusters ranged
from two to 150 patients: seven clusters were small (2—4 isolates), one medium (19 isolates), three large (66-72 isolates) and one
very large (150 isolates) (Table 2). Raising the SNP cut-off from 5 to 8, 10, 12 or 15 had limited impact on the number of clusters
identified (Table S3)

By including the mutations that confer resistance to INH, we did not observe a change in the proportion of clustering (P=1) nor
cluster size (P=1). Next, additionally including mutations conferring resistance to RIF increased the number of clusters from 12
to 13 but had no impact on the number of clustered isolates as only three were re-classified as unique (P=0.85). Correspondingly,
it did not significantly change the proportion of isolates belonging to a transmission cluster (85.5 vs. 84.8%, P=1). Similarly, the
inclusion of variants conferring resistance to INH and RIF, and subsequently to EMB, did not change the proportion of clustering
nor cluster size (P=1and P=1, respectively). By including PZA resistance-conferring mutations, the number of clusters increased
from 13 to 17 and resulted in four additional medium-sized clusters, thereby re-classifying 30 patients from large clusters to
medium-sized clusters. This led to a redistribution of patients over the cluster sizes (P=0.001) but not to a change in the proportion
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Table 1. Socio-demographic,
Africa, 2006-2017

clinical and phylogenetic characteristics of 461 patients diagnosed with XDR-TB in the Western Cape Province of South

N (%)
Gender* Male 252 (54.7)
Female 207 (44.9)
Age® 0-19years 32(6.9)
20-29years 128 (27.8)
30-39years 147 (31.9)
40-49 years 82(17.8)
50-69 years 54 (11.7)
Health (sub)district Cape Winelands 33(7.2)
Garden Route 31(6.7)
Overberg 9(2.0)
West Coast 14 (3.0)
Cape Town 314 (68.1)
Eastern 28 (8.9)
Southern 26 (8.3)
Western 38(12.1)
Northern 11 (3.5)
Khayelitsha 54 (17.2)
Klipfontein 32(10.2)
Mitchells Plain 38 (12.1)
Tygerberg 44 (14.0)
Centralized hospital or prison 43 (13.7)
Molecular drug resistance profile Resistant to INH, RIE, FQ and AMK or KM 461 (100.0)
+ETO 8(1.7)
+EMB+ETO 57 (12.4)
+PZA+ETO 1(0.2)
+EMB+SM 1(0.2)
+EMB+PZA 2(0.4)
+EMB+PZA+ETO 30 (6.5)
+EMB+PZA+SM 19 (4.1)
+EMB+SM+ETO 4(0.9)
+PZA+SM+ETO 1(0.2)
+EMB+PZA+SM+ETO 330 (71.6)
+EMB+PZA+SM+ETO+LZD 8(1.7)
Year diagnosed? 2006-2009 84 (18.2)
2010-2013 198 (43.0)
2014-2017 178 (38.6)
Lineage Lineage 2 429 (93.1)
Lineage 2.2.1 124 (28.9)
Lineage 2.2.2 305 (71.1)
Lineage 4 32(6.9)
Lineage 4.1 19 (59.4)
Lineage 4.3 9(28.1)
Lineage 4.4 3(9.4)
Lineage 4.8 1(3.1)

Missing data on *gender (n=2), "age (n=18), “health (sub)district (n=60), “year diagnosed (n=1).
ETO, ethionamide; EMB, ethambutol; PZA, pyrazinamide; SM, streptomycin; LZD, linezolid.
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Fig. 1. Distribution of XDR-Mtb (sub-)lineages across the phylogenetic tree of individual XDR-Mtb isolates collected from 461 patients in the Western
Cape Province of South Africa, 2006-2017.

of clustered isolates (P=1). The addition of SLIDs drug resistance-conferring mutations had no impact on cluster distribution
(size or proportion, P=1) and only resulted in reclassifying one isolate as unique.

Inclusion of variants conferring resistance to FQs in addition to those conferring resistance to INH, RIF, EMB, PZA and SLIDs
reclassified 11 clustered isolates as unique and increased the number of clusters from 17 to 37. This had no significant impact on
the proportion of isolates belonging to a cluster (84.6 vs. 82.2%, P=0.38), or the proportion of unique isolates (15.4 vs. 17.8%,
P=0.38). We did observe a significant decrease in the number of patients in large clusters (P<0.001), with the largest cluster
containing 65 isolates occurring in all districts and sub-districts in Cape Town (Table 2).

Phylogenetic and epidemiological findings

All isolates that formed part of large (n=3) and very large clusters (n=1) belonged to lineage 2. All belonged to lineage 2.2.2
(atypical Beijing strain), except for one large cluster (72 isolates), which belonged to lineage 2.2.1 (typical Beijing strain) (Fig. S2).

Visual inspection of annotation of the phylogenetic tree with patient gender did not suggest an association between XDR-TB
clusters and gender (Fig. 3a). The proportion of unique and clustered isolates was similar between male and female patients
(P=0.39) and there was no association between gender and distribution of cluster size among clustered isolates (P=0.86,Fig. S3a).
Similarly, annotation of the phylogenetic tree with age did not suggest a correlation between XDR-TB clusters and age (Fig. 3b).
The age distribution of patients with a unique WGS genotype did not differ from patients whose isolates belonged to a cluster
(P=0.37) nor did we find an association between age and cluster size (P=0.61) (Fig. S3b). Annotation of the phylogenetic tree by
geographical origin of the patients showed that XDR-TB strains were distributed over the entire Western Cape Province, with
no obvious clustering based on district (Fig. 4a) or subdistricts of the Cape Town metropole (Fig. 4b). We identified a significant
difference in the distribution of clustered and unique isolates between the urban Cape Town metropole and other districts, with
80.4% of isolates in the Cape Town metropole being clustered versus 68.6% in more rural districts (P=0.016). There was no
significant association between geographical location and cluster size (P=0.39) (Fig. S3¢) (Table 3).

DISCUSSION
Transmission dynamics

In this study, 461 patients diagnosed with XDR-TB in the Western Cape Province of South Africa between 2006 and 2017 were
investigated. The vast majority of XDR-Mtb strains (85.5%) were clustered and only 14.5% patients had a unique XDR-Mtb strain,
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Fig. 2. Transmission clusters with drug resistance-conferring mutations excluded and clusters merged on common ancestors (circle 1) and subsequent
inclusion of INH (circle 2), RIF (circle 3), EMB (circle 4), PZA (circle 5), SLIDs (circle 6) and FQs (circle 7) drug resistance-conferring mutations.

when identifying clusters based on a 5 SNP distance cut-off, merging clusters based on common ancestors, and excluding drug
resistance-conferring mutations [30, 32]. Including variants that confer resistance had minimal impact on the proportion of
isolates that were clustered (from 84.8% when including INH and RIF resistance-conferring variants to 82.2% when also including
EMB, PZA, SLIDs and FQs). The number of clusters increased when consecutively including variants conferring resistance
(from 12 to 13 for INH and RIF resistance, to 17 for INH, RIE, EMB and PZA resistance, and to 37 when adding INH, RIE, EMB,
PZA, SLIDs and FQs resistance). These results demonstrate that clustering using the 5 SNP cut-off with subsequent inclusion of
resistance-conferring variants is required to evaluate transmission of (pre-)XDR strains. Excluding SNPs in resistance-associated
genes from the clustering definition of (pre-)XDR results in neglecting an important proportion of genetic variation in (pre-)
XDR-TB strains and can lead to misinterpretation of XDR-TB transmission dynamics. The observation that the inclusion of the
FQ resistance-conferring mutations had the greatest impact raises the hypothesis that, in this setting, transmission may mainly
occur at the stage of MDR-TB or pre-XDR-TB, with subsequent acquisition of FQ resistance and probably less transmission
thereafter. These findings support results from a mathematical model that showed that more than 80% of MDR-TB is transmitted,
and extends these findings to pre-XDR and XDR-TB [33]. However, it is difficult to compare the proportion of XDR-TB patients
who are clustered in our study to the reports of other studies as details on the inclusion or exclusion of drug-resistant variants in
phylogenetic analyses are not provided [19, 34]. Our findings do support that emergence and spread of MDR- and XDR-TB is a
gradual process starting with acquisition of resistance-conferring mutations followed by selection of mutations with low fitness
cost (e.g. rpoB Ser450Leu) [19] or co-occurrence with compensatory mutations (e.g. ahpC mutations as compensatory mutations
associated with katG Ser315Thr) [35] and successful transmission and clonal expansion of these drug-resistant strains [36]. Our
findings are in line with the acquisition of drug resistance-conferring mutations in KZN [19] where the introduction of INH in
the 1950s [37] and ineffective single drug treatments allowed clonal expansion of INH-resistant strains [36]. The introduction
of RIF without systematic screening for drug resistance contributed to the MDR-TB epidemic and the introduction of SLIDs
and FQs [38] for treatment of MDR-TB in the absence of an efficient DST programme gave rise to the first XDR-TB outbreak in
2006. The more recent introduction of FQs may explain the limited clonality observed when including FQ resistance-conferring
variants and the significant impact thereof on the distribution of cluster sizes.
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Fig. 3. (a) Distribution of gender across the phylogenetic tree of XDR-Mtb isolates collected from 461 patients in the Western Cape Province of South
Africa, 2006-2017. (b) Distribution of age across the phylogenetic tree of XDR-Mtb isolates collected from 461 patients in the Western Cape Province

of South Africa, 2006-2017.

Cluster sizes

The majority (64.9%) of the clustered XDR-TB isolates belonged to large (21-100 isolates) clusters and were spread across the
province. The largest cluster of 65 XDR-Mtb strains occurred in all districts of the Western Cape Province and all subdistricts
of Cape Town. Within the Western Cape Province, 68.1% of XDR-TB cases occurred in the densely populated Cape Town
metropole district and we identified a significant association between clustered and unique isolates in the Cape Town metropole
and rural districts, with 80.4% of isolates originating from the Cape Town metropole being clustered versus 68.6% of the isolates
originating from more rural districts. This underlines the role that Cape Town city plays as an urban hotspot of Mtb transmission.
The decade-long spread of XDR-TB highlights that XDR-TB strains are now endemic in the Western Cape Province, which is
alarming as the province is home to millions of migrant labourers and the Western Cape is one of the world’s most popular tourist
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Fig. 4. (a) Distribution of geographicl origin (district level) across the phylogenetic tree of individual XDR-Mtb isolates collected from 461 patients in the
Western Cape Province of South Africa, 2006—2017. (b) Distribution of geographical origin (local district level) across the phylogenetic tree of individual
XDR-Mtb isolates collected from 461 patients in the Western Cape Province of South Africa, 2006-2017.
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Table 3. Association of gender, age and geographical location with cluster and cluster size among 461 XDR-TB patients in the Western Cape province
of South Africa, 2006-2017

Unique isolates Clustered isolates P-value Small clusters Medium cluster Large clusters P-value
N (%) N (%) N (%) N (%) N (%)
Gender Male 49 (59.8) 203 (53.6) 0.39* 27 (7.1) 45 (11.9) 131 (34.6) 0.86*
Female 33 (40.2) 174 (46.4) 20 (5.3) 41 (10.8) 113 (29.8)
Age, years 0-19 3(3.7) 29 (7.6) 0.37* 4(1.1) 4(1.1) 21 (5.5) 0.61°*
20-29 20 (24.4) 108 (28.5) 14 (3.7) 22 (5.8) 72 (19.0)
30-39 30 (36.6) 117 (30.9) 18 (4.7) 28 (7.4) 71 (18.7)
40-49 19 (23.2) 63 (16.6) 4(1.1) 13 (3.4) 46 (12.1)
50-69 8(9.8) 46 (12.1) 6 (1.6) 13 (3.4) 27 (7.1)
Location Urban 49 (59.8) 265 (69.9) 0.016* 32(8.4) 65 (17.2) 168 (44.3) 0.39*
Rural 24 (29.3) 63 (16.6) 5(1.3) 12(3.2) 46 (12.1)

*P value for chi square test, **P value for Fisher's exact test.

destinations [2]. These observations also confirm findings from the KwaZulu Natal province in South Africa where transmission
of XDR-TB strains was shown not only to occur in congregate settings but also within and between communities, indicating the
threat and rapid spread of XDR-TB strains [15].

Almost all (93.1%) XDR-Mtb strains belonged to lineage 2, either typical Beijing (lineage 2.2.1) or atypical Beijing (lineage
2.2.2), a few (6.9%) belonged to lineage 4 and none to lineages 1, 3, 5, 6, 7, 8 or 9. The low proportion of lineage 4 is somewhat
surprising as lineage 4 is widespread in South Africa and has shown enhanced virulence in animal models, although with varied
transmission success in molecular epidemiological studies [39]. The high proportion of lineage 2 isolates among XDR-TB strains
was expected as Beijing strains have been associated with an increased likelihood of acquisition of drug resistance [40-42] and
have caused MDR-TB outbreaks in countries such as Russia [43], South Africa [44] and Colombia [45]. The majority (71.1%) of
isolates in this study belonged to lineage 2.2.2, a subgroup of atypical Beijing strains (Asia Ancestral 1, AA1). With the exception
of Japan, Vietnam and Taiwan, this genotype is usually present at low frequency [11]. In South Africa, the atypical AA1 Beijing
strains originated from an AA1l-progenitor strain that was introduced in the Eastern Cape Province and then spread across the
country [11]. Some deleterious SNPs defining the AA1 strains include variants in genes that play a role in transport of drugs across
the membrane, macrotetrolide resistance, pathogenesis and entry of hydrophilic molecules [11]. These variants may contribute
to a phenotype that is better adapted to gain drug resistance-conferring mutations and survive the fitness cost thereof. Studies
have also reported a higher fitness of lineage 2 strains [46-48] and the presence of polymorphisms in genes involved in DNA
replication, recombination and repair. This suggests that Beijing strains are more mutable than other Mtb strains [49] and more
frequently acquire compensatory mutations compared to other lineages [50]. We therefore hypothesize that the higher fitness
of lineage 2 strains may explain our finding that XDR-TB strains are spread over the entire province, with the largest cluster
occurring in all districts and subdistricts.

Association of gender, age and geographical location

In our study, 54.7% of XDR-TB patients were male but we did not identify an association between gender and cluster membership
or cluster size. The majority of the patients in our study (62.1%) were between 20 and 39 years old, the age group with the highest
TB burden in Cape Town [51]. Work-related travel among this economically active group and social movements could have
contributed to the spread of XDR-TB across the province. In settings with a high TB burden such as sub-Saharan Africa, Mtb
transmission has been shown to occur often in schools, public transportation, workplaces, healthcare facilities, mines, prisons
and public places in addition to households [52]. Additionally, patients travelling farther than their nearest facilities to seek care
because of the stigma that is associated with TB [53] may have contributed to the spread of XDR-TB beyond small communities
as travel to more distant healthcare facilities is mostly done using public transport [52].

Limitations

This study of a large XDR-Mtb WGS dataset collected from a defined geographical region over a 10-year period created a unique
opportunity to study the phylo-epidemiology of XDR-TB. To date, most WGS studies have focused on transmission of MDR
[54, 55], or drug-susceptible Mtb [56] and the few studies that focused on XDR-TB transmission were smaller (one to 404 strains)
[14, 20, 57-62]. Our study had some limitations. First, the isolates included in the analyses do not represent all XDR-TB cases in
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the Western Cape Province over the 10-year study period as some cases may not have been diagnosed, culturing of isolates for
DST may have failed or cultures may have been contaminated. The exact case detection rate of XDR-TB in the area is, however,
unknown. Second, we focused on the high-confidence mutations included in TBProfiler and did not assess for heteroresistance.
This may have resulted in misclassification of some strains that were phenotypically XDR as genotypically pre-XDR and may
have underestimated the proportion of clustered isolates. Third, because the study included isolates collected between 2006 and
2017, we focused on INH, RIE, EMB, PZA, SLIDs and FQs drug resistance-conferring variants and cannot extrapolate on the
need to include variants conferring resistance to BDQ and LZD to accurately describe the transmission of difficult-to-treat TB
under the novel XDR-TB definition [62]. Fourth, because of homoplasy, where different isolates independently acquire the same
resistance-conferring mutations, it is possible that we have over-estimated transmission events. Fifth, the absence of HIV (human
immunodeficiency virus) status data for most patients prohibited assessment of the role of HIV in XDR-TB transmission, and
an absence of contact and social network data prohibited confirmation of transmission events between patients whose isolates
belonged to the same cluster. Furthermore, the location where the XDR-TB diagnosis was made may not represent the site where
transmission occurred due to mobility of people between infection and development of symptoms. Sixth, we used a 5 SNP cut-oft
to classify a strain belonging to a cluster even though this cut-oft is inferred from a study performed in a country with low TB
burden [31]. Raising the SNP cut-off had limited impact, suggesting that a SNP cut-of of 5 can also be applied in high-burden
settings [30].

Finally, we assessed clustering by age, gender and health district without taking time into account. A three-dimensional analysis
could allow a more refined investigation of the movement of clusters over time and space.

CONCLUSION

The XDR-TB epidemic in the Western Cape Province of South Africa probably has its origin in the endemic spread of MDR-
Mtb and pre-XDR-Mtb strains followed by acquisition of FQ resistance, with more limited transmission of XDR-Mtb strains.
In recent decades, XDR-TB has become endemic with large XDR-TB clusters spread across the entire province and especially
high clustering observed in the urban Cape Town metropole. Our results highlight the importance of including drug resistance-
conferring variants (especially FQ resistance-conferring variants) in transmission analyses of (pre-)XDR-TB as their exclusion
eliminates a substantial proportion of genetic information, which may lead to misinterpretation of transmission dynamics. To
further improve our insights into the transmission dynamics of XDR-TB, future studies should perform analyses of the movement
of clusters over time and space to identify the determinants of transmission and locate common transmission hotspots. Efforts
to combat the XDR-TB epidemic will require a multifaceted response aimed at timely diagnosing MDR, pre-XDR and XDR-TB
and administering effective treatment to reduce the duration of infectiousness, prevent the acquisition of drug resistance, as well
as addressing social determinants of health.
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