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Whole-Genome Sequencing for Rapid Susceptibility Testing
of M. tuberculosis
To the Editor: Efforts to contain drug-resistant
tuberculosis depend on the rapid detection and
effective treatment of cases, together with public
health interventions to prevent and investigate
ongoing transmission. The necessary laboratory
support for these activities includes the identification of the Mycobacterium tuberculosis complex,
antimicrobial susceptibility testing, and bacterial
genotyping. However, even in well-resourced
countries, it typically takes 1 to 2 months to
achieve all these goals because of the slow
growth rate of the M. tuberculosis complex.1,2
Moreover, phenotypic susceptibility testing can
be unreliable and is not performed for some
agents. Molecular techniques have accelerated
some of these diagnostic functions, but they only
interrogate a small part of the microbial genome
and do not provide all the clinically relevant information.1-3 Whole-genome sequencing has not
been used as a diagnostic tool for tuberculosis,
in part because of the need to culture M. tubercu-
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losis complex for several weeks, until sufficient
DNA can be extracted.2,4
Here we report the use of rapid whole-genome
sequencing to investigate the case of a patient
with extensively drug-resistant (XDR) tuberculosis (the case history is provided in the Supplementary Appendix, available with the full text of
this letter at NEJM.org). His first sputum sample
became culture-positive after 3 days in the mycobacterial growth indicator tube (MGIT) culture
system. DNA was extracted directly from the
MGIT tube and sequenced with the use of the
Illumina MiSeq platform. Two distantly related
Beijing strains of M. tuberculosis were identified
(in a ratio of 7:3) (Fig. 1B). Mixed infection was
not apparent when standard genotyping was
performed on three additional samples from this
patient by means of mycobacterial interspersed
repetitive-unit–variable-number tandem-repeat assay, which probably identified the majority strain.
These findings have important implications for
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Figure 1. Phylogenetic Analysis and the Distribution of Drug-Resistance Mutations.
In Panel A, the numbers refer to the number of single-nucleotide polymorphisms (SNPs) that were shared by the two strains of extensively drug-resistant (XDR) Mycobacterium tuberculosis isolated from a single patient (termed majority and minority strains on the basis
of numerical predominance) or were unique to one strain as compared with the M. tuberculosis H37Rv reference genome. The reference
laboratory had reported resistance to nine antibiotics (black type). Genotypically, we found that both strains had mutations that were
consistent with resistance to these nine drugs. The same mutation was present in both strains for six drugs (green overlap), but different mutations in each strain accounted for resistance to the remaining three drugs. Streptomycin is shown twice because both strains
had a common resistance mutation, but the minority strain had a second resistance mutation. In addition, we found mutations that
were associated with resistance to five antibiotics, for which no phenotypic results were available (red type). (Amithiozone is also known
as thiacetazone.) Current genotypic tests could have detected only the nine antibiotic resistances marked by an asterisk (see Table S1 in
the Supplementary Appendix). In Panel B, a phylogenetic tree based on whole-genome sequencing data shows the majority and minority
strains from our patient as compared with data from a published study of XDR tuberculosis, which included representatives of the main
lineages of M. tuberculosis and strains of M. africanum, M. orygis, M. bovis, and M. bovis bacillus Calmette–Guérin (BCG).4 For isolates in
the Beijing lineage, the country of origin is shown after the name of the strain (London [L]; Samara Oblast, Russia [S], or Estonia [E]). The
minority and majority XDR strains from our patient fell into clades A and B, respectively, of the Beijing lineage, which together account for
36% of Beijing cases in Samara. The closest relative of the majority strain was isolated in Estonia and is a representative of the dominant
clone in this country.4 The results of mycobacterial interspersed repetitive-unit–variable-number tandem-repeat genotyping of three
samples from this patient were consistent with the majority strain (Table S2 in the Supplementary Appendix).
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distinguishing relapse from reinfection and for
identifying secondary cases of infection.
We interrogated the known genes associated
with resistance to 39 antibiotics. The reference
laboratory reported phenotypic resistance to
9 drugs, the genetic basis for which was detected in all cases (Fig. 1A). Phenotypic susceptibility to amikacin, capreomycin, clofazimine,
and linezolid was reported, and these findings
coincided with the genotypic results. We also
found mutations that were consistent with resistance to amithiozone (also known as thiaceta
zone), gatifloxacin, levofloxacin, rifapentine, and
rifabutin, which were not tested at the reference
laboratory. Phenotypic susceptibility was reported for para-aminosalicylic acid, which was consistent for the majority strain, whereas in the
minority strain, one of the genes that is involved
in the activation of this drug was mutated, the
consequence of which was unknown.
This retrospective study revealed the potential
of rapid whole-genome sequencing to reduce the
time taken to diagnose XDR tuberculosis from
weeks to days, depending on the time to culture
positivity and the turnaround time for sequencing and analysis.2 In well-resourced countries,
rapid whole-genome sequencing may replace current methods of identifying and typing M. tuberculosis complex, since it offers the ultimate molecular resolution for outbreak investigations.2,5
Whole-genome sequencing cannot replace phenotypic susceptibility testing for all antibiotics,
given the incomplete understanding of the genetic basis of drug resistance. Nevertheless, it can
be used to rapidly identify resistance when mutations known to confer resistance are detected,
a finding that has the potential to guide clinicians and reference laboratories.
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