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ABSTRACT The variable-number tandem-repeat (VNTR) typing method is used to
study tuberculosis (TB) transmission. Clustering of Mycobacterium tuberculosis isolates
with identical VNTR patterns is assumed to reflect recent transmission. Hence, clus-
ters are thought to be homogeneous regarding antibiotic resistance. In practice,
however, heterogeneous clusters are also identified. This study investigates the prev-
alence and characteristics of heterogeneous VNTR clusters and assesses whether iso-
lates in these clusters remain clustered when subjected to whole-genome sequenc-
ing (WGS). In the period from 2004 to 2016, 9,072 isolates were included.
Demographic and epidemiological linkage data were obtained from the Netherlands
Tuberculosis Register. VNTR clusters were defined as homogeneous when isolates
shared identical resistance profiles or as heterogeneous if both susceptible and (vari-
able) resistant isolates were found. Multivariate logistic regression analysis was per-
formed to identify factors associated with heterogeneous clustering. Isolates from
2016 were subjected to WGS, and a genetic distance of 12 single nucleotide poly-
morphisms (SNPs) was used as the cutoff for WGS clustering. In total, 4,661/9,072
(51%) isolates were clustered into 985 different VNTR clusters, of which 217 (22%)
were heterogeneous. Patient characteristics associated with heterogeneous cluster-
ing were non-Dutch ethnicity (odds ratio [OR], 1.46 [95% confidence interval {CI},
1.22 to 1.75]), asylum seeker (OR, 1.51 [95% CI, 1.24 to 1.85]), extrapulmonary TB
(OR, 1.26 [95% CI, 1.09 to 1.46]), previous TB diagnosis (OR, 1.38 [95% CI, 1.04 to
1.82]), and not being a contact of a TB patient (OR, 1.35 [95% CI, 1.08 to 1.69]). With
WGS, 34% of heterogeneous and 78% of homogeneous isolates from 2016 remained
clustered. Heterogeneous VNTR clusters are common but seem to be explained by a
substantial degree of false clustering by VNTR typing compared to WGS.
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Tuberculosis (TB), caused by Mycobacterium tuberculosis, remains a major public
health threat since this disease is among the top 10 causes of death worldwide (1).

The Netherlands has the status of a low-TB-incidence country, with 5.2 cases per
100,000 inhabitants in 2016 (2). In 2016, 889 TB patients were reported in the Nether-
lands, which was a 3% increase compared to the incidence in 2015, due mainly to an
increased influx of asylum seekers from high-TB-incidence countries (2). In the National
Tuberculosis Control Plan, the Netherlands has set a target of reducing TB incidence
and transmission by 25% in 5 years. Early diagnosis, adequate treatment, and compre-
hensive contact investigation are important key elements in the strategy to eliminate
TB in low-incidence countries like the Netherlands.
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In this era of elimination, it is important to identify the origin of TB infection, i.e.,
index case, in all cases. DNA fingerprinting of M. tuberculosis complex isolates is a useful
tool to assist conventional contact tracing of TB patients and newly infected individuals
and the evaluation of TB control interventions (3, 4). In the Netherlands, variable-
number tandem-repeat (VNTR) typing has been the standard DNA typing method for
M. tuberculosis complex isolates since 2009, after retyping of all isolates from the period
from 2004 to 2008. VNTR typing is based on the PCR amplification of tandem repeated
DNA sequences in 24 defined VNTR loci of the M. tuberculosis genome (5), and isolates
sharing identical VNTR fingerprint patterns are assigned to the same VNTR cluster. The
municipal health services perform cluster investigation to identify epidemiological links
between clustered TB cases, and an epidemiological link is confirmed when patients
within the same VNTR cluster can be linked in time and place.

Generally, it is assumed that VNTR clustering of isolates reflects recent TB transmis-
sion, although some observations refute this (6, 7). Assuming that isolates within a
VNTR cluster share the same transmission chain, they are thought to be homogeneous,
i.e., sharing an identical antibiotic resistance profile (8, 9). However, in daily practice,
heterogeneous VNTR clusters are also observed, comprising both susceptible and
resistant isolates or comprising resistant isolates with different resistance profiles. A
previous study showed that within a cluster that initially consisted of only susceptible
isolates, more than 30% of the cases developed isoniazid resistance over time (10),
while in the majority of cases, there was no indication of acquired resistance. This may
lead to confusion for the municipal health services during cluster investigations.

The prevalence of heterogeneous TB clusters has to date not been quantified. It is
also unclear what causes this phenomenon or whether heterogeneity is due merely to
an inaccuracy of VNTR clustering. In 2016, a whole-genome sequencing (WGS) project
was initiated in the Netherlands, in which WGS is conducted in parallel with VNTR
typing of all M. tuberculosis complex isolates, making it possible to investigate whether
isolates belonging to heterogeneous VNTR clusters remain clustered according to WGS.

This study aims to investigate (i) the prevalence of heterogeneous VNTR clusters in
the Netherlands in a large database, (ii) patient characteristics related to the occurrence
of heterogeneous clusters, (iii) the composition of drug resistance profiles within
heterogeneous clusters, and (iv) to what extent resistant strains are transmitted to a
subsequent patient. Finally, this study determines whether isolates belonging to het-
erogeneous VNTR clusters remain clustered when WGS is applied.

MATERIALS AND METHODS
Study population. All M. tuberculosis complex isolates from the Netherlands in the period from

January 2004 to December 2016 were included. Mycobacterium bovis bacillus Calmette-Guérin (BCG)
isolates, laboratory cross-contaminations, isolates with double alleles in �1 VNTR locus, and isolates from
overseas areas were excluded.

Definition of homogeneous and heterogeneous clusters. Isolates sharing an identical 24-locus
VNTR pattern were assigned to the same VNTR cluster. Clusters were classified as homogeneous or
heterogeneous based on the results of drug susceptibility testing (DST) for the first-line drugs isoniazid
(INH), rifampin (RIF), ethambutol (EMB), pyrazinamide (PZA), and streptomycin (STR) (11), as determined
with the Mycobacteria Growth Indicator Tube (MGIT) assay (12). Clusters were defined as homogeneous
when all isolates within the cluster were susceptible to all first-line antibiotics or when all isolates
revealed the same resistance pattern. Heterogeneous clusters comprised susceptible and resistant
isolates or resistant isolates with differences in resistance profiles.

DNA fingerprinting. All M. tuberculosis complex isolates were subjected to VNTR typing as described
previously by Supply et al. (5), and since 2015, an optimized version regarding the costs and turnaround
time of this typing method has been applied (13). WGS was performed simultaneously with VNTR typing
for all isolates cultured between 1 January 2016 and 31 December 2016, using an Illumina HiSeq
sequencer. Fastq.gz files were mapped against version 3 of the H37Rv reference genome (GenBank
accession number AL123456.3), using Breseq software 0.28.1, and single nucleotide polymorphisms
(SNPs) were detected at a minimum allele frequency of 80%.

To compare the degrees of clustering between VNTR and WGS, homogeneous and heterogeneous
clusters with at least two isolates from 2016 were selected. Isolates from 2016 that clustered with isolates
from previous years were excluded from this analysis, as no WGS data were available for isolates cultured
before 2016. Heterogeneous clusters with at least two isolates from 2016 and known epidemiological
information were included in the minimum spanning tree. Isolates were clustered on the basis of WGS
when the genetic distance between isolates was a maximum of 12 SNPs (14). All SNPs within a 12-bp
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distance; SNPs annotated as PE, PGRS, esx, repeat, polyketide, pks, or transposase; and isolates with a
genome coverage depth of �20� were excluded.

Data collection. Data on VNTR typing were available in BioNumerics software version 7.6. Patient
characteristics and information on epidemiological linkage between patients were obtained from the
Netherlands Tuberculosis Register (NTR). This included the characteristics gender, age, ethnicity, resi-
dence, pulmonary tuberculosis (PTB)/extrapulmonary tuberculosis (ETB), previous TB episode, and TB risk
groups (i.e., contact of a TB patient, immigrant and asylum seeker, homeless, drug or alcohol abuser,
prisoner, health care worker, traveler to areas where TB is endemic, HIV status, and being otherwise
immunocompromised). Cluster investigation based on VNTR has been performed since 2009 in the
Netherlands, and since 2014, detailed data on the source case and the secondary patients have been
recorded in the NTR.

Statistical analysis. Demographic characteristics and the proportions of epidemiological links were
compared between homogeneous and heterogeneous clusters by using a chi-square test. The Mann-
Whitney U test was used to analyze differences in cluster size between homogeneous and heteroge-
neous clusters. All variables with P values of �0.2 in univariate analysis were included as independent
variables in the multivariate logistic regression analysis. A P value of �0.05 was considered statistically
significant. Univariate and multivariate logistic regression analyses were performed by using SPSS version
24.0.0.1. R Statistics version 3.2.2 was used for WGS analysis. A minimum spanning tree was built with
Ridom SeqSphere� software version 4.1.9 (Ridom GmbH, Münster, Germany).

RESULTS
Description of heterogeneous VNTR clusters. For 106 clusters comprising 232

isolates, DST data were missing or available for only one isolate within a VNTR cluster
and were therefore excluded from further analysis. In total, 9,072 M. tuberculosis
complex isolates from the period from 2004 to 2016 were analyzed, of which 4,661
isolates (51.4%) clustered into 985 distinct VNTR clusters; 1,695/4,661 (36.4%) isolates
belonged to heterogeneous clusters (Fig. 1). The number of heterogeneous clusters
was 217 (22%), versus 768 (78%) homogeneous clusters. The large majority (n � 202)
of heterogeneous clusters included both susceptible and resistant isolates, while the
remaining 15 clusters consisted of resistant isolates with different resistance profiles.
The numbers of isolates varied from 2 to 111 within homogeneous clusters and from
2 to 135 within heterogeneous clusters, with the majority of homogeneous and
heterogeneous clusters containing 2 isolates. The cluster size was significantly larger
among the heterogeneous clusters than among the homogeneous clusters (P � 0.001).

Of 1,695 isolates in heterogeneous clusters, 1,124 (66.3%) were susceptible to all
first-line antibiotics, 450 (26.6%) were resistant to at least one antibiotic, and 121 (7.1%)
isolates had no DST data available. In total, 22 different resistance profiles were
identified, varying from monoresistance to resistance against all five included antibi-
otics. The most prevalent resistance profiles in heterogeneous clusters were STR
monoresistance (25.8%), INH monoresistance (22.4%), STR and INH resistance (19.6%),
and PZA monoresistance (9.1%) (Fig. 2). Of the 41 isolates in heterogeneous clusters
with PZA monoresistance, 16 (39%) were M. bovis. Almost 90% of heterogeneous
clusters contained at least one isolate harboring one of the four most prevalent
resistance profiles.

Characteristics associated with heterogeneous clustering. Compared to homo-
geneous clusters, the heterogeneous clusters comprised a significantly high proportion
of patients who were non-Dutch (84.0% versus 76.4%), asylum seekers (17.2% versus
10.5%), diagnosed with ETB (34.7% versus 28.8%), and previously diagnosed with TB
(6.5% versus 4.9%). The percentage of patients who were a contact of a TB patient was
significantly lower in the heterogeneous clusters (7.8% versus 11.4%) (Table 1). The
variables gender, age, homeless, prisoner inmate, and health care worker had a P value
of �0.2 in univariate analysis and were therefore included in multivariate analysis; the
variable “previous TB treatment” was not included due to the relatively small number
of patients for whom these data were available (n � 141). Multivariate analysis showed
that patients belonging to heterogeneous clusters were more likely to be non-Dutch
(odds ratio [OR], 1.46 [95% confidence interval {CI}, 1.22 to 1.75]), to be asylum seekers
(OR, 1.51 [95% CI, 1.24 to 1.85]), to not be a contact of another TB patient (OR, 1.35 [95%
CI, 1.08 to 1.69]), to have ETB (OR, 1.26 [95% CI, 1.09 to 1.46]), and to be previously
diagnosed with TB (OR, 1.38 [95% CI, 1.04 to 1.82]) (Table 2).
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Cluster investigation of heterogeneous clusters. Data on epidemiological links
were available in the NTR for 1,955 (75.6%) of all 2,585 VNTR-clustered isolates between
2009 and 2016. An epidemiological link was confirmed for 16.5% of the isolates within
heterogeneous clusters, which was significantly lower than the proportion of confirmed
epidemiological links in homogeneous clusters (24.6%; P � 0.001). To investigate to
what extent resistant strains were transmitted, 24 epidemiological links between
patients in heterogeneous clusters with known source case and secondary patient were
studied. For 14/24 epidemiological links, there was no transmission of resistant strains,
as strains from both the source case and the secondary patient were susceptible to all
first-line antibiotics. Among another epidemiologically linked pair, the strain from the
source case was STR resistant, and that from the secondary patient was susceptible,
meaning that here, there was also no indication of transmission of resistant strains.
Eight epidemiological links were confirmed between isolates from a susceptible source
case and from a secondary patient that was monoresistant to STR (n � 7) or resistant
to both INH and RIF (n � 1). In the remaining epidemiologically linked pair, an INH- and
STR-resistant strain was transmitted from the source case to the subsequent patient.

Clustering on the basis of WGS. VNTR clusters with at least 2 isolates from 2016
were selected for WGS; WGS data were available for 67 isolates belonging to 13
different heterogeneous VNTR clusters and for 63 isolates from 27 different homoge-
neous VNTR clusters (Fig. 1). The average genome coverage depth of these 130 isolates

FIG 1 Flowchart of the inclusion and exclusion of isolates from January 2004 to December 2016 for
VNTR and WGS analyses. Light gray, inclusion of isolates for VNTR typing; dark gray, inclusion of
isolates for WGS.
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was 113� (range, 35� to 252�). WGS clustered 34% (23/67) of the isolates in
heterogeneous clusters, compared to 78% (49/63) of the isolates in homogeneous
clusters. A minimum spanning tree was built from five heterogeneous VNTR clusters
from 2016 (comprising in total 18 isolates) with available WGS data and epidemiological
data. Epidemiological links were confirmed by the Municipal Health Services only for
cluster A, comprising two susceptible and two STR-resistant isolates, and this was the
only cluster that remained clustered by WGS and, thus, the only one out of five
heterogeneous clusters that actually resulted from recent transmission. The remaining
isolates from patients belonging to clusters B to E were not clustered by WGS, and this
was in line with the epidemiological investigations by municipal health services, as no
epidemiological links could be confirmed for these patients (Fig. 3).

DISCUSSION

In this study, the prevalence and characteristics of heterogeneous clusters were
investigated in a large study population from 2004 to 2016. Based on VNTR typing,
heterogeneity of antibiotic resistance in clusters was found to be common (22%).
However, when WGS was applied, a substantial degree of heterogeneous clustering
appeared to be falsely clustered by VNTR typing.

The relatively lower degree of clustering by WGS is comparable to data from a
previous study in which the clustering of isolates of TB patients by WGS was halved

FIG 2 Overview of the variation in resistance profiles of the 450 resistant isolates in the heterogeneous clusters.
INH, isoniazid; RIF, rifampin; STR, streptomycin; EMB, ethambutol; PZA, pyrazinamide.
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compared to that by VNTR typing (15). In our study, only one of the five heterogeneous
VNTR clusters remained clustered by WGS. This finding is in line with data from a
previous study that concluded that a drug-susceptible isolate and a multidrug-resistant
isolate with identical VNTR DNA fingerprints harbored a considerable degree of
genomic diversity, with a genetic distance of 130 SNPs and one large deletion between
the two isolates (16). However, in that study, isolates were clustered when they shared
23 out of 24 identical loci in the VNTR pattern, instead of the applied identical 24-locus
pattern in our study. The only heterogeneous cluster in our study that remained
clustered by WGS was also epidemiologically confirmed by the municipal health
services. The absence of confirmed epidemiological links and the large SNP distances
in the remaining heterogeneous clusters support the hypothesis of false clustering by

TABLE 1 Patient characteristics of M. tuberculosis complex isolates clustered by VNTR
typing in the period from 2004 to 2016a

Patient characteristic
No. of heterogeneous
isolates (n � 1,646) (%)

No. of homogeneous
isolates (n � 2,856) (%) P value

Sex 0.143
Male 1,028 (62.5) 1,847 (64.7)
Female 617 (37.5) 1,009 (35.3)

Age group (yr) 0.087
0–24 412 (25.1) 642 (22.5)
25–44 713 (43.0) 1,278 (44.7)
45–64 362 (22.1) 610 (21.4)
65� 159 (9.8) 326 (11.4)

Ethnicity �0.001
Dutch 260 (16.0) 657 (23.6)
Non-Dutch 1,364 (84.0) 2,125 (76.4)

Residence 0.636
Urban 601 (36.5) 1,063 (37.2)
Rural 1,045 (63.5) 1,793 (62.8)

Localization of TB �0.001
PTB 831 (50.5) 1,646 (57.6)
ETB 571 (34.7) 822 (28.8)
PTB � ETB 244 (14.8) 388 (13.6)

Previous TB diagnosis 0.027
Yes 99 (6.5) 129 (4.9)
No 1,413 (93.5) 2,492 (95.1)

Result of previous treatment 0.088
Discontinued 22 (36.7) 19 (23.5)
Completed 38 (63.3) 62 (76.5)

Risk group
Contact of TB patient 129 (7.8) 327 (11.4) �0.001
Asylum seeker 283 (17.2) 300 (10.5) �0.001
Homeless 53 (3.2) 73 (2.6) 0.194
Alcohol abuser 33 (2.0) 67 (2.3) 0.455
Drug abuser 60 (3.6) 98 (3.4) 0.707
Prisoner 42 (2.6) 93 (3.3) 0.183
Health care worker 9 (0.5) 29 (1.0) 0.103
Traveler to area of endemicity 29 (1.8) 61 (2.1) 0.389

Immunocompromised
HIV positive 79 (10.8) 103 (9.2) 0.257
Diabetes 60 (3.6) 120 (4.2) 0.359
Malignancy 38 (2.3) 62 (2.2) 0.763
Renal disease 19 (1.2) 35 (1.2) 0.833
Immunosuppressive use 31 (1.8) 67 (2.3) 0.307

aTB, tuberculosis; PTB, pulmonary tuberculosis; ETB, extrapulmonary tuberculosis; HIV, human
immunodeficiency virus.
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VNTR. A similar outcome was previously described by Jajou et al., who concluded that
WGS is a more discriminative tool to predict epidemiological links than VNTR typing,
thereby improving the efficiency of cluster investigations (15).

Some variables in this study appeared to be significantly associated with cluster
heterogeneity. First, cases in heterogeneous clusters were more likely to be of non-
Dutch ethnicity, which can be explained by the fact that most of the drug resistance
(about 80%) in the Netherlands is found among foreign-born patients (17, 18). The
variables non-TB contact, asylum seeker, and ETB might be indicative of the import of
resistant strains by foreign-born patients from high-TB-incidence countries rather than
recent transmission in the Netherlands. This suggestion is supported by the low
proportion (16.5%) of confirmed epidemiological links found between isolates in
heterogeneous clusters. In addition, a previous study showed that TB among immi-
grants in Hamburg, Germany, was often not due to recent transmission of TB (19). In
general, clustering of isolates from asylum seekers in terms of recent transmission
should be interpreted with caution, because the isolates from foreign-born patients can
belong to predominating strains with a high degree of genetic homogeneity in their
home countries (20–22) and might thereby be incorrectly clustered by VNTR typing.
This hypothesis is supported by a recent study in which a large VNTR cluster of mostly
asylum seekers was divided into several subclusters when analyzed by WGS (23).
Furthermore, the association of a previous TB diagnosis with heterogeneity may
indicate endogenous reactivation of TB in foreign-born patients and asylum seekers.

Other explanations for the occurrence of heterogeneous clusters can be discussed,
for example, the existence of heteroresistance within M. tuberculosis isolates, i.e., the
presence of drug-susceptible and drug-resistant bacteria in the same isolate. Recently,
a study investigating the prevalence of heteroresistance by WGS showed that for
around 50% of the isolates tested, heteroresistance was present in at least one
resistance-associated genomic locus (24). Moreover, the existence of resistant minority
subpopulations in M. tuberculosis was described previously (25). Using a targeted deep
sequencing technique, Metcalfe et al. described the presence of microheteroresistance
(�5% drug-resistant subpopulation of the total population) in phenotypically resistant
isolates with no resistance-associated mutations determined by Sanger sequencing
(25). In our study, one of the heterogeneous clusters remained clustered by WGS
despite differences in STR resistance in the respective isolates, which can be explained
by the existence of minority resistant subpopulations at lower allele frequencies than
our current standard of 80%.

TABLE 2 Multivariate analysis of factors associated with heterogeneous clusteringa

Parameter Multivariate OR (95% CI) P value

Ethnicity
Dutch 1
Non-Dutch 1.46 (1.22–1.75) �0.001

Localization of TB
PTB 1
ETB 1.26 (1.09–1.46) 0.002
PTB � ETB 1.17 (0.96–1.42) 0.100

Previous TB diagnosis
Yes 1.38 (1.04–1.82) 0.024
No 1

Contact of TB patient
Yes 1
No 1.35 (1.08–1.69) 0.009

Asylum seeker
Yes 1.51 (1.24–1.85) �0.001
No 1

aTB, tuberculosis; PTB, pulmonary tuberculosis; ETB, extrapulmonary tuberculosis; OR, odds ratio; CI,
confidence interval.
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Finally, the bacterial diversity present in the lung of individual TB patients might
explain the heterogeneity of resistance profiles within VNTR clusters. Results from
previous studies suggest that sputum samples may not represent the complete strain
diversity present in a patient’s lung and that DST on isolates from patient sputa may not
represent the susceptibility of all bacterial populations within the lung (26–28). More-
over, if sputum samples do not contain the real diversity of the bacterial population in
the respiratory tract, it might be that only a subpopulation is transmitted from patient
to patient.

The most prevalent resistance profiles observed in heterogeneous clusters were INH
and STR monoresistance. This is in accordance with the overall TB drug resistance
pattern previously described in the Netherlands using data from 1993 to 2011 (17). In
the same study, a low overall occurrence of PZA resistance was reported for the
Netherlands, which was the fourth most prevalent resistance profile among isolates in
heterogeneous clusters in our study. The relatively high frequency of PZA monoresis-
tance is partially because 39% of these isolates were M. bovis strains, which are known
to be intrinsically resistant to PZA (29).

The rate of transmission of resistant strains to a secondary patient was found to be
relatively low in our study. Among the majority of epidemiologically linked pairs, the

FIG 3 Minimum spanning tree of five heterogeneous VNTR clusters (clusters A to E) analyzed by WGS. Clustering by WGS is represented in gray, and the genetic
distances in SNPs to the nearest isolate are shown on the branches. White, susceptible samples; green, streptomycin-resistant samples; red, isoniazid-resistant
samples; blue, isoniazid- and streptomycin-resistant samples; yellow, rifampin-, isoniazid-, ethambutol-, and streptomycin-resistant samples.
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strains from the source case and secondary patient were susceptible to first-line
antibiotics. In a few instances, an epidemiological link between a susceptible source
patient and a resistant secondary patient was confirmed, which can indicate transmis-
sion of resistant strains; however, we could not completely rule out that resistance was
acquired over time.

This study is based on a comprehensive data collection process with genotyping of
all M. tuberculosis complex isolates at the Dutch national tuberculosis reference labo-
ratory, generating comparable and generalizable results. Despite this, the study has
some limitations. First, a minority of clusters could not be classified as homo- or
heterogeneous due to missing DST data and was excluded from the analysis. As this
was only a small proportion of the total number of isolates included in the study, we
believe that this did not have an impact on the results. Second, epidemiological cluster
investigation has been performed based on VNTR typing since 2009; however, detailed
information on the source cases and secondary patients has been recorded in the NTR
only since 2014, meaning that only a subset was available for analysis and might
therefore not be representative. Furthermore, WGS data were available for only a
subset of isolates, in which most of the isolates were susceptible or resistant to STR
only, resulting in a low variability of included isolates compared to the complete study
population.

In conclusion, 22% of the VNTR clusters were heterogeneous; however, the low level
of agreement of heterogeneous clustering between VNTR typing and WGS suggests the
inaccuracy of VNTR typing to correctly cluster isolates belonging to the same trans-
mission chain, and this was also represented in the low extent of transmission of
resistant strains between epidemiologically linked cases. With the increasing availability
and application of WGS, differentiation of M. tuberculosis complex isolates can be
performed with a higher degree of discriminatory power, and false clustering by VNTR
typing can be prevented.
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