,’ Table 5 Levels of L2, IL-1RA 1P-10, IFN- -y, and IL- 10in QFT-IT supematants with and without TB-antigen stimulation in nonrecurrence and recurrence groups.
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duction from CD4+ T-cells in response to certain TB-
specific peptides has been observed in patients with severe
pulmonary TB.”" In such a condition, inhibitory receptors
and soluble factors that induce T-cell anergy, such as
CTLA-4 and IL-10,” contribution of regulatory T (Treg)-
cells,” * and compartmentalization of TB antigen-
specific T-cells” may have played a role in low IFN-y levels.
In our study, however, the extent of pulmonary TB lesions,
an indicator of TB severity (data not shown), and IL-10 pro-
duction at 2 months, a marker of Treg activity, were not
different between the two groups. Furthermore, according
to the abovementioned mechanisms, IFN-y levels should
have been suppressed before treatment and recovered dur-
ing effective treatment, contrary to the pattern observed
in this study. Difference caused by nonspecific immune sup-
pression that may occur in malnutrition or other states is
also unlikely because the amount of nonspecific mitogen-
induced IGRA response was not significantly different be-
tween the two groups (Fig. 3b).

Although our study provided no direct evidence, the
impairment of T-cell memory function at the convalescent
stage may have caused both the negative conversion and
the low IFN-y values seen in the IGRA results at 2 months in
the recurrence group. Several lines of evidence have
demonstrated that antigen-specific IFN-y-only-secreting
effector T cells are predominant in untreated active TB
disease and also indicate that when the antigen load
decreases after starting treatment, dual IFN-y/IL-2- or
single IL-2-secreting T-cells with more memory-cell char-
acters become more predominant.””*® “" In the recurrence
group, it is possible that dual IFN-y/IL-2-secreting or poly-
functional T-cells have failed to expand for unknown rea-
sons, whereas IFN-y-only-secreting cells have continuously
decreased, resulting in a significant reduction in overall
IFN-y production. Indeed, IL-2 induction in QFT-IT tended
to be lower parallel with the lower IFN-y response at 2
months in the recurrence group than in the nonrecurrence
group. Further immunological studies on lymphocyte sub-
populations would be necessary to elucidate the underlying
mechanism.

In addition to the low IFN-y values at 2 months, the
increase in IFN-y values between 2 and 7 months was also
associated with early TB recurrence. A previous study'* re-
vealed a minor and insignificant increase in IFN-y levels at
6 months after treatment completion in subjects having
recurrence risk. It is well known that the IGRA response
is higher in active TB than in latent TB infection despite
a large overlap,® “** and the cytokine-producing capacity
of MTB-specific CD4 and CD8 T-cells is associated with
increased bacillary burden.””*® Collectively, a slight in-
crease in IGRA responses between 2 and 7 months in the
recurrence group may indicate significantly increased
bacillary burden in the subclinical stage before
recurrence.

Additionally, in the treatment failure group, the
tendency for decreased IFN-y levels at 2 months may
not be explained by only change in bacillary burden,
because the burden should be considerably higher in the
failure group. The similarity in IFN-y level patterns
between recurrence and failure may suggest a common
underlying mechanism, possibly the impairment of T-cell
function, although the statistical power of our study was

not strong enough to analyze this with regard to treat-
ment failure.

IP-10 is a small chemokine expressed by antigen-
presenting cells and it is induced by IFN-v.** IP-10-based
tests are comparable to the IGRA response™ in different
groups of TB-related subjects, including HIV-uninfected
and infected subjects evaluated at the time of TB diagnosis
or over time.””"* However, our study results are not conclu-
sive about the better indicator among the two.

We did not distinguish reinfection from relapse in this
study. However, we assumed that relapse cases are pre-
dominant because recurrence occurred during the short
follow-up period (16 months). It should be emphasized that
our findings cannot be used for the prediction of recur-
rence, because a variety of individual variations in longitu-
dinal patterns of the IGRA response were observed.
Nevertheless, our findings provide additional insights on
the clinical relevance of IGRA in TB management. Negative
conversion of the IGRA response after 2 months of treat-
ment was not a good sign though it is widely believed to
indicate clearance of infection.

The strength of the present study lies in the high
proportion of patients completing treatment and active
follow-up. However, this study has a few limitations. First,
the last IGRA was performed at 7 months of treatment. The
magnitude of change in IFN-y values in the recurrence
group may have been larger if the evaluation was per-
formed at a later stage. Second, in our settings, we were
unable to study the host immune response in detail so as to
elucidate the underlying mechanism.*’*/ Third, diabetes,
one of the possible confounding factors for TB recurrence,
was not actively screened in our study protocol. However,
the frequency of diabetes based on a questionnaire-based
interview was relatively low (4.6%) in the study population
and nonexistent (0%) in the recurrence group. Therefore,
we did not include this factor in the multivariate analysis.
Nevertheless, our data showed a negative association be-
tween IGRA response and recurrence, which may prompt
future studies in this field.

In conclusion, this study showed that the patterns of
IGRA responses to TB-specific antigens during treatment
differ according to recurrence status and thus may provide
insights into the immunological background prior to TB
reactivation, a major question in this field.
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Evolutionary history and global spread of the
Mpycobacterium tuberculosis Beijing lineage

Matthias Merker!, Camille Blin?3, Stefano Mona?3, Nicolas Duforet-Frebourg?, Sophie Lecher5-$,

Eve Willery®>-8, Michael Blum#, Sabine Riisch-Gerdes®, Igor Mokrousov'?, Eman Aleksicl?,

Caroline Allix-Béguec!?, Annick Antierens!?, Ewa Augustynowicz-Kopeé!4, Marie Ballif!>,

Francesca Barletta!®, Hans Peter Beck!”, Clifton E Barry I1I'8, Maryline Bonnet!®, Emanuele Borroni?’,
Isolina Campos-Herrero?!, Daniela Cirillo?°, Helen Cox?2, Suzanne Crowe!1-23:24, Valeriu Crudu?5,
Roland Diel?5, Francis Drobniewski?’-?8, Maryse Fauville-Dufaux?®, Sébastien Gagneux!”,

Solomon Ghebremichael??, Madeleine Hanekom31, Sven Hoffner32, Wei-wei Jiao33, Stobdan Kalon?4,
Thomas A Kohl!, Irina Kontsevaya3?, Troels Lillebak3®, Shinji Maeda37, Vladyslav Nikolayevskyy?7:28,
Michael Rasmussen3®, Nalin Rastogi38, Sofia Samper3®, Elisabeth Sanchez-Padilla!®, Branislava Savic*,
Isdore Chola Shamputa!8, Adong Shen33, Li-Hwei Sng?!, Petras Stakenas?*Z, Kadri Toit*3, Francis Varaine*4,
Dragana Vukovic#?, Céline Wahl!2, Robin Warren3!, Philip Supply>-31246, Stefan Niemann!4546 &

Thierry Wirth?3:46

Mycobacterium tuberculosis strains of the Beijing lineage are globally distributed and are associated with the massive spread of
multidrug-resistant (MDR) tuberculosis in Eurasia. Here we reconstructed the biogeographical structure and evolutionary history

of this lineage by genetic analysis of 4,987 isolates from 99 countries and whole-genome sequencing of 110 representative isolates.
We show that this lineage initially originated in the Far East, from where it radiated worldwide in several waves. We detected
successive increases in population size for this pathogen over the last 200 years, practically coinciding with the Industrial Revolution,
the First World War and HIV epidemics. Two MDR clones of this lineage started to spread throughout central Asia and Russia
concomitantly with the collapse of the public health system in the former Soviet Union. Mutations identified in genes putatively under
positive selection and associated with virulence might have favored the expansion of the most successful branches of the lineage.

M. tuberculosis and the other members of the M. tuberculosis com-
plex (MTBC) remain the leading bacterial killers worldwide and
still account for 1.3 million deaths annually!. Of major concern is
the uncontrolled spread of MDR tuberculosis (defined by resistance
to at least the 2 major first-line drugs isoniazid and rifampicin) in
regions such as southern Africa® and across large Eurasian territories
encompassing the Baltic countries, Russia and the 11 other current
or former members and participating states of the Commonwealth
of Independent States. These countries are all ranked among the 27
countries with a high MDR tuberculosis burden!.

The massive spread of MDR tuberculosis in Eurasia is predomi-
nantly driven by M. tuberculosis clones of the Beijing/East Asian lin-
eage3-S. Strains from the Beijing lineage have also been associated
with large MDR tuberculosis outbreaks elsewhere’ and appear to
be rapidly expanding in population size in settings with contrasting
tuberculosis incidence levels®?. Strains of this lineage have been pro-
posed to possess selective advantages in comparison to strains from
other MTBC lineages, comprising an increased capacity to acquire
drug resistance, linked to hypermutability!® or the presence of

compensatory mutations mitigating the fitness cost of resistance-
conferring mutations!»1?, increased transmissibility, hyperviru-
lence and/or more rapid progression to disease after infection!3-17,
However, the association of Beijing strain infection with MDR
tuberculosis and/or with specific pathobiological or epidemiological
manifestations is not systematic'®. This heterogeneity suggests the
existence of substantial intralineage biogeographical diversity, affect-
ing pathobiological properties.

To investigate this hypothesis, we analyzed the global biogeographi-
cal structure and origin of the Beijing branch of the MTBC by stand-
ard genotyping of 4,987 clinical isolates from 99 countries linked to
drug resistance. In addition, we analyzed the genome sequences of 110
isolates representing the main clonal complexes (CCs) identified to
further explore the evolutionary history of this important lineage.

RESULTS

Global biogeographical structure

Our collection of 4,987 isolates from 99 countries (Supplementary
Fig. 1) represents by far the largest Beijing lineage data set ever

A full list of author affiliations appears at the end of the paper.
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Figure 1 Biogeographical structure of the a e

M. tuberculosis Beijing lineage. (a) MSTREE = CC2
based on 24 MIRU-VNTR markers delineating CC3

the clonal complexes (CCs) gathered from a = ggg
worldwide collection (n = 4,987). Major nodes w CC6

and associated multi-locus variants were # BL7 (a, b, 0
grouped into six CCs and a basal sublineage (BL). S

(b) Genetic variability in the different Beijing e S

lineage CCs and the BL calculated using a b
rarefaction procedure (each CC included a

subsample of 457 strains drawn randomly from

its source population). Dots correspond to the

mean allelic richness, boxes correspond to mean

values + s.e.m. and error bars correspond to

mean values + s.d. {c) Worldwide distribution of

the Beijing CCs and BL. Each circle corresponds
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to a country, and circle sizes are proportional to
the number of strains. Note that the results for
CC3 and CC4, less supported by whole genome- C
based analysis, are only given as an indication.
(d) Genetic erosion out of China. Mean allelic
richness within geographical populations is
plotted against geographical distance from the
Yangtze River basin. Filled squares denote the
Eurasian samples used for the regression; filled
circles correspond to the global collection.
Confidence intervals are represented by
dashed lines.

analyzed in terms of sample size and geo-
graphical coverage. Among these, 4,024
isolates (81%) originated from population-
based or cross-sectional studies. Beijing
strains were detected by screening for
typical spoligotypes and best matching of
24-locus mycobacterial interspersed repeti-
tive unit-variable-number tandem repeat
(MIRU-VNTR) genotypes obtained from
all the isolates!>1? (Supplementary Tables 1
and 2). To gain insight into the global popula-
tion structure, we constructed a minimum-

o

Mean allelic richness
n
N

“ 0,222
* 2 0.628;

Globat:
Eurasian: 7

= 0.0021

2 0.0001

L ' L 2 LT

spanning tree (MSTREE) on the basis of the 0 2,000

24-locus MIRU-VNTR data that minimized

the weights of the edges between genotypes.

We initially classified the 4,987 isolates into 6 major CCs and 3 dis-
tant branches (a, b and ¢) collectively designated as basal sublineage
7 (BL7) (Fig. 1a). PCR analysis of the NTF region?? of 337 selected
isolates showed that CC1-CC5 comprised typical/modern Beijing
strains, whereas CC6 and BL7 comprised atypical ancestral Beijing
variants (Supplementary Fig. 2 and Supplementary Table 3). We
further analyzed the global distributions of CC1, CC2 and CCS5, as
the corresponding groupings were largely supported (with few to no
outliers) by genome sequencing results. Likewise, the ancestral clas-
sification of CC6 and BL7 was confirmed by their deep branching in
the genome-based trees.

In the MSTREE (Fig. 1a), CCl and CC2, and to a lesser extent CC5,
displayed a star-like shape typical of expanding populations, with
high-frequency central genotypes surrounded by diffusing layers
of variants. Such patterns were much less visible for CC6 and BL7,
again suggesting more ancient populations and/or milder expansions.
In accordance with this hypothesis, the mean allelic richness (number
of alleles), calculated after correcting for sample size effects?! and
taken as a surrogate indication of diversification time, was higher for
CC6 and BL7 than for CC1, CC2 and CC5 (P < 0.05; Fig. 1b).

L
4,000

1 1 I e L o, L L = L L
6,000 8,000 10,000 12,000 14,000 16,000 18,000 20,000

Distance from the Yangtze River basin (km)

The spatial distribution on a worldwide scale of these CCs clearly
shows a biogeographical structure and population clines in the Beijing
lineage (Fig. 1c). Strikingly, the CC distribution was the most diverse
in the East Asia and Far East region, suggesting that this region indeed
represents the origin from which Beijing strains subsequently radiated.
The gradient observed in CC5 proportions toward the Pacific Ocean
suggests an eastward spread of this clone, followed by successive bottle-
necks increasing its frequency in Micronesia and Polynesia. Likewise,
we observed westward clines for CC1 and CC2, with these groups
becoming highly dominant in central Asia and around the Black Sea
(CC1) and in Russia and Eastern Europe (CC2) (Supplementary Figs. 3
and 4). In contrast, CC6 and BL7 were more confined to eastern Asia.
The only other region where we retrieved substantial proportions of
CC6 and BL7 was North America/Mexico, where the CC frequencies
resembled those for Chinese samples (Supplementary Fig. 3), likely
reflecting the effect of recent Chinese immigration.

East Asian origin, multiple epidemic waves and timing
The East Asian origin of the Beijing lineage was further supported by
plotting MIRU-VNTR allelic diversity per geographical population
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Table 1 MIRU-based demographic and dating estimates of the CCs and lineages detected in the Beijing clade

Clonal complex Ny N r=Ng/N; 74 TMRCAP

CCl 13.106 (7.996-24.713) 0.743 (0.502-1.012) 17.639 © 263 (190-398) 4,415 (2,569-7,509)
cc2 8.633 (3.954-27.534) 0.529 (0.337-0.856) 16.319 216 (138-350) 1,797 (958-3,690)
CC3 47.204 (32.510-72.062) 1.247 (0.947-1.745) 37.854 559 (445-719) 3,151 (1,750-5,801)
cca 32.830 (24.125-46.892) 1.683 (1.247-2.362) 19.507 699 (523-928) 4,084 (2,616-6,764)
CC5 8.465 (4.905-18.015) 0.581 (0.394-0.882) 14.570 240 (164-360) 1,492 (872-2,898)
CCé 66.439 (47.548-97.318) 2.609 (2.004-3.559) 25.465 1,226 (967-1,552) 6,161 (3,419-10,725)
BL7 22.864 (17.939-29.514) 3.030 (2.349-4.147) 7.546 1,398 (1,056-1,834) 5,212 (3,613-8,962)
Global lineage® 67.098 (564.007-86.504) 3.053 (2.331-4.160) 21.978 1,275 (1,007-1,613) 6,604 (4,270-12,514)

No, current effective population size; N;, ancestral population size prior expansion; t,, time elapsed since the last expansion began; TMRCA, time to the most recent

common ancestor.

2Effective population sizes are expressed in millions. PDatings are expressed in years. Estimates correspond to the median values, and numbers in parentheses correspond to the 95% highest
posterior density (HPD) intervals generated during the Bayesian analysis. “Estimates based on 10 reiterations following a subsampling procedure of 500 strains from the full data set (+s.d.).

against geographical distance from the Yangtze River basin (Fig. 1d).
Allelic diversity decreased with increasing geographical distance, and
22% of the variance could be explained by geography alone when
considering the full data set. Interestingly, this percentage increased
to 63% when focusing solely on the Eurasian samples. This differ-
ence reflects the excess of allelic richness in the samples collected,
especially in North America and in South Africa, likely resulting from
substantial recent immigration from China.

We then attempted to date past expansions and to generate esti-
mates for the time to the most recent common ancestor (TMRCA).
Because it is not possible to simultaneously estimate N (the effective
population size) and  (the mutation rate), we implemented mutation
rate priors and intervals covering previously reported p values??-24
(Supplementary Fig. 5). By applying these rates and a generation time
of 1 d for M. tuberculosis, we estimated a mean TMRCA of 6,600 years
for the Beijing lineage (Table 1). According to coalescent analyses,
CC6 and BL7 are the two oldest sublineages, with TMRCAs of ~6,000
and 5,000 years, respectively, and CC5 is the youngest, witha TMRCA
of ~1,500 years.

Genetic data can also be used to unravel recent demographic
changes. By using Bayesian-based coalescent tools available for VNTR
markers, we tested whether a recent decline or increase in bacterial
population size occurred and calculated t,, reflecting the time elapsed
since a last expansion began. All CCs displayed strong expansion
signatures (Table 1). The expansion ratio r = No/N; (where Ny is the
current effective population size and Ny is the effective population size
before expansion began) ranged from 8 (BL7) to 25 (CC6). For CC1,
CC2 and CC5, the expansion onset, provided by median #, values,
dated back some 200-250 years. These findings clearly contrast with
the much older expansions detected for CC6 and BL7 dating back to
the medieval period (Table 1).

Whole genome-based phylogeny and recent population
dynamics

Because MIRU-VNTR loci may be affected by homoplasy?>, we
sequenced the genomes of 110 strains (Supplementary Fig. 6 and
Supplementary Table 4) representing the 7 sublineages initially
identified by genotyping to obtain a robust tree topology and con-
firm the ancestral clades. After removing genes associated with
drug resistance, repetitive and mobile elements, and artifactual
SNPs linked to indels?®, we detected 6,001 polymorphic sites
(SNPs). Likelihood mapping analyses?’ indicated a robust phyloge-
netic signal (>81%), albeit with minor occurrence of star-likeness,
signaling that the tree was well resolved in certain parts only
(Supplementary Fig. 7). In contrast to a recent report suggesting
some degree of horizontal gene transfer (HGT) in the MTBC?S,

analysis of neighbor nets and densitrees identified no major splits
suggestive of HGT (Supplementary Figs. 8 and 9a), and the pair-
wise homoplasy index (PHI) test did not find evidence (P = 0.7668)
for recombination that might blur phylogenetic reconstruction. The
genome-based tree topology was fully consistent with Beijing
linage-specific regions of difference (RD181 and RD150). Numerous
subgroup-specific polymorphisms also clearly distinguished three
ancestral and five modern Beijing phylogenetic clades (Fig. 2a,
Supplementary Fig. 9b and Supplementary Table 5), fairly congruent
with the MIRU-VNTR groupings except for CC3 and CC4 (Fig. 2a).
Strains associated with BL7 clearly corresponded to the most ances-
tral population, followed by CC6 strains. As such, we refer to both
groups as Asian ancestral subgroups 1-3. Strains from the modern
CCs diverged more recently and displayed shorter branches. Central
Asian, European-Russian and Pacific branches also largely confirmed
the CC1, CC2 and CC5 classifications, respectively. However, CC4
strains could be clearly differentiated into two genome-based sub-
groups (Asian Africa 1 and 2), whereas the distribution of CC3 iso-
lates was much more scattered on the tree. This partial incongruence
in the MIRU-VNTR-based tree likely reflects homoplastic effects
and/or hard polytomies in the context of recent expansions.

Genome-wide SNP information provides the potential for more
sensitive detection of one or even several population changes.
However, such analysis requires calibration of the genome evolution
rate, which is not trivial. Confident, closely matching estimates of
short-term genome mutation rates, ranging between 1.0 x 1077 and
1.3 x 1077 substitutions per nucleotide site per year, have been inde-
pendently obtained from the study of different contemporary epidem-
ics?62? and a macaque infection model®?. However, such estimates are
supposed to differ by one or two orders of magnitude from the long-
term fixation rate, as less fit mutations are purged from the genomic
pools®L. Consequently, if the mutation rate changes through time, any
mutation rate used will imply information distortion at some point.
Therefore, we decided to use the previously estimated short-term rate
of 1 x 1077 substitutions per nucleotide site per year (95% confidence
interval of 0.6 x 1077 to 1.5 x 1077)?? to depict a more likely demo-
graphic scenario over the last few hundred years.

We generated a Bayesian skyline plot that estimated changes in the
pathogen’ effective population size over time (Fig. 2b) on the basis of
the 110 genomes. We detected a stepping stone-like increase in popu-
lation size with two sharp population growth phases, one occurring
during the Industrial Revolution and the second approximately match-
ing the period of the First World War. It was also striking that the only
decrease in population observed on the skyline plot coincided with
the onset of large-scale antituberculosis drug use. Although a cumu-
lative effect cannot be excluded (also due to changes, for example,
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Figure 2 Phylogenetic reconstruction of the MTBC Beijing lineage and change in population size through time. (a) Midpoint-rooted maximum-likelihood
tree based on 110 genomes and a total of 6,001 concatenated SNPs. Characteristic mutations differentiating modern and ancestral Beijing strain types
are mapped on the tree—mutT4 encoding p.Arg48Gly (branch a), ogt encoding p.Arg37Leu (branch b) and mutT2 encoding p.Gly58Arg (branch ¢)—as
is the absence of the RD181 and RD150 regions of difference. Black squares correspond to strains with an MDR or extremely multidrug-resistant (XDR)
phenotype, and a number sign indicates strains lacking drug susceptibility test information. Numbers on branches correspond to bootstrap values.

The tree topology remains the same when H37Rv is used as an outgroup. (b) Bayesian skyline plot indicating changes in the Beijing lineage over time
with a relaxed molecular clock set at 1 x 10~7 mutations per nucleotide per year. The shaded area represents the 95% confidence intervals, and the
green colored boxes represent major socioeconomic events that might have affected the demography of M. tuberculosis.

in living conditions), we do not favor a major influence from BCG
vaccination, whose widespread use started earlier (in the late 1940s)
and had a relatively moderate protective effect against tuberculosis32.
Finally, a temporary reversal of this downward trend was noticeable.
Interestingly, this late, mild bacterial expansion matched with the
beginning of the HIV epidemics and the first Jarge MDR tubercu-
losis outbreaks in the former Soviet Union?®? and the United States!
in the 1990s.

Specific antibiotic resistance
To investigate a possible association between antibiotic resistance and
the identified CCs, we examined a subset of 1,054 clinical isolates

~ Fully susceptible  # Non-MDR & MDR

293 148 165 186 57 69 136
. B B W e

80

D
o

&
[=)

Proportion of strains (%)

20

CCH GC2 CC3 CC4 CCs CCs BL7

Figure 3 Proportions of MDR tuberculosis strains among the six CCs

and BL of the Beijing lineage. Note that CC2 comprises significantly

(P < 0.001) more MDR strains than the other complexes. The total number
of strains with available drug susceptibility test information in each group
is given above the corresponding column.

with known drug resistance profiles from our global strain collection
(Supplementary Table 6). Of these, 91% (965/1,054) originated
from 12 different study settings that were population based or cross-
sectional. We avoided including local MDR tuberculosis cohorts. The
analysis showed that CC2 had the highest proportion of MDR strains
(75.0%, 111/148; P < 0.0001) (Fig. 3). CC5 as well as the more hetero-
geneous CC3 and CC4 exhibited the lowest percentages of resistance
(P < 0.01), with 3.5% (2/57), 12.1% (20/165) and 17.2% (32/186),
respectively. Although the proportions of MDR isolates were similar
for the modern CC1 (30.4%, 89/293) and the ancestral CC6 (37.7%,
26/69) and BL7 (32.4%, 44/136), the clustering rates (defined as the
proportions of isolates with an identical MIRU-VNTR haplotype) of
the MDR strains differed significantly (P < 0.0001) (Supplementary
Table 7). In CC1, 94.4% (84/89) of all MDR isolates were associ-
ated with a shared MIRU-VNTR haplotype, in comparison to only
42.3% (11/26) and 56.8% (25/44) in CC6 and BL7, respectively
(Supplementary Table 7). Overall, CC1 and CC2 had the highest
clustering rates for MDR strains (P < 0.01), indicating population
expansion amplified by the recent transmission of MDR strains, espe-
cially associated with MIRU-VNTR haplotypes termed 94-32 (CC1)
and 100-32 (CC2) according to a standard nomenclature!®.

This MDR outbreak hypothesis was strongly supported by the
analysis of mean pairwise genetic distances among strain genomes.
Strains from the central Asian outbreak (associated with CC1) and
from the European-Russian W 148 branch (associated with CC2 and
defined as a Russian successful clone®) exhibited a lower pairwise
distance than all other subgroups (P < 0.05), with respective means of
only 17 and 23 SNPs differentiating pairs of isolates (Supplementary
Fig. 10). These strains were all resistant to at least isoniazid and strep-
tomycin (with resistance conferred by mutations to katG (encoding
p.Ser315Thr) and rpsL (encoding p.Lys43Arg), respectively; data not
shown). These data thus indicate a specific recent expansion of two
MDR clones in Russia and central Asia.
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Traces of positive selection

To identify genetic targets potentially linked
with the expansion of modern Beijing sub-
groups some 200-700 years ago (Table 1), we first examined 81 poly-
morphisms characteristic for all modern strains (Supplementary
Table 8). Among these, we found four and three SNPs in the mce
(mammalian cell entry) and vapBC (virulence-associated protein)
gene families, respectively. Moreover, SNPs in the coding regions
of the same two gene families were fixed in the genomes of both
modern and ancestral Beijing subgroups (Supplementary Table 5),
possibly suggesting positive selection acting on these genes. To test
this hypothesis, we calculated the mutation rates per base pair and
the dN/dS ratios (global ratios of nonsynonymous to synonymous
SNPs) of the concatenated gene sequences for these two gene fami-
lies and compared them with corresponding values for essential
and non-essential genes, genes encoding polymerases, ribosomal
proteins, T cell antigens and lipoproteins, and the fad gene family
(Supplementary Table 9). Within the limits imposed by the low levels
of total variation, we found a two- to threefold increase in mutation
rate, as well as higher dN/dS values in modern subgroups (0.91-1.83)
for mce and vapBC genes than for any control set (0.26-1.07)
(Supplementary Table 9). There were also more (P < 0.05) amino
acid substitutions among the mce and vapBC gene products than in
the control sets in modern subgroups, a situation not encountered in
the ancestral subgroups (Supplementary Table 10).

Furthermore, we searched for branch-specific SNPs and small
deletions that were potential candidates for specific adaptation.
Noteworthy among these was a frameshift mutation in kdpD (c.2541_
2542delCA) specific to all European-Russian W148 MDR outbreak
strains, predicted to result in an altered C terminus of the sensor
and its fusion to the cognate regulator of the two-component system
encoded by the kdpDE operon (Supplementary Table 5). A partial
deletion of the kdpDE operon in M. tuberculosis has already been
associated with greater virulence>. We refined the search by perform-
ing a genome scan analysis, using a Bayesian model’® that detects the
structure and clustering of individuals in a population, with latent
variables called factors. We thereby both inferred population structure
and identified 200 ‘outlier’ SNPs, defined as those most related to the
detected structure, which were distinguished from noise-containing
SNPs. Inspection of the factors (Fig. 4) indicated that factor 2 distin-
guishes the ancestral strains from the derived ones, whereas factors
3 and 4 differentiate, respectively, the European-Russian and central
Asian lineages from the other strains. Remarkably, the SNPs with
the largest Bayes factors within a factor were found to be concen-
trated among highly plausible gene targets under positive selection
(encoding drug resistance, virulence and surface-exposed proteins)
(Supplementary Table 11). For factor 2, nonsynonymous SNPs
affecting the bulk of the modern strains were found, for instance,
in lysX (a gene required for resistance to cationic antimicrobial pep-
tides?), fadD28 (encoding a virulence factor3®) and mutT2 (a putative
mutator gene3®) (Supplementary Table 11). For factor 3, non-
synonymous mutations were found in pks5 (involved in the bio-
synthesis of surface-exposed polyketides®?), mce3B (encoding an

Factor 1

T T T
-25-20-15-10 -5 O

T T T
-20 -15 -10 -5 0 5
Factor 3

1
5 10

SNP position

invasin-adhesin-like protein*!) and Rv1877 (involved in efflux pump-
mediated drug resistance in Mycobacterium smegmatis*?). Finally,
outlier SNPs for factor 4 included nonsynonymous mutations in fas
(an essential gene involved in lipid metabolism with a potential role in
antigenic recognition®®) and rpoC (putatively associated with fitness
cost compensation in rifampicin-resistant strains#4).

We also sought to detect SNPs undergoing convergent evolution
to identify possible beneficial mutations. We scrutinized an extended
data set of 6,696 polymorphic sites with loosened thresholds of variant
frequency and coverage to prevent the exclusion of positions below the
thresholds for some genomes. Nevertheless, candidate SNPs still had
to be covered by at least ten reads to be considered. Beyond known
compensatory mutations in rpoC*® and mutations in the promoter
regions of drug resistance-associated genes (eis, inhA and embA),
we identified 15 additional targets possibly under positive selection
(Supplementary Table 12). Among these were nonsynonymous
SNPs in mmpL11 (putatively involved in fatty acid transport), folC
(an essential gene involved in respiration) and Rv2670c (of unknown
function), exclusively found in drug-resistant isolates in different
monophyletic subgroups.

DISCUSSION
Using the largest data set of a single M. tuberculosis lineage ever inves-
tigated, we identified the population structure and reconstructed the
evolutionary history of the Beijing lineage on a worldwide scale. The
spatial distributions of strain haplotypes and allelic diversities, as well
as the localization of ancestral CCs and branches, show that, in agree-
ment with its historical designation, this lineage originated in the
. geographical zone centered on northeastern China, Korea and Japan.
The time of its emergence, estimated at 6,600 years ago, is consistent
with other recent data based on a much smaller strain collection®6
and is compatible with the onset of agriculture in that region?’. Our
data lead us to conclude that the worldwide spread of Beijing sub-
lineages from this original focus occurred in several waves and was
accompanied by important changes in the pathogen’s population size,
especially in the recent historical period, starting with industrializa-
tion and urbanization in the nineteenth century. The latest steps of
this evolution include the specific epidemic expansion of two MDR
clones throughout central Asia and Russia.

Our results suggest that, whereas the Asian sublineages (CC6
and BL7) arose during the late Neolithic, the two most recent clades
appeared later (during the early medieval period) and gave rise to the
European-Russian (CC2) and Pacific (CC5) branches. Interestingly,
these two sublineages, as well as the central Asian (CC1) lineage, are
also the ones showing the most recent traces of expansion, around
200 years ago, according to genotyping data. These recent expansions
remarkably match known episodes of Chinese immigration. Major
waves of Chinese settlement occurred on the Pacific Islands in the
1850s, along the navigation and trade routes across the Pacific Ocean
and in North and South America, which might have promoted the
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expansion of CC5 in this region*®. Likewise, several waves of Chinese
refugees migrated to the Russian empire, especially Kyrgyzstan,
Kazakhstan and Uzbekistan, as a consequence of a series of national
uprisings from 1861 to 1877, which might have driven the expan-
sion of the CC1 and CC2 strains in these regions?®. These recent
western expansions are probably superimposed on a more historical,
continuous flux of the different Beijing sublineages westward along
the Silk Road.

Consistently, a sharp increase in the population size of the
Beijing lineage as a whole was also detected concomitantly with
the Industrial Revolution, around 200 years before the present, by
Bayesian skyline analysis of genome-wide SNPs. The amount of SNP
information available allowed us to detect even more recent changes
in population size. The second abrupt surge in bacterial popula-
tion size, detected around the period of the First World War, is fully
in line with the documented peak in the tuberculosis death rate
all over the globe due to the deprivations and comortality induced
by the influenza pandemics at that time®®. Our data additionally
disclose the probable (but not necessarily exclusive) impact on the
bacterial population of the large-scale onset of antibiotic use in the
1960s, which resulted in the first drop ever observed on the skyline
plot, and of the HIV epidemics and/or increase in MDR populations,
interrupting this fall.

Notably, our data indicate that the expansion of the two sublin-
eages more frequently associated with MDR genotypes (central
Asian (CCl) and European-Russian (CC2)) predated the era of
antibiotics. This finding indicates that the prevalence of drug resist-
ance in these CCs is not the primary cause of expansion but rather
a consequence of public health-related and clinical weaknesses
superimposed on a growing bacterial population. This hypothesis
is supported by the specific, extremely low mean pairwise genetic
distance of around 20 SNPs among the genomes of the MDR strain
subsets of CC1 and CC2 (Supplementary Fig. 10). Assuming a muta-
tion rate of 0.3-0.5 SNPs per genome per year?%2%51, this finding
indicates that the two corresponding original MDR clones started
to spread epidemically only some 20-30 years ago across Eurasia,
coinciding with the collapse of the public health system of the former
Soviet Union. Of note, we found that a large clade (termed clade B),
with limited genome-wide diversity among MDR strains from a
local southwestern Russian population?, is part of the same European-
Russian W148 (CC2) outbreak defined in our global study (data
not shown), which thus further demonstrates the epidemic spread
of this clone.

Evidence for the higher virulence of modern Beijing strains in
comparison with ancestral sublineage strains has been reported>>33.
This difference might have contributed to the differential historical
spread observed for these two sublineage groups (with, for example,
the geographical restriction of CC6 and BL7).

We also detected an ensemble of gene variants potentially associ-
ated with the expansion of the modern Beijing strains by performing
whole-genome scans for candidate SNPs and genes under positive
selection unrelated to known targets of drug resistance. Among
these, members of the mce and vapBC multigene families, associated
with mycobacterial virulence®* and the modulation of host immune
response> and with growth control®S, respectively, appear as promi-
nent candidates. Interestingly, we also identified sites within Rv0176
(encoding an MCEl-associated protein) as being under diversify-
ing selection by analyzing 73 genomes representing 6 of the 7 main
MTBC lineages®’. We also defined a list of other plausible gene targets
under positive selection, associated with antibiotic resistance, fitness
compensation, virulence and surface-exposed proteins, using a new

Bayesian model-based SNP detection method. Of special interest is the
identification of a frameshift mutation in the kdpDE operon, encoding
a signal transduction system, which is a hallmark of the European-
Russian W148 (CC2) sublineage. As a partial deletion of kdpDE in
M. tuberculosis H37Rv has been shown to result in increased viru-
lence in a mouse infection model®, this frameshift mutation, puta-
tively leading to a fusion protein of altered functionality, might well
have contributed to the success of this clade. Hence, dismissing such
phylogenetically informative SNPs as resulting from drift alone and
not from selection might be misleading. This assumption is corrobo-
rated by an over-representation of genes associated with critical cell
wall biosynthetic pathways among the functional families found for
the other sublineage-specific SNPs detected by our Bayesian approach
in comparison to those found for random SNPs (P < 0.01).

Finally, by screening for nucleotide positions under possible con-
vergent evolution among drug-resistant isolates, we identified a set
of new potential targets of drug resistance or fitness compensation
mechanisms, including mmpL11 and Rv2670c, in addition to expected
genes such as rpoC, embA, inhA and eis. Our screen also captured folC,
recently reported as a resistance-associated target by genome sequenc-
ing of 161 isolates from China®®. Interestingly, polymorphisms in
these genes are especially enriched in the European-Russian W148
(CC2) sublineage and are strongly associated with the MDR tuber-
culosis strains of MIRU-VNTR haplotype 100-32. Intriguingly, apart
from expected genes and folC, we found virtually no overlap among
the targets of positive selection associated with drug resistance identi-
fied in our study and in two other recent reports based on other strain
samples and patient populations®®%?, This lack of overlap suggests a
potential influence from differences in strain genetic backgrounds,
antituberculosis drug regimens and patient-dependent pharmacoki-
netics on the course and targets of selection.

In conclusion, our results show for the first time, to our knowledge,
the important dynamic changes that have occurred in the worldwide
population of a major M. tuberculosis lineage. Although the exact
timing remains dependent upon uncertainties in mutation rates, espe-
cially over the long term, the conjunction of the most recent changes
in the bacterial population with specific chief events in human his-
tory, as detected by using a molecular clock calibrated according to
several convergent studies, is intriguing. Among other results, our
analysis of European-Russian and central Asian sublineage demog-
raphy illustrates how the effect of recent human interventions (the
introduction of antibiotics followed by the development of multidrug
resistance) has to be differentiated from pre-existing bacterial popula-
tion changes to explain the regional prevalence of particular strains.
Similar approaches could therefore be envisaged to better monitor and
quantify the effects of future public health interventions (for example,
new drugs and/or vaccines) on the pathogen population. From a more
fundamental perspective, we propose that the expansion of modern
Beijing strains has been favored by mutations in a number of gene
targets under positive selection. The data obtained here thus suggest
further experiments to investigate which of these candidate genes
were involved. Such work may ultimately contribute to the detection
of new targets for combating tuberculosis.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Sequencing reads have been submitted to the
EMBL-EBI European Nucleotide Archive (ENA) Sequence Read
Archive (SRA) under the study accession PRJEB7281.
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ONLINE METHODS

Sampling and data collection. The study is based on a global collection of
clinical isolates of M. tuberculosis Beijing (Supplementary Tables 1 and 2).
The data set contains the 24-locus MIRU-VNTR genotypes for 4,987 strains
from 99 countries (Supplementary Fig. 1). M. tuberculosis isolates were geno-
typed by multiplex PCR amplification as described previously6%6!. Amplicons
were subjected to electrophoretic analysis using ABI 3100 and 3730 automated
sequencers. Sizing of the PCR fragments and assignment of VNTR alleles
at the 24 loci were performed using GENEMAPPER software (PE Applied
Biosystems).

MIRU data analyses. Genetic diversity estimation and population structure.
The number of alleles (allelic richness) in each M. tuberculosis clonal group
or biologically relevant population was estimated, and sample sizes were cor-
rected by the rarefaction procedure using HP-RARES2. Comparison tests as
well as P values were estimated using the STATISTICA v.6.1 package.

The population structure based on 24-locus MIRU-VNTR data for 4,987
clinical M. tuberculosis Beijing isolates was inferred with the minimum span-
ning tree (MSTREE) algorithm implemented in BioNumerics software package
v6.7 (Applied Maths). Strains with an identical MIRU-VNTR haplotype were
pooled in a single node in the MSTREE and thereby represent a cluster. The
rate of clustered strains was considered as an indicator for the extent of recent
transmission among the Beijing sublineages.

Biogeography. We evaluated the allelic richness of each geographical sample
where 24-locus MIRU-VNTR haplotypes were available for at least 23 iso-
lates using the software HP-RARE?L. This software computes a rarefaction to
avoid the bias created by differences in sampling size. We then computed the
geographical distances (shortest walking distance according to classic human
migration routes) between all 40 corresponding geographical locations and
the Yangtze delta region using tools implemented in Google Earth. This step
was followed by the calculation of a linear correlation (%) between the allelic
richness of an area and the geographical distance from the source. For the
geographical mapping of Beijing clonal complexes on the world map, we used
MLVA Compare v1.03 (Ridom) and the implemented geocoding option.

Coalescence, TMRCA and demography. In a first step, we used a Bayesian-
based coalescent approach® on MIRU-VNTR data. It assumes a stepwise
mutation model of MIRU evolution, and it estimates the posterior probability
distributions of the genealogical and demographic parameters of a sample
using Markov chain Monte Carlo (MCMC) simulations. This method permits
inferences of important biological parameters such as the TMRCA of a given
sample, the past and present effective population sizes, and the latest demo-
graphic changes (decline, constant population size or expansion). Given the
absence of recombination (as confirmed by whole-genome sequence analy-
sis), we inferred demographic parameters from the 24-locus data under a
Bayesian-based coalescent approach implemented in the software BATWING
for linked tandem repeat loci® %%, The coalescent prior used for the distribu-
tion of topology and branch lengths of the gene genealogy was a three-param-
eter model: a constant ancestral population size experiencing an exponential
population expansion at some time in the past®. The likelihood of the gene
genealogy was computed under the stepwise mutation model®0. The poste-
rior probabilities of the gene genealogy, population genetics parameters and
MIRU-VNTR mutation rates were approximated through the Metropolis-
Hastings algorithm®7:68. Time of population expansion and modern effective
population size were scaled relative to the ancestral population size under the
model implemented in BATWING. To test for prior sensitivity and to check
for convergence, we ran all the analyses using two different priors for the
ancestral population size: we tested both a normal distribution N (5 x 107;
1 % 107) and a uniform distribution U (1 x 103 1 x 108). The results were
consistent between the runs, and we present only the results obtained under
the normal prior. We therefore placed an independent uniform prior for the
mutation rate of each MIRU-VNTR locus, bounded between 9 x 10~ and
9 x 1077 per locus per generation, according to previous studies®®. All the
analyses were run for 1 billion MCMC generations, using a thinning interval
0f 100,000. The MCMC output was analyzed using the library coda available
under the R environment (R Development Core Team 2011) to obtain the
posterior distribution and the effective sample size (ESS) of all parameters
(which were all above 150).

Genome data analyses. Strain selection for whole-genome sequencing analysis.
For whole-genome sequencing and phylogenetic reconstruction, strains were
selected according to two priority rules: first, to represent major nodes in
our MIRU-VNTR-based minimum spanning tree and their main adjacent
multi-locus variants and, second, to cover different countries of origin and/or
different studies. As a result, the proportions of isolates from the 7 identified
complexes were in a similar range, i.e., 29/907 (3.2%) for CC1, 19/457 (4.2%)
for CC2, 14/972 (1.4%) for CC3, 18/1,027 (1.8%) for CC4, 11/542 (2.0%) for
CC5, 7/475 (1.5%) for CC6 and 12/607 (2.0%) for BL7. CC1 and CC2 were
somewhat over-represented to better confirm the outbreak-related nature of
isolates subsequently termed as central Asian and European-Russian W148
outbreaks, respectively, and with a comparable very low mean pairwise genetic
distance of around 20 SNPs. Again, this selection was carried out by consider-
ing isolates from different regions and studies (Supplementary Table 3).

Variant detection. Whole-genome sequencing was performed with [llumina
technology (MiSeq) using Nextera XT library preparation kits as instructed
by the manufacturer (Illumina). Raw data (fastq files) were submitted to the
EMBL-EBI ENA SRA under the study accession PRJEB7281. Resulting reads
were mapped to the M. tuberculosis H37Rv genome sequence (GenBank,
NC..000962.3) using the exact alignment program SARUMANC. High-qual-
ity SNPs with a minimum of 10x coverage and 75% variant frequency were
extracted and combined for all analyzed isolates (n = 110) using customized
Perl scripts. We used only genome positions with high-quality variant calls for
every isolate (that met the thresholds for coverage and variant frequency) for
a concatenated sequence alignment. For phylogenetic inference, we excluded
drug resistance-associated genes, repetitive regions and artifactual variant
calls resulting from indels in single strains.

Likelihood mapping. The phylogenetic signal of the data set was investigated
with the likelihood mapping method implemented in TREE-PUZZLE"! by
analyzing 10,000 random quartets. This method proceeds by evaluating, using
maximum-likelihood, groups of four randomly chosen sequences (quartets).
The three possible unrooted tree topologies for each quartet are weighted, and
the posterior weights are then plotted using triangular coordinates, such that
each corner represents a fully resolved tree topology. Therefore, the resulting
distribution of the points shows whether the data are suitable for a phyloge-
netic reconstruction.

Recombination detection. Most of the analyses developed in our analytical
framework (phylogenetics and Bayesian inference) are based on the assump-
tion that M. tuberculosis evolution is mostly clonal and that recombination
can be neglected. Therefore, in a preliminary step, we tested the presence of
mosaic genomes or possible HGT with the algorithm SPLITSTREE. Each data
set was analyzed for the presence of recombinant sequences using the PHI
test with or = 0.001.

Phylogenetic inferences. Phylogenetic relationships were reconstructed using
the maximum-likelihood approach implemented in PHYML 3.412 (ref. 72).
The robustness of the maximum-likelihood tree topology was assessed with
bootstrapping analyses of 1,000 pseudoreplicated data sets. A transversion
substitution model (TVM) was selected on the basis of Akaike’s informa-
tion criterion using JMODELTEST?3. Phylogenies were rooted with the
midpoint rooting option using FigTree software v1.4 and with the reference
M. tuberculosis strain H37Rv, both resulting in the same topology.

Coalescent-based analyses. Evolutionary rates and tree topologies were ana-
lyzed using the general time-reversible (GTR) and Hasegawa-Kishino-Yano”#
(HKY) substitution models with gamma distributed among-site rate variation
with four rate categories (I'4). We tested both a strict molecular clock (which
assumes the same evolutionary rates for all branches in the tree) and a relaxed
clock that allows different rates among branches. Constant-sized, logistic, expo-
nentially growing coalescent models were used. We also considered the Bayesian
skyline plot model’’, based on a general, non-parametric prior that enforces
no particular demographic history. We used a piecewise linear skyline model
with ten groups, and we then compared the marginal likelihood for each model
using Bayes factors estimated in TRACER 1.5. Bayes factors represent the ratio
of the marginal likelihood of the models being compared. Approximate mar-
ginal likelihoods for each coalescent model were calculated via importance sam-
pling (1,000 bootstraps) using the harmonic mean of the sampled likelihoods.
A ratio between 3 and 10 indicates moderate support that one model better fits
the data than another, whereas values greater than 10 indicate strong support.

doi:10.1038/ng.3195
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For each analysis, 2 independent runs of 100 million steps were performed, and
the chain was sampled every 10,000 generations. Examination of the MCMC
samples with TRACER 1.5 indicated convergence and adequate mixing of the
Markov chains, with ESSs for each parameter in the hundreds or thousands.
The first 10% of each chain were discarded as burn-in. We found the maximum
clade credibility topology using TREEANNOTATOR 1.7.5 (ref. 76), and we
reconstructed the Bayesian skyline plot using TRACER 1.5. The relaxed clock
models provided better fit to the data (Bayes factor > 12); under the differ-
ent models tested, the Bayesian skyline model provided the better fit overall
(marginally better),

Analysis of genes under positive selection. We selected all genes that are
associated with the four M. tuberculosis mce operons’” and known T cell anti-
gens®. Polymerases and ribosomal proteins as well as vapBC and fad genes
were selected from a free text search under hutp://tuberculist.epfl.ch/ using
the terms “polymerase,” “vap” and “fad”. All genes with an annotated function
of “lipoprotein” from the H37Rv reference genome (GenBank, NC_000962.3)
were selected. Furthermore, we selected 300 essential and 300 non-essential
genes by assigning random numbers with the MS Excel function = RAND ()
to all H37Rv genes and choosing the top 300 largest numbers in the respec-
tive category.

For the dN/dS analysis, we prepared concatenated gene sequences for all
MRCAs of modern Beijing subgroups and compared them pairwise with the
MRCA of the entire Beijing lineage. Ancestral states were inferred from the
maximum likelihood-based phylogeny. The dN/dS ratio was calculated using
the software KaKs calculator (v1.2)78 with the Nei-Gojobori method. It was
not possible to calculate a AN/dS ratio for all subgroups because of the absence
of either nonsynonymous or synonymous SNPs. Furthermore, we counted
the number of nonsynonymous and synonymous SNPs unique to all modern
or ancestral subgroups and used a x? test with Yates correction to compare
amino acid changes affecting analyzed gene families to the random selection
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Association between pncA Gene Mutations, Pyrazinamidase Activity,
and Pyrazinamide Susceptibility Testing in Mycobacterium tuberculosis
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We determined MICs for, confirmed the presence of pncA mutations in, and performed pyrazinamidase testing on colonies (sub-
clones) obtained from seven isolates that exhibited differential pyrazinamide (PZA) susceptibility. Six of the seven strains were
found to exhibit characteristics resulting from the mixture of strains possessing different properties. In addition, our analysis
revealed large pncA-spanning deletions (1,565 bp, 4,475 bp, and 6,258 bp) in three strains that showed high PZA resistance.

yrazinamide (PZA) is an important drug used in the treatment
of tuberculosis (1). The conversion of PZA to pyrazinoic acid
(POA) by pyrazinamidase (PZase) is necessary for its activity. Bac-
terial resistance to PZA has been shown to correlate with muta-
tions in the pncA gene that'encodes PZase (2, 3, 4).

The antimicrobial activity of PZA is considerably affected by
the pH of its environment (5). The Bactec MGIT 960 system (Bec-
ton, Dickinson, Sparks, MD) was used to measure PZA drug sus-
ceptibility (6, 7) in bacteria grown in liquid medium that was
adjusted to pH 5.9 (8). However, the MGIT system has generated
inconsistent test outcomes when assessing PZase activity and the
presence of pricA mutations (9, 10, 11).

In this study, we evaluated PZA drug susceptibility in 83 mul-
tidrug-resistant Mycobacterium tuberculosis strains (recently iso-
lated in Japan) by using MGIT and PZase testing, and we con-
firmed the presence of prcA mutations in these strains. The strains
were examined for their susceptibility to 100 pg/ml of PZA by
using an MGIT PZA antimicrobial susceptibility testing assay, as
previously described (8). For the strains that demonstrated resis-
tance to 100 pg/ml PZA, the PZA MIC was determined using the
EpiCenter system (Becton, Dickinson) by dissolving PZA powder
to 200, 300, 400, 800, and 1,600 p.g/ml in MGIT culture medium.
PZase analysis was conducted using Wayne’s method (12).

Using PCR, pncA was amplified from each strain and then di-
rectly sequenced according to the methods described by Sreevat-
san et al. (13). The 673-bp region spanning pncA and an 82-bp
upstream sequence amplified using pncA primers (see Table S1 in
the supplemental material) were purified using MagExtractor
(Toyobo, Osaka, Japan). The PCR products were then directly
sequenced using a BigDye Terminator v3.1 cycle sequencing kit
(Applied Biosystems) and an ABI 3137 sequencer (Applied Bio-
systems). The prcA sequences were compared to the H37Rv strain
genome (ATCC 27294) by using Genetyx Win v5.2 (Genetyx Co.,
Japan). In cases where PCR failed to yield a pncA amplicon, the
strains were probed for amplification products upstream and
downstream of pncA to investigate the cause of the negative re-
sults. PCR products were directly sequenced using the primer sets
that were used for amplification.

The strains that differed with respect to pncA mutation or
PZase activity at an MIC of 2200 pg/ml and that were resistant to
PZA were subcultured, and 10 subclones were randomly selected
for each strain. Each subclone was again subjected to MIC and
PZase testing and pncA mutation confirmation. The subclones
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were compared using a 15-locus variable-number tandem repeat
(VNTR) analysis, as described by Supply et al. (14).

Three of the 83 strains were excluded from the study because of
contamination. Of the remaining 80 strains, 31 (38.8%) showed
susceptibility in the MGIT PZA assay, carried no prncA mutations,
and tested positive for PZase, whereas 49 strains (61.2%) showed
aPZA MIC of 2200 pg/ml. Of these 49 strains, 39 (79.6%) carried
a pncA mutation and were PZase negative (Fig. 1; see also Table 52
in the supplemental material). Colonies from 7 of the 49 strains
(14.3%) which differed with respect to pncA mutation or PZase
activity and exhibited a PZA MIC of =200 pg/ml were subcul-
tured. Fach subclone was again subjected to MIC and PZase test-
ing and to pncA mutation confirmation (Table 1). Strain 4 dis-
played characteristics from two different subclones: (i) had a PZA
MIC of =100 pg/ml, carried no pncA mutation, and was PZase
positive, and (ii) had a PZA MIC of 1,600 p.g/ml, carried a pncA
mutation, and was PZase negative. Strains 13, 17, 50, and 79 dis-
played the following subclone characteristics: (i) had a PZA MIC
of =100 wg/ml, and (ii) had a PZA MIC of =200 pg/ml, carried
no pncA mutation, and were PZase positive. Strain 25 exhibited
characteristics of three subclones: (i) had a PZA MIC of <100
wg/ml, carried no prcA mutation, and was PZase positive, (ii) had
a PZA MIC of 400 pg/ml, carried no pncA mutation, and was
PZase positive, and (iii) had a PZA MIC of =1,600 p.g/ml, carried
no pncA mutation, and was PZase negative. Strain 6 had an MIC of
=100 pg/ml, showed no pncA mutation, and was PZase positive.
No strain exhibiting an MIC of =200 wg/ml was isolated. VNTR
analysis was conducted to compare the subclones from the six
strains that exhibited mixed-strain characteristics. We found that
the copy numbers were identical in each strain for each locus
except for strain 17, which had a difference on QUB11b.

These results indicated that six of the seven strains exhibited
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FIG 1 Flow diagram of PZA susceptibility analysis, pncA mutation testing, PZase analysis, and PZA MIC determinations (see also Fig. S1 and Table S2 in the

supplemental material).

overall phenotypic characteristics resulting from the mixture of
strains that possessed different properties. Strains 4 and 25
showed a mixture of positive and negative PZase test results, sug-
gesting that these strains might have been deemed positive despite
the presence of a PZase-negative strain (15). Strain 25 appeared to
be a mixture of a pncA mutant and a wild-type strain, and the
initial analysis was reflective of a wild-type strain. Shi et al. (16)
identified the ribosomal protein S1, encoded by the rpsA muta-
tion, as an alternative target of POA that might be associated with
PZA resistance in the absence of mutations in prcA. Moreover,
Sheen et al. (17) reported that the POA efflux rate is associated

with PZA resistance. Thus, the six PZA-resistant strains without
prcA mutations in this study might carry rpsA mutations or might
have altered POA efflux.

Three strains failed to yield pncA PCR amplicons. Strains 33,
47, and 61 produced PCR products at Rv2040 and Rv2047,
Rv2041 and Rv2045, and Rv2031 and Rv2046, respectively. Each
of these strains carried a complete deletion of prncA, which, to the
best of our knowledge, is a novel finding. In addition, all three
strains had MICs of >1,600 pg/ml. Strains 33, 47, and 61 con-
tained a 4,475-bp deletion from Rv2041 to Rv2046, a 1,565-bp
deletion from Rv2042 to Rv2044, and a 6,258-bp deletion from

TABLE 1 Results of retesting isolated strains with divergent results from PZA MIC measurements using the Bactec MGIT 960 system, pricA gene

sequencing, PZase analysis, and VNTR analysis

Results for original strain

Results for isolated strain

Original MGIT PZA PZase Isolated MGIT PZA PZase

strainno.  MIC (ug/ml)  pncA mutation analysis  strainno.  MIC (ug/ml)  pncA mutation analysis VNTR?

4 >1,600 G insertion at 392 Positive i =100 None Positive Consistent in all loci
ii >1,600 G insertion at 392 Negative

6 400 None Positive i <100 None Positive

13 >1600 None Positive i =100 None Positive Consistent in all loci
i1 >1,600 None Positive

17 400 None Positive i =100 None Positive QUB11b:7”
ii 400 None Positive QUBI11b:6"
iii 800 None Positive QUBI11b:7*

25 800 None Positive i =100 None Positive Consistent in all loci
i 400 None Positive
iii >1,600 T—G at 456, V139G Negative

50 200 None Positive i =100 None Positive Consistent in all loci
ii 400 None Positive '

79 200 None Positive i =100 None Positive Consistent in all loci
ii 400 None Positive

7 Compared to results for the isolated strain among the Supply et al. (14) 15-locus VNTR.
b Recognized a difference in the copy number at QUB11b.
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Rv2037 to Rv2045, respectively (see Fig. S1 in the supplemental
material). These results suggest that the entire pncA was deleted in
M. tuberculosis, demonstrating that strains lacking pncA can still
be PZA resistant.
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ARTICLE INFO ABSTRACT

Article history: Objective: The aim of this study is to determine the appropriate cut-off value and turnaround time of the
Received 17 January 2014 microscopic observation drug susceptibility assay (MODS) for isoniazid (INH), rifampicin (RMP), streptomycin
Received in revised form 27 March 2014 (STR), and ethambutol (EMB).

Accepted 28 March 2014

Design: A total of 39 Mycobacterium tuberculosis strains with confirmed drug susceptibility (reference strains)
were tested with a range of drug concentrations to determine the optimal cut-off values for INH, RMP, STR,
and EMB by MODS. Standard drug susceptibility testing (DST) results were evaluated relative to the

Available online 6 April 2014

ger}:gzzieptibility testing Lowenstein-Jensen (L-J) proportion method. Following which, the performance of MODS was evaluated
MODS again using 36 sputum samples from patients with tuberculosis (TB) using the cut-off values determined in
Smear negative the aforementioned process.

Turnaround time Results: With 39 reference strains, DST identified the following cut-off values: 0.8 pg/ml INH (sensitivity, 96.0%;

specificity, 92.9%), 2.0 ug/ml RMP (sensitivity, 100%; specificity, 95.5%), 4.0 pg/ml STR (sensitivity, 90.5%;
specificity, 93.8%), and 4.0 pg/ml EMB (sensitivity, 100%; specificity, 91.7%). When these cut-off values were
used to analyze the 36 clinical isolates, the sensitivity and specificity of MODS were 100% and 93.1% for INH,
100% and 93.8% for RMP, 87.5% and 96.4% for STR, and 100% and 88.2% for EMB, respectively. The turnaround
time for these clinical specimens was 9.0 days by MODS (95% Cl: 5.3-12.7), compared with 11.7 days (95% Cl:
9.5-13.9) for smear negative specimens.
Conclusion: Our study identified the optimal cut-off values of the four first-line drugs for MODS based on a wide
concentration range. With the optimal cut-off values determined in this study, MODS showed high discriminato-
ry efficiency for DST. This study also demonstrated that MODS is useful for rapid diagnosis of drug-resistant TB
even for a smear negative specimen, despite the fact that it generally uses smear positive specimens as direct DST.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction TB MODS Kit™ (Hardy Diagnostics, Santa Maria, CA USA) is now also
available. It simplifies preparation procedure and increases biosafety.
The microscopic observation drug susceptibility assay (MODS) is a This diagnostic tool is easily implemented in limited resource

high performance assay with a short turnaround time, high sensitivity settings generally associated with high burdens of multidrug-resistant
and specificity, especially for isoniazid (INH) and rifampicin (RMP) tuberculosis (TB) patients or patients with TB/HIV. However, the
(Bwanga et al., 2010; Caviedes et al.,, 2000; Dixit et al., 2012; Limaye above literature reveals that the cut-off values of the major anti-TB
et al,, 2010; Makamure et al., 2013; Mello et al., 2007; Mengatto et al,, drugs determined for MODS were only evaluated using 2 to 4 concen-
2006; Moore et al., 2004, 2006; Park et al., 2002; Shiferaw et al,, trations: 0.1 and 0.4 pg/ml for INH; 0.5, 1.0, and 2.0 pg/ml for RMP; 2.0
2007). Because MODS is a simple method that requires only liquid and 6.0 pg/ml for streptomycin (STR); and 2.5, 3.75, 5.0, and 7.5 pg/ml
culture and an inverted microscope, operation cost is low. Commercial for ethambutol (EMB). Such partial analysis led to inconsistencies be-
tween studies. For instance, the MODS user guidelines recommend

monding author at: International Cooperation, Japan Anti-Tuberculosis 04 pg/mi as .the CUt—O.ff value for INH (Coronel et al., 2008), wherg %S 2
Association, 3-1-24 Matsuyama Kiyose-shi, Tokyo 204-8533, Japan. Tel: +8142493  Meta-analysis also using MODS recomr_ngg@ed 0.1 pg/ml INH (Minion
5711: fax: +81 42 492 4600. et al., 2010). Commercial TB MODS Kit"" is an analogous system of
E-mail address: hnishiyama1@gmail.com (H. Nishiyama). what MODS user guideline proposes. Its concentrations are 0.4 pg/ml

http://dx.doi.org/10.1016/j.mimet.2014.03.014
0167-7012/© 2014 Elsevier B.V. All rights reserved.
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for INH and 1.0 pg/ml for RMP. Therefore, there is an urgent require-
ment to determine the optimal cut-off values of these first-line drugs
for MODS based on a broad range of concentrations. In addition,
evaluation between the turnaround time of direct drug susceptibility
testing (DST) by MODS and sputum smear grade is limited (Moore
et al., 2004, 2006; Shah et al,, 2011).

The objective of this study was to determine the optimal cut-off
values of the four first-line drugs (INH, RMP, STR, and EMB) for MODS,
and to evaluate the turnaround time of MODS according to the sputum
smear grade,

2. Materials and methods
2.1. Bacterial strains and clinical specimens

A total of 39 Mycobacterium tuberculosis (MTB) stock strains of
known drug susceptibility maintained in our laboratory were used in
this study. These strains were selected to include both susceptible and
resistant strains for each of the first-line drugs: INH, RMP, STR, and
EMB. The DST of all 39 strains was performed by MODS, on the
Lowenstein-Jensen (L-]) medium by the proportion method, and
using the mycobacterium growth indicator tube anti-mycobacterial sus-
ceptibility testing (MGIT AST) kit (Becton Dickinson, Sparks, MD). Each
strain was sub-cultured in Middlebrook 7H9 broth (Becton Dickinson,
Sparks, MD), and the bacterial suspension was adjusted to McFarland
standard 0.5. The suspension was used for subsequent DST.

Thirty-nine sputum specimens were collected from confirmed
patients with TB at the Fukujuji hospital from January 2010 to May
2010 for routine examination. Each specimen was digested and
decontaminated using N-acetyl-L-cysteine (NALC)-NaOH for 15 min
at room temperature. The treated specimen was neutralized with
phosphate-buffered saline (PBS; pH 6.8), and then centrifuged at 3000
g for 20 min at 4 °C. The supernatant was discarded and the sediment
was resuspended in 1 ml of PBS. After adding 7 ml of Middlebrook
7H9 broth, each aliquot was graded by smear microscopy. Direct DST
was performed by MODS for each specimen. The recovered MTB isolates
were utilized for indirect DST by the L-] proportion method after
confirming the MTB complex using immunochromatographic assay
(Capilia TB, TOUNS, Numazu, Japan). The laboratory examination was
not replicated.

2.2. MODS

A sterile 24-well plate (Falcon, Becton Dickinson, NJ, USA) was used
for MODS. The wells were filled with 0.4 ml drug-free Middlebrook 7H9
broth (4 wells) supplemented with polymyxin, amphotericin B,
nalidixic acid, trimethoprim, and azlocillin (PANTA), and a concentra-
tion range of drug-containing (20 wells) Middlebrook 7H9 broth with
PANTA. After inoculating 200 pl of specimens into each well, the final
drug concentrations were as follows: 0.05, 0.1, 0.2, 0.4, and 0.8 pg/ml
for INH; 0.125, 0.25, 0.5, 1.0, and 2.0 pug/ml for RMP; 1.0, 2.0, 4.0, 8.0,
and 16.0 pg/ml for STR; and 0.5, 1.0, 2.0, 4.0, and 8.0 yug/ml for EMB.
The concentrations in our study were selected considering those used
in the previous MODS studies and those used by MGIT AST because
the MODS medium is 7H9 broth. The range of concentrations for INH
and RMP was almost comparable to those of previous reports. Those
of STR were relatively higher than those used in the previous reports
considering the possible relatively high MICs of isolates here in our
setting, mainly due to the long use of STR and relatively high proportion
of STR resistance. On the other hand, the resistance to EMB is very low in
our setting and relatively lower MICs of isolates were expected. The
MODS plates were incubated (37.0 °C; 5% CO,) and inspected under
an inverted microscope daily from day 4 to day 15, every other day
from day 16 to day 25, and twice a week from day 26 to 40 (Moore
et al,, 2004, 2006).

2.3. Conventional DST by indirect methods

As aforementioned, the stock reference strains and clinical isolates of
MTB were subjected to DST by the L-J proportion method. The concentra-
tions of each first line drug in 1-] media were as follows: INH, 0.2 pg/ml;
RMP, 40 pg/ml; STR, 4.0 pg/ml; and EMB, 2.0 pg/ml, as recommended by
WHO. They were incubated at 37 °C up to 6 weeks with weekly inspec-
tion. The same stocked strains were subjected to MGIT AST as well,
according to the manufacturer's instruction. Those concentrations were
as follows: INH, 0.1 pg/ml; RMP, 1.0 pg/ml; STR, 1.0 pg/ml; and EMB,
5.0 pg/ml. The DST results for each drug were recorded as susceptible or
resistant.

24. Analysis

The turnaround time of MODS for each drug was defined as the time
(days) elapsed from inoculation of the clinical specimens to the positive
results in the drug-free well. Sensitivity, specificity, efficiency, and
Kappa coefficients were used to determine the optimal cut-off values
of MODS compared with the indirect L-] proportion method and MGIT
AST methods with stock bacterial strains, and for the evaluation of
MODS against the cut-off values obtained with the clinical isolates
using the L-] proportion method as reference. The lowest concentration
was defined as the appropriate cut-off value if the discrimination power
was the same among the concentrations employed for the study, which
is compatible with the definition of minimal inhibitory concentration
(MIC) that the lowest drug concentration produces complete inhibition
of the bacterial growth in vitro.

2.5. Ethical considerations

A clinical specimen was collected from each patient for routine
examination, and the unused fraction was utilized in this study. An
informed consent was obtained from each patient for the use of sputum
in research. ’

3. Results

3.1. Determination of the optimal cut-off values for MODS with reference
strains

The DST results obtained by the L-] proportion method identified 25,
17,23, and 15 strains resistant to INH, RMP, STR, and EMB, respectively.
There was no discrepancy between the pre-confirmed and current DST
results.

In MODS, 0.8 pg/ml INH had the highest efficiency (agreement) of
0.95 and the highest Kappa coefficient of 0.89 (sensitivity, 96.0%; spec-
ificity, 92.9%) compared with DST results by L-J (Fig. 1). With regard
to RMP, all concentrations used in this study had high discrimination
powers. In particular, 2.0 pg/ml RMP showed the highest efficiency of
0.97, and the highest Kappa coefficient of 0.95 (sensitivity, 100.0%; spec-
ificity, 95.5%). STR demonstrated a clear trade-off relation between the
highest sensitivity and specificity among the concentrations used.
Using 1.0 or 2.0 pg/ml as cut-off value yielded the highest sensitivity
(90.9%), but a moderate specificity (87.5%). The highest efficiency
(0.92) and Kappa coefficient (0.84) were obtained with 4.0 pug/ml,
which was identified as the optimal cut-off value (sensitivity, 90.5%;
specificity, 93.8%). With regard to EMB, 8.0 pg/ml showed the highest
efficiency (0.97) and highest Kappa coefficient (0.95) (sensitivity,
93.3%; specificity, 100.0%). When MODS was conducted on all 39 refer-
ral strains using these optimal cut-off values, we detected 24, 17,19, and
14 strains resistant to INH, RMP, STR, and EMB, respectively.

The MGIT AST yielded no contamination, but there was no growth
for 2 of the 39 strains. Therefore, we analyzed the results from 37
strains. The DST results by MGIT AST identified 23, 20, 19, and 11 strains
resistant to INH, RMP, STR, and EMB, respectively. The optimal cut-off
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Fig. 1. Performance of MODS compared with the L-] proportion method as a reference by employing the bacterial strains (n = 39). Abbreviations: INH, isoniazid; RMP, rifampicin; STR,
streptomycin; EMB, ethambutol; Kappa, kappa coefficient; MODS, microscopic observation of drug-susceptibility assay L~| proportion method, Léwenstein-Jensen proportion method.

values for INH and RMP were 0.8 pg/ml and 2.0 pg/ml, respectively,
compared with MGIT AST (Fig. 2). In contrast, STR exhibited a trade-
off between the highest sensitivity and specificity. But 16.0 pg/ml STR
generated the highest efficiency and Kappa coefficient (sensitivity,
78.9%; specificity, 100.0%). For EMB, all concentrations used in this
study had poor discrimination powers. The same results were obtained
with the L-] proportion method.

3.2. Evaluation of the optimal cut-off values of MODS with clinical sputum
specimens

With MODS, there was no contamination, but 3 of the 39 clinical
specimens yielded no growth. With the L-] proportion method, all 39
specimens showed growth without contamination. Therefore, 36 spec-
imens were used to assess the performance of MODS using the L-] pro-
portion method as a reference. By the L-J proportion method, DST
identified 7, 4, 8, and 2 isolates resistant to INH, RMP, STR, and EMB,
respectively.

The highest INH concentration (0.8 pug/ml) demonstrated. the
highest efficiency (0.94) and Kappa coefficient (0.84) (sensitivity,
100.0%; specificity, 93.1%) (Fig. 3). With regard to RMP, all concentra-
tions generated an efficiency of 0.94 and a Kappa coefficient of 0.77
(sensitivity, 100.0%; specificity, 93.8%). With regard to STR, a cut-off
value of 4.0 pg/ml detected resistance with the highest efficiency of
0.94 and the highest Kappa coefficient of 0.84 which is the same dis-
crimination power at 8.0 pug/ml (sensitivity, 87.5%; specificity, 96.4%).
With regard to EMB, 4.0 pg/ml and 8.0 pg/ml yielded the highest effi-
ciency (0.89), despite a low Kappa coefficient of 0.46 (sensitivity,
100.0%; specificity, 88.2%). When MODS was conducted on the 36
specimens with these optimal cut-off values, we detected 7, 4, 7, and 2
specimens resistant to INH, RMP, STR, and EMB, respectively.

3.3. Turn-around time of MODS

The average turnaround time for the 36 clinical specimens in MODS
was 9.0 days (95% C.L: 5.3-12.7). According to the sputum smear grade
of 36 clinical specimens, the results of DST were obtained after 11.7 days
(95% C.l.: 9.5-13.9) for 6 smear negatives, 11.0 days (95% Cl: 7.7-14.3)
for 4 scanty positives, 7.6 days (95% Cl: 5.2-10.0) for 8 of 1+ grade,
9.1 days (95% CI: 5.8-12.4) for 9 of 2+, and 7.6 days (95% CI:
2.4-12.8) for 9 of 3 4-. Out of 3 no growth among 39 clinical specimens,
2 were smear negatives, and 1 was 1+ grade.

4. Discussion

We identified the most appropriate cut-off for INH by MODS, i.e,,
0.8 pg/ml. This result is different from 0.1 pg/ml INH identified by a
meta-analysis (Minion et al.,, 2010), and 0.4 pg/ml INH recommended
by the MODS guidelines INH {Coronel et al., 2008). Our result was
presumably attributed to the indigenousness of TB strains employed.
Considering the diverse drug susceptibility among TB strains, each iso-
late population may have different MICs. Therefore, further evaluation
is needed to reach the consensus that 0.8 pg/ml is the optimal cut-off
value for INH based on multiple investigations.

Our study identified 2.0 pg/ml RMP as the most appropriate cut-off
value for MODS, which is the same as reported by previous studies
(Mello et al,, 2007; Moore et al., 2006; Park et al,, 2002; Shiferaw
et al,, 2007). This result suggests that most of the RMP resistant strains
are attributed to a single mutation of the rpoB gene (Telenti et al,,
1993) and show high MIC. Likewise, a study on Japanese patients with
TB revealed that most clinical strains resistant to RMP had a rpoB gene
mutation (Suzuki et al,, 1995). This result strongly supports that our
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Fig. 2. Performance of MODS compared with MGIT as a reference by employing the bacterial strains (n = 37). Abbreviations: INH, isoniazid; RMP, rifampicin; STR, streptomycin;
EMB, ethambutol; Kappa, kappa coefficient; MODS, microscopic observation of drug-susceptibility assay; MGIT, mycobacteria growth indicator tube.
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