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Background.  India is home to 25% of all tuberculosis cases and the second highest number of multidrug resistant cases world-
wide. However, little is known about the genetic diversity and resistance determinants of Indian Mycobacterium tuberculosis, particu-
larly for the primary lineages found in India, lineages 1 and�3.

Methods.  We whole genome sequenced 223 randomly selected M.�tuberculosis strains from 196 patients within the Tiruvallur 
and Madurai districts of Tamil Nadu in Southern India. Using comparative genomics, we examined genetic diversity, transmission 
patterns, and evolution of resistance.

Results.  Genomic analyses revealed (1) prevalence of strains from lineages 1 and 3, (2) recent transmission of strains among 
patients from the same treatment centers, (3) emergence of drug resistance within patients over time, (4) resistance gained in an 
order typical of strains from di�erent lineages and geographies, (5) underperformance of known resistance-conferring mutations to 
explain phenotypic resistance in Indian strains relative to studies focused on other geographies, and (6) the possibility that resistance 
arose through mutations not previously implicated in resistance, or through infections with multiple strains that confound geno-
type-based prediction of resistance.

Conclusions.  In addition to substantially expanding the genomic perspectives of lineages 1 and 3, sequencing and analysis of 
M.�tuberculosis whole genomes from Southern India highlight challenges of infection control and rapid diagnosis of resistant tuber-
culosis using current technologies. Further studies are needed to fully explore the complement of diversity and resistance determi-
nants within endemic M.�tuberculosis populations.
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India has the largest number of tuberculosis patients world-
wide, accounting for over 25% of cases [1]. Drug resistant forms 
of Mycobacterium tuberculosis, the causative agent of tubercu-
losis, are rapidly spreading in India. �ese contribute to India 
having the second highest number of multi-drug resistant cases 
of tuberculosis (MDR-TB) [1], resistant to both isoniazid and 
rifampicin. Despite the presence of over 2 million tuberculosis 
cases in India, little is known about the genetic diversity [2] and 
drug resistance determinants of Indian M.�tuberculosis [3].

India stands out as being home to primarily M. tuberculo-
sis lineages 1 (Indo-Oceanic or EAI lineage) and 3 (Central 

Asian or CAS lineage) [4], which occur at substantially lower 
frequency elsewhere. Lineages 2 (East Asian or Beijing) and 
4 (Euro-American) are most common in Europe, Africa, and 
many other parts of the world [4�6]. Within India, lineage 3 
predominates in the North and Northwest, whereas lineage 1 
is common in the South but is found at low frequency in other 
parts of the country [3, 7�9]. In contrast, lineage 2 has been 
reported at similar prevalence throughout India (17%), though 
it does predominate in some Northeast states [7].

Drug-resistant M.�tuberculosis poses a threat because of low 
cure rates. In India, the rate of MDR-TB is 2�3% among new 
cases and 12�17% among reinfections [10] (similar to the global 
averages of 3.3% and 20%, respectively [1]). Further, about 4% of 
tuberculosis patients have XDR-TB [1], de�ned as MDR-TB with 
additional resistance to any �uoroquinolone and at least 1 of the 
second-line injectable drugs [11]. Rates of isoniazid resistance 
are much higher (10�15% among new and 30�40% among rein-
fections) and lead to poor treatment outcomes when associated 
with resistance to other �rst-line drugs. �us, understanding of 
the evolution and determinants of drug resistance is essential to 
inform development of accurate and timely diagnostics [12].
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Recent whole genome sequencing studies have brought us 
closer to the goal of de�ning the complete catalog of drug resist-
ance in M.�tuberculosis [13�15]. Although recent reports suggest 
that current mutation sets can account for the majority of pheno-
typic resistance in other parts of the world [16�19], such e�orts 
have not yet included large-scale sequencing studies from India, 
where M.� tuberculosis lineages are known to vary from other 
global regions. Previous work has shown that Indian M.�tubercu-
losis strains contain unique drug resistance mutations [20, 21], and 
that drug resistance patterns can vary among di�erent lineages in 
India. For example, lineage 2 strains are more frequently MDR 
than lineage 1 or 3 strains [7, 22�25], and lineage 3 strains have 
been reported as more resistant than lineage 1 strains [7, 8, 26].

In this study, we sequenced 223 randomly selected strains 
from 196 patients within the Tiruvallur and Madurai Districts 
in Southern India. �rough this e�ort, we extensively expanded 
the sampled diversity of lineages 1 and 3, leading to a better 
understanding of their genetic composition, including the 
determinants of drug resistance. We also examined the contri-
butions of transmission versus de novo acquisition of resistance 
mutations, as well as the order in which drug resistance muta-
tions were acquired. Finally, we examined the ability of existing 
mutation sets to predict phenotypic drug resistance and identi-
�ed cases of unexplained drug resistance.

METHODS

Between 1999 and 2005, 27 M. tuberculosis strains were isolated 
for sequencing from unique patients in Madurai and 196 strains 
from 169 unique patients in Tiruvallur. The sample set included 
data from 154 males and 42 females with median age 39 – 
14.5 years. For each strain, resistance to isoniazid, ethambutol, 
rifampicin, and streptomycin was determined. Sequencing data 

were submitted to the Sequence Read Archive under BioProject 
PRJNA235851. See Detailed Methods.

RESULTS

In order to examine genetic features of M.�tuberculosis strains 
from Southern India, we generated high-quality whole genome 
sequences for 223 isolates (Table� 1; Supplementary Table� 1). 
Within our data set, phenotypic drug resistance, including 
MDR-TB, was not significantly associated with relapse, gen-
der, smoking or drinking (Fisher exact test, P�>�.05), even after 
correcting for over-representation from related same-patient 
isolates (see Methods). HIV status was only known for strains 
from Madurai, all of which were HIV positive, and only 5 of 
which were drug resistant (Table S1). We did not detect a signif-
icant association between strains from HIV-positive hosts and 
MDR or drug resistance though sample size was�small.

Newly Sequenced Strains Expand the View of Genetic Diversity in 
Lineage�1

Using whole genome data, we constructed a phylogenetic tree 
and used digital spoligotyping (see Methods) to determine lin-
eages and spoligotypes (Supplementary Figures 1�2). Lineage 
1 strains dominated among newly sequenced isolates (Table�1), 
representing 141 (70%) of strains after correcting for over-rep-
resentation from related same-patient isolates. The relative 
abundances of lineages 1 and 3 were in agreement with earlier 
epidemiological observations [2, 3].

To place our strains within a global context, we constructed a 
phylogeny combining genomic data from newly sequenced strains 
with a previously published set of sequences from 243 globally 
diverse M.�tuberculosis isolates [4] (Figure�1). Although lineage 1 and 
3 isolates from the published Comas study were phylogenetically 
intermingled with newly sequenced strains, the average distance 
between a new strain and its closest relative from the Comas set 
was 313 single-nucleotide polymorphisms (SNPs) (range: 71�833), 
representing an average divergence of >500� years (range: 118�
2276�years) (see Detailed Methods) [27]. In contrast, we observed 
deeply branching clusters composed solely of Indian strains, with 
many strains having few or no SNP di�erences (average 147 SNPs, 
range 0�810 SNPs, and representing an average divergence time of 
245�years with times ranging from 0 to 2,700�years). Based on the 
number of unique SNPs, the new genomic data from lineage 1 and 
3 isolates roughly doubled the known genetic diversity within these 
lineages (Supplementary Table�2).

Recent Transmission of Regionally Localized Strains

In addition to revealing close relationships among isolates from 
this study, the phylogeny indicated that recent transmission of 
strains was occurring among patients from the same and not dif-
ferent regions. To examine this more systematically, we clustered 
all strains from this study into �clonal groups� having �10 SNP 

Table� 1.  Summary of strain information for the set of 201 strains, 
after removing highly similar strains found within the same patient  
A) Distribution of strains with resistant and susceptible phenotypes for 
each of the four drugs tested.

Drug No. of resistant strains No. of susceptible strains

Isoniazid 36 (18%) 162 (82%)
Ethambutol 5 (3%) 193 (97%)
Rifampicin 12 (6%) 186 (94%)
Streptomycina 16 (9%) 171 (91%)

aFor streptomycin, an additional 11 strains did not have DST information for this drug
b198 of the 201 strains had DST information and are included in this table. The remaining 3 
strains did not have associated metadata.

B) Distribution of strains across the 4 lineages.

Lineage No. of strains

LIN-1 (EAI) 141 (70%)
LIN-2 (Beijing) 22 (11%)
LIN-3 (CAS) 32 (16%)
LIN-4 (Euro-American) 6 (3%)

Downloaded from https://academic.oup.com/cid/article-abstract/64/11/1494/3819224
by guest
on 05 February 2018



1496  �  CID  2017:64  (1 June)  �  Manson et�al

differences (see Methods), a threshold previously used to define 
recent transmission [17, 28]. Six of the 22 clonal groups (D28, 
D15, D30, D1, D8, and M4) contained strains from more than 1 
patient (Figure�2; Table�2), and none contained strains from both 
Madurai and Tiruvallur. Instead, strains from each of these clones 
were from patients reporting to the same treatment center, indi-
cating recent transmission was highly localized. In all but 1 case, 
patients having the same clone were infected with a susceptible 
strain. In the exceptional clone, M4 (Figure�2), we observed that 
an isoniazid monoresistant strain from patient 54 belonged to the 
same clone as three isoniazid and rifampicin-resistant strains iso-
lated from patient 97 more than 8�months later, indicating that a 
strain from this clonal group likely acquired rifampicin resistance 
during this time period; however, resistance could have occurred 
earlier in either patient or in an unsampled individual.

The Order in Which Drug Resistance Arises Among Southern Indian 
Tyberculosis is Similar to Other Global Regions

Our strain collection was enriched for drug resistant iso-
lates, as compared to the overall incidence of drug-resistant 

M.� tuberculosis in India (see Methods). Isoniazid resistant 
strains were most common (36 strains; Table� 1a), consistent 
with previous observations from other global regions [29, 30]. 
Using a parsimony-based analysis (see Methods), we deter-
mined that resistance to isoniazid arose 33 independent times 
across the phylogeny. For 4 isoniazid/rifampicin pairs of resist-
ance arisals across the nodes of our phylogeny, we had suffi-
ciently dense sampling to determine relative ordering. In all 4 
cases, isoniazid arose first. Although there were only a small 
number of resistance pairs for which we could determine the 
order, the observation that isoniazid arose first in all 4 cases is 
in agreement with results from previously published genomic 
studies from South Africa [27] and South America [31].

Novel Predicted Drug Resistance Mutations in�India

Recent sequencing studies suggest that known mutations can 
account for the majority of phenotypic resistance [16�19] but 
have been far from exhaustive in representing global M.�tubercu-
losis diversity. To assess how well-known mutations explain drug 
resistance in India, we calculated how well 2 previously published 

Figure�1.  Phylogeny of all 223 newly sequenced strains, together with 243 previously published strains from Comas et�al. Branches are colored according to lineage, and 
outer ticks are colored according to dataset of origin and geographic location. For each strain, we performed variant detection relative to the M.�tuberculosis H37Rv reference 
genome (see Detailed Methods) and identi�ed a total of 67 722 variable SNP loci that were used to construct this phylogeny.
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Figure 2.  Clonal groups overlaid onto a phylogeny of all 223 newly sequenced strains from Southern India. Tree branches are colored by lineage, as in Figure 1. The cen-
tral rings of dots indicate susceptibility phenotypes for isoniazid (I), rifampicin (R), ethambutol (E), and streptomycin (S) (from inside to outside, marked as �IRES�). A gray 
�Missing� mark indicates that no conclusive phenotype was available. Moving outward, the next ring is a numeric patient identi�er, followed by clonal group ID (in red) and 
treatment center. Clonal groups are boxed in red. Treatment centers P01-P14 are in Tiruvallur, whereas all Madurai strains are from the Gov. Rajaji Hospital. Clonal groups 
D16 and D24 contained a strain that lacked patient information and were excluded from further analysis.

Table�2.  Summary table of clonal groups of strains occurring in multiple patients.

Phenotypea Genotypeb

Notes
Clonal 
group

Treatment 
center Patient ID Strain ID Date INH EMB RIF STR INH EMB RIF STR

D28 P05 87 M1560 10/8/2002 R S S S S S S S Phenotypic DR 
change only132 M2010 4/22/2003 S S S S S S S S

D15 P02 124 M2343 9/17/2003 S S S - S S S S
166 M2342 9/17/2003 S S S S S S S S

D30 P09 142 M2129 7/3/2003 S S S S S S S S
143 M2128 7/1/2003 S S S S S S S S

D1 P14 30 M1272 11/9/2001 S S S S S S S S
71 M1425 7/9/2002 S S S S S S S S

D8 P05 36 M1294 3/6/2002 S S S S S S S S
91 M1638 11/8/2002 S S S S S S S S

M4 P01 54 M1393 5/21/2002 R S S S R S S S Genotypic evo-
lution, rpoB 
S450L

97 M1780 1/10/2003 R S R S R S R S
M2323 8/21/2003 R S R - R S R S
M2324 8/21/2003 R S R - R S R S

Abbreviation: DR, drug resistance.
aS, susceptible; R, resistant; -: missing information. Indicates drug susceptibility for isoniazid (INH), ethambutol (EMB), rifampicin (RIF) and streptomycin (STR)
bGenotypic resistance is determined based on the Cohen et�al. set
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