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Two Southeast Asian students attending the same school in the United Kingdom presented with pulmonary tuberculosis. An epidemi-
ological investigation failed to link the two cases, and drug resistance profiles of the Mycobacterium tuberculosis isolates were discrep-
ant. Whole-genome sequencing of the isolates found them to be genetically identical, suggesting a missed transmission event.

Tuberculosis is a major global public health challenge, with an
incidence of 8.8 million new cases and 1.4 million deaths in

2010 (1). The United Kingdom is a low-prevalence country, with
8,963 new cases reported in 2011, giving an overall incidence of
14.4 cases per 100,000 population per year (2). The majority of
cases (74%) occur in persons born outside the United Kingdom,
and the rate of tuberculosis is almost 21 times higher in non-
United Kingdom-born than United Kingdom-born individuals.
The United Kingdom Health Protection Agency collects clinical
and epidemiological information about all tuberculosis cases
through the National Enhanced Tuberculosis Surveillance system.
In 2010, a national strain typing service was introduced in order to
aid in the investigation of outbreaks. This uses the 24-locus my-
cobacterial interspersed repetitive unit-variable number tandem
repeats (MIRU-VNTRs) to type all Mycobacterium tuberculosis
isolates that are submitted to the reference laboratory (2). M. tu-
berculosis is a clonal organism, and accumulating evidence sug-
gests that conventional typing may be insufficient to discriminate
between closely related strains within a given lineage. Whole-ge-
nome sequencing provides the ultimate resolution of genomic
data and has been shown to be superior to MIRU-VNTR typing in
the investigation of a large outbreak in Canada (3). Here, we de-
scribe the use of whole-genome sequencing to investigate a sus-
pected tuberculosis outbreak in a language school in Cambridge,
United Kingdom.

Case histories. On 5 November 2010, a 22-year-old South Ko-
rean man presented to our hospital with smear-positive pulmo-
nary tuberculosis. He had no medical history and no known con-
tact with tuberculosis and was studying at a local English language
school. Treatment was commenced with standard antituberculo-
sis therapy (rifampin, isoniazid, pyrazinamide, and ethambutol),
and he was discharged from the hospital on 17 November 2010.
Antibiotic susceptibility results subsequently revealed resistance
to isoniazid, prothionamide, and streptomycin, and moxifloxacin
was substituted for isoniazid.

On 22 November 2010, a 24-year-old Japanese man presented
to our hospital with smear-positive pulmonary tuberculosis. He
had no medical history and no known contact with tuberculosis
and was also studying at the same language school. Treatment was
commenced with standard antituberculosis therapy. Progress was
complicated by hepatitis (which necessitated temporary interrup-
tion of rifampin, isoniazid, and pyrazinamide and the addition of

streptomycin to ethambutol), a spontaneous pneumothorax
(which resolved), and prolonged fever. Antimicrobial susceptibil-
ity results revealed resistance to isoniazid and prothionamide, and
moxifloxacin was substituted for isoniazid. He was discharged
from the hospital on 31 December 2010.

Outbreak investigation. In view of the geographical and
temporal association of the two cases, an outbreak investiga-
tion was performed by the local Health Protection Unit. Al-
though the two cases attended the same language school, they
lived in different households and did not know each other or
attend the same classes, other than for a brief period during
April 2010. Contact tracing and screening for tuberculosis were
performed initially for household contacts of the first case and
then extended to all staff and students at the language school
after the second case was diagnosed. A total of 609 persons (576
of whom were foreign students) were estimated to be in the
at-risk group. A total of 468 students had left the United King-
dom before the start of the screening program. Of the 141
individuals in the United Kingdom who were eligible for
screening, 96 were screened and 45 declined screening. Thir-
teen cases of latent tuberculosis were identified, and there were
no further cases of active tuberculosis.

Laboratory methods. Sputum specimens were processed at
the Cambridge Health Protection Agency Microbiology Labo-
ratory using standard methods for microscopy and culture of
mycobacteria. Samples that were culture positive were sent
to the National Mycobacterial Reference Laboratory for iden-
tification, antimicrobial susceptibility testing, and 24-locus
MIRU-VNTR typing. Typing of the two M. tuberculosis isolates
revealed that they were both Beijing strains with the same
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MIRU-VNTR type (see Table S1 in the supplemental material).
Although this supported the possibility of a transmission event,
this could not be concluded with confidence, given the ende-
micity of these strains in Southeast Asia and the inability of
current typing methods to discriminate between closely related
strains within a given lineage.

Genomic analysis. DNA was extracted from each M. tuber-
culosis isolate (50 ng) and prepared for 150-bp sequencing on a
rapid sequencing platform (Illumina MiSeq) as described pre-
viously (4). Reads were deposited in the European Nucleotide
Archive under the accession numbers ERS128255 (TB478) and
ERS128265 (TB496). Sequence reads for the two isolates were
mapped against the corrected reference genome M. tuberculosis
strain H37Rv (5). The average coverage was 82� for TB478 and
102� for TB496 (2,414,734 and 3,048,330 mapped reads, re-
spectively). M. tuberculosis isolates described by Casali and col-
leagues (5) were included in the analysis to place the two out-
break isolates in a broader phylogenetic context. Single
nucleotide polymorphisms (SNPs) were identified (6), with
SNPs with low quality scores removed and SNPs filtered for
presence in at least 75% of mapped reads. A maximum likeli-
hood phylogeny was estimated with RAxML, using the general
time-reversible model with gamma correction for among-site
variation.

We analyzed the two clinical isolates in the context of a
global collection of M. tuberculosis isolates (5) and found that
both were ancestral Beijing strains (Fig. 1), which agreed with
the MIRU-VNTR results (see Table S1 in the supplemental
material). The two isolates were genetically indistinguishable,
with no SNP differences in the mapped genome, which ex-
cluded the 5% of the genome that is not represented due to
poor coverage of the repetitive sequence. This strongly sug-
gested that they were either transmitted from one patient to the
other or transmitted to both patients from a common but un-
identified source.

We then analyzed the 35 genes and, where applicable, their
promoter regions that are known to be associated with resistance
to antituberculosis agents to test whether we could account for the
reported phenotypic resistance results (see Table S2 in the supple-
mental material). Both isolates shared a promoter-up mutation
(C-15T) in inhA, the shared target of isoniazid and prothio-
namide. This mutation is known to generally confer low-level re-
sistance to isoniazid, which can be overcome with a high dose of
isoniazid, and full resistance to prothionamide (7). Of note, both
isolates had been reported to have high-level resistance to isonia-
zid. With regard to streptomycin resistance, both isolates shared a
novel mutation (V77G) in gidB, which encodes a putative 16S
rRNA methyltransferase. Mutations in this gene have been shown

FIG 1 Phylogenetic analysis of M. tuberculosis isolates. A phylogenetic tree based on whole-genome sequence data comparing the suspected outbreak strains with
previously published representatives of the major lineages of the M. tuberculosis complex (5). This includes the various M. tuberculosis lineages (Beijing,
Central-Asian, Euro-American, and East-African-Indian), as well as one Mycobacterium africanum West-African 1 strain and animal strains (Mycobacterium
orygis, Mycobacterium bovis, and the Mycobacterium bovis BCG vaccine). Both outbreak strains of patient 1 (TB478) and patient 2 (TB496) belonged to the Beijing
lineage, and there were no SNP differences in the mapped genome between the two strains. This suggests transmission between the two patients or from a
common, unidentified source.

Török et al.

612 jcm.asm.org Journal of Clinical Microbiology

http://www.ncbi.nlm.nih.gov/nuccore?term=ERS128255
http://www.ncbi.nlm.nih.gov/nuccore?term=ERS128265
http://jcm.asm.org


to confer low-level resistance to streptomycin resistance (8), and
the novel V77G mutation could therefore contribute to the ob-
served phenotype.

Concluding remarks. The primary objective of this study was
to determine whether we could use rapid whole-genome sequenc-
ing to confirm or refute transmission of M. tuberculosis in a sus-
pected outbreak. Despite the presentation of two cases that ap-
peared to be temporally and geographically related, an
epidemiological investigation failed to establish a direct link be-
tween them. One possible explanation for this is that the outbreak
occurred in an educational establishment with a transient, high-
turnover student population. Although there were a large number
of potential contacts, the majority had left the United Kingdom
prior to the start of the screening program. There may have been a
common, unidentified index case among this group. Further-
more, only two-thirds of those who were still available for screen-
ing consented to be screened. Thus, overall, only 16% of the at-
risk population were screened, raising the possibility that there
may have been additional cases that were not detected locally and
presented elsewhere.

Both M. tuberculosis isolates belonged to the Beijing lineage
and had the same MIRU-VNTR pattern. The Beijing lineage is
common in Southeast Asia, and this finding was consistent with
the patients’ countries of origin. Identical VNTR types are rou-
tinely used to identify clusters of tuberculosis cases that may be
epidemiologically linked. Yet, traditional typing methods have a
lower resolution than whole-genome sequencing, given that they
rely on a small number of molecular surrogates for the complete,
underlying evolution of the bacterium (3, 9, 10). In this case, the
isolates were indistinguishable even using whole-genome se-
quencing. Given the low mutation rate of M. tuberculosis, which
has been estimated to be about 0.39 SNPs per genome per year
(11), we could not unequivocally infer a recent common ancestry.
Nonetheless, these results afforded us greater certainty than
MIRU-VNTR typing that a transmission event had occurred at the
language school, either directly between the two patients or from a
common but unidentified source.

In clinical practice, phenotypic differences in antibiotic resis-
tance profiles are often used to distinguish bacterial isolates. The
observed difference in streptomycin resistance suggested that the
two strains were different, providing evidence against a transmis-
sion event. However, whole-genome sequencing revealed that the
genotypic resistance profiles were identical, thus highlighting the
weakness of this inference. The apparent phenotypic difference in
susceptibility to streptomycin may have resulted from a lack of
reproducibility of phenotypic testing, if the shared gidB mutation
increased the MICs close to the breakpoint. However, there is
some uncertainty whether the breakpoint for streptomycin is set
appropriately, highlighting the need for further study of the influ-
ence of gidB mutations on MICs and treatment outcome (8).

In summary, this study highlights both the potential uses and
limitations of rapid whole-genome sequencing for the investiga-
tion of M. tuberculosis. The low rate of evolution of M. tuberculosis
at a whole-genome level relative to the rate of transmission repre-
sents a significant limitation for epidemiological studies of tuber-
culosis outbreaks compared to other more rapidly growing organ-
isms, such as methicillin-resistant Staphylococcus aureus (MRSA)
(4). Moreover, a better understanding of the relationship between
genotype and phenotype is required to facilitate genotypic suscep-
tibility testing. Nevertheless, we have demonstrated the utility of

whole-genome sequencing for the investigation of a suspected
outbreak of tuberculosis and also for the analysis of discrepant
drug resistance profiles. The increase in speed accompanied by the
falling costs of whole-genome sequencing compared with current
phenotypic methods means that this technology is likely to be
adopted for routine use in diagnostic microbiology laboratories in
well-resourced countries. For this to be realized, the sequence
analysis will have to be fully automated, rather than relying on
skilled bioinformaticians, as was the case for this study. Such a
software tool will require that a continuously updated database of
resistance mutations akin to the Stanford HIV Drug Resistance
Database (12) is maintained, which is not currently the case (13).
Moreover, a well-curated database to share clinical sequence data
is called for to track cross-border transmission (13). Indeed, it is
plausible that some of the students that had returned to their
home countries before we could screen them were exposed to
tuberculosis. Should they present with active disease in the future,
their isolate could be rapidly linked to the language school,
thereby simplifying the outbreak investigations by the health au-
thorities in question.
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