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The worldwide emergence of multidrug-resistant (MDR) and 
extensively drug-resistant (XDR) tuberculosis threatens to 
make this disease incurable�,2. Drug resistance mechanisms 
are only partially understood3–5, and whether the current 
understanding of the genetic basis of drug resistance in  
M. tuberculosis is sufficiently comprehensive remains unclear. 
Here we sequenced and analyzed �6� isolates with a range  
of drug resistance profiles, discovering 72 new genes,  
28 intergenic regions (IGRs), �� nonsynonymous SNPs and 
�0 IGR SNPs with strong, consistent associations with drug 
resistance. On the basis of our examination of the dN/dS ratios 
of nonsynonymous to synonymous SNPs among the isolates6–8, 
we suggest that the drug resistance–associated genes identified 
here likely contain essentially all the nonsynonymous SNPs  
that have arisen as a result of drug pressure in these isolates 
and should thus represent a near-complete set of drug 
resistance–associated genes for these isolates and antibiotics. 
Our work indicates that the genetic basis of drug resistance  
is more complex than previously anticipated and provides  
a strong foundation for elucidating unknown drug  
resistance mechanisms.

Although there has been an encouraging 1.3% decline in tuberculo-
sis incidence worldwide each year since 2002 (ref. 9), drug-resistant 
tuberculosis is a serious and growing global challenge. Drug resistance 
is particularly acute in China, where 5.7% of new tuberculosis cases are 
MDR, and 8% of MDR cases are XDR10. Mutations in a limited number 
of coding genes and IGRs have been identified in drug-resistant  

strains3–5, but the full spectrum of genetic causes of drug resistance is 
unclear. Although some recent M. tuberculosis genome-wide studies 
have addressed aspects of drug resistance11–15, none have systemati-
cally searched for the genes, IGRs and SNPs most closely related to 
drug resistance. With this aim in mind, we performed a comprehen-
sive genome-wide study of 161 isolates from China with a broad range 
of resistance profiles (44 drug-sensitive, 94 MDR and 23 XDR isolates; 
Supplementary Fig. 1 and Supplementary Table 1).

After capturing genetic variation using Illumina DNA sequenc-
ing, we compared each genome with the M. tuberculosis H37Rv 
reference genome16. On average, 5.27 million sequence reads were 
obtained per genome at a depth of 112× and with coverage of 99.32% 
(Supplementary Table 1). Overall, 18,970 SNPs present in ≥95% of 
the isolates were identified, 17,824 of which were present in all 161 
isolates and 22 other published genomes17 and were used to construct 
a genome-wide phylogeny. Our phylogenetic tree (Fig. 1) agrees well 
with published trees17,18 and restricts all but 2 of the 161 isolates to 
lineage 2 (mainly from East Asia), 95% of which belong to the Beijing 
family (Supplementary Table 1), or lineage 4 (mainly from Europe, 
North and South America and Africa)19. We identified 161 lineage 2– 
specific and 99 lineage 4–specific nonsynonymous SNPs distributed, 
respectively, across 151 and 99 genes (Supplementary Fig. 2 and 
Supplementary Table 2) by comparison with the ancestral sequence. 
Ten genes contained both lineage 2–specific and lineage 4–specific 
SNPs (Supplementary Table 2) and thus could potentially be used 
as markers for the typing of lineage 2 and 4 isolates.

After discarding phylogenetically related and synonymous SNPs, 
we focused subsequent analyses on nonsynonymous SNPs and IGR 
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SNPs (Supplementary Fig. 3). We antici-
pated that (i) genes or IGRs associated with 
drug resistance should be diversifying, i.e., 
they should have a higher density of non-
synonymous SNPs or IGR SNPs, respec-
tively, than non-associated genes or IGRs, 
and (ii) that such genes or IGRs should be 
mutated more frequently in drug-resistant 
isolates than in drug-sensitive ones. We first 
examined differences between MDR and XDR isolates, identifying 
15 genes (including the long noncoding gene for 16S rRNA, rrs) and 
13 IGRs that met these criteria (Fig. 2, Table 1, Online Methods, 
Supplementary Figs. 3 and 4, and Supplementary Tables 3–8). Many 
well-known drug resistance genes (gyrA, pncA, rpoB, rpoC, embB, 
ethA, katG, rpsL, thyA and rrs)20 and IGRs (embC–embA, proA–ahpC, 
Rv1482c–fabG1 and eis–Rv2417c)21–24 were selected, demonstrating 

the reliability of our approach. Whereas some genes were associated 
specifically with XDR isolates and presumably, therefore, with second-
line drugs, almost half of the selected genes were associated with 
resistance in both MDR and XDR isolates. This finding is probably 
due to the overlapping drug resistance profiles of MDR and XDR 
isolates used here (Supplementary Table 1), arising in part from the 
somewhat artificial definitions of MDR (resistance to at least isoniazid 
and rifampicin) and XDR (also resistant to any fluoroquinolone and at 
least one second-line injectable drug)25 and from clinical practice in 
the use of first- and second-line tuberculosis drugs. As a result, isolates 
resistant to, for example, several second-line drugs but not to fluoro-
quinolones are still classified as MDR. We repeated our analysis drug 
by drug, grouping all isolates resistant to a given drug and using all 
isolates sensitive to that drug as controls, thereby identifying 70 more 
genes (including gyrB, embA and inhA) and 19 IGRs (Fig. 2, Table 2,  
Supplementary Figs. 3 and 4, and Supplementary Tables 3–8)  
with strong, consistent associations with drug resistance. Many well-
known drug resistance genes were associated with resistance to most 
drugs tested, suggesting that background drug resistance confounds 
this analysis. Development of resistance in M. tuberculosis is likely 
stepwise, occurring in parallel with the stepwise use of drugs (which 
act as a selective pressure) in response to increasingly resistant tuber-
culosis26 and their potency, with the most likely sequence of resist-
ance development for the drugs tested here (based on drug resistance 
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Figure 1 Phylogenetic analysis of M. tuberculosis 
isolates. Our phylogenetic tree of the genomes 
of the 161 M. tuberculosis isolates in this study 
along with 22 previously published genomes17 
restricts all but 2 isolates (p-xz09119 from 
Tibet and XJ06014 from Xinjiang, both assigned 
to lineage 3) to lineage 2 or lineage 4, further 
subdividing lineages 2 and 4 into 3 and 2 
sublineages, respectively. Branch colors 
represent the lineages of M. tuberculosis:  
pink, lineage 1 (the Philippines and the Indian 
Ocean rim); blue, lineage 2 (East Asia); purple,  
lineage 3 (India, East Africa); red, lineage 4  
(Europe, America); brown, lineage 5, 
Mycobacterium africanum (West Africa 1); 
green, lineage 6, M. africanum (West Africa 2).  
The blue and red shaded regions show the 
sublineages of lineages 2 and 4, respectively. 
Strains labeled in gray represent previously 
published genomes, those in blue represent 
drug-sensitive strains, those in black represent 
MDR strains, and those in pink represent XDR 
strains. The scale bar represents the number  
of SNP substitutions per SNP site.
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Figure 2 Genomic locations of the 85 drug resistance–associated genes. 
Genes previously reported to be associated with drug resistance are shown 
by red lines, whereas those associated with drug resistance for the first 
time in this study are shown by blue lines. The genes named are those 
considered essential for the in vitro growth of H37Rv47.
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profiles, tuberculosis drug treatment guidelines26 and differences in 
drug potency) being isoniazid followed by rifampicin, streptomycin, 
ethambutol, ofloxacin, ethionamide, kanamycin and capreomycin. 
When we applied a logistic regression model based on this sequence, 
all but 11 genes and 5 IGRs showed significant associations with drug 
resistance (P ≤ 0.05), and many but not all associations that were 
likely due to confounding were resolved (Supplementary Fig. 4 and 
Supplementary Table 9). Our results confirm the view that the emer-
gence of XDR is due to the accumulation of nonsynonymous SNPs 
associated with resistance to second-line drugs rather than to muta-
tions in one or a few genes conferring pan-antibiotic resistance. The 
designation of isolates as XDR, although helpful in the clinical setting, 
does not therefore have a clear-cut genetic basis.

We examined the distribution of nonsynonymous SNPs and IGR 
SNPs in the above genes and IGRs, respectively, in the genomes of 
32 drug-resistant and 10 drug-sensitive isolates from Samara prov-
ince in Russia12 and in the 21 drug-sensitive isolates used in our 
phylogenetic analysis17. Although the well-known proA–ahpC drug  
resistance–associated IGR was not associated with drug resistance 
in this relatively small sample of Russian isolates, 23 genes and  
3 IGRs newly associated with drug resistance in our analysis contained  
nonsynonymous SNPs and IGR SNPs (Supplementary Table 10), 
confirming their likely relevance to drug resistance. Two of the 686 
SNPs present in the drug resistance–associated genes and IGRs from 
our analysis were found in the Russian drug-sensitive isolates, and 3 
were found in the 21 drug-sensitive isolates used in our phylogenetic 

analysis17 (Supplementary Table 10), suggesting the possible associa-
tion of these SNPs with low levels of resistance.

Gene ontology (GO) analysis using DAVID (Database for 
Annotation, Visualization and Integrated Discovery)27 showed 
that drug resistance–associated genes were enriched in GO classes 
‘response to chemical stimulus’, ‘pyrimidine metabolism’ and ‘DNA 
topoisomerase activity’ (P < 0.05) (Supplementary Table 11). 
Analysis of interactions of the protein products of the 84 protein-
encoding genes with the drugs tested in this study (STITCH V3.1; see 
URLs) identified the existence of a complex network (Supplementary  
Fig. 5), suggesting that there is still much to discover about drug 
resistance mechanisms; the involvement of many of these proteins in 
drug resistance is as yet undocumented.

Although many of the newly identified drug resistance– 
associated genes and IGRs are poorly characterized (Supplementary 
Table 12), some, such as representatives of the fadD, pks and mmpL 
families (fadD14, fadD30, pks2, pks8, pks15, pks17 and mmpL1), are 
of notable interest. Mycobacterial cell wall biosynthetic pathways are 
targeted by current tuberculosis drugs28; for example, isoniazid and 
ethionamide inhibit mycolic acid synthesis29,30, and ethambutol tar-
gets the synthesis of arabinogalactan components31. Accumulating 
evidence suggests that there is functional cross-talk between fadD 
(FAAL family) and pks enzymes in the generation of complex cell 
wall lipid components28,32. Several fadD and pks genes are located 
adjacent to each other and to mmpL genes, which encode a family of 
membrane proteins that function in the transport of lipids33; mmpL 
genes have recently received considerable attention since mmpL3, 
which encodes the only MmpL protein considered essential for  
M. tuberculosis growth33, was identified as a target of the drug candi-
dates BM212 and SQ109 (refs. 34–36). Here mmpL3 (2,835 bp) had 
2 independent nonsynonymous SNPs present in only 2 of the 161 
isolates (Supplementary Table 13), and mmpL1 (2,877 bp), previously 
thought not to be involved in drug resistance33, had 11 independent 
nonsynonymous SNPs in 10 drug-resistant isolates. Further investiga-
tion of the functional relationships between these families of proteins 
will help to determine whether the drug resistance–associated fadD, 
pks and mmpL genes identified here have compensatory roles in drug 
resistance. Indeed, it is likely that some drug resistance–associated  
genes identified here do have compensatory roles. For example,  
10 of 34 nonsynonymous SNPs identified here in the rpoC gene, and 
3 of 9 SNPs in the proA–ahpC IGR have previously been reported as 
compensatory mutations37–40 (Supplementary Table 14).

There are relatively few reports on the role of IGRs in drug resist-
ance. Here, of the 28 new drug resistance–associated IGRs identi-
fied, IGRs of note included thyA–Rv2765 and thyX–hsdS.1 (thyA and 
thyX are thymidylate synthase genes important in DNA replication 
and repair41). Because IGR SNPs may affect the expression levels of 
flanking genes—for example, SNPs in the eis promoter that result in 
its overexpression are associated with kanamycin resistance24—we 
investigated whether the IGR SNPs identified here affected gene 
expression. The three SNPs in the thyA–Rv2765 IGR and the two SNPs 
in the thyX–hsdS.1 IGR resulted in approximately 5-fold and 18-fold 
increases, respectively, in the expression of lacZ in Mycobacterium 
smegmatis relative to unmutated IGR controls (Fig. 3). These results 
strongly suggest that the SNPs in these drug resistance–associated 
IGRs would lead to overexpression of the downstream genes in  
M. tuberculosis. Using Neural Network Promoter Prediction42, we 
predicted that SNPs were located in promoter regions in 27 of the 32 
drug resistance–associated IGRs (Supplementary Table 15). IGRs 
also encode small RNAs (sRNAs), which can regulate gene expres-
sion in response to environmental changes43,44. Previous reports45,46 

table 1 Genes and IGrs that have strong, consistent associations 
with MDr and XDr isolates
Gene MDR XDR

rrsa 15/9/16 14/3/16

gyrAa – 9/3/9

Rv0147 – 3/3/3

Rv0265c – 3/3/3

rpoBa 91/30/118 20/11/30

rpoCa 34/25/35 8/7/8

rpsLa 52/3/52 11/2/11

Rv1129c 11/10/11 –

katGa 83/21/87 20/5/20

pncA 32/30/33 9/9/9

Rv2752c – 4/4/4

thyAa – 4/3/4

pks15 – 3/3/3

embBa 65/19/67 18/9/21

ethA – 7/9/9

Rv0744c–Rv0745 – 2/2/2

pip–Rv0841b – 2/2/2

ctpE–Rv0909b – 2/2/2

Rv0920c–Rv0921 – 2/2/2

Rv1482c–fabG1b 21/3/21 7/3/7

lipJ–cinA – 2/2/2

eis–Rv2417ca – 3/2/3

proA–ahpCa 13/7/14 3/3/3

thyX–hsdS.1a 10/2/10 3/1/3

Rv3185–Rv3186a 7/3/13 –

Rv3210c–rhlE – 2/2/2

whiB2–fbiA 8/6/8 –

embC–embAa 14/5/14 5/3/5

Shown is the number of isolates in which the gene or IGR is mutated, the number of 
SNPs within the gene or IGR, and the total number of SNPs in the gene or IGR in all 
isolates carrying mutations in the gene or IGR.
aGenes or IGRs that contain relatively high-frequency SNPs. bNewly identified IGRs associated 
with drug resistance in XDR isolates but not with resistance to the drugs tested in this study.
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indicate that 30 of the 32 drug resistance–associated IGRs express 
sRNAs, with 8 containing drug resistance–associated SNPs in sRNA-
encoding regions (Supplementary Table 16). The role of IGRs in drug 
resistance therefore deserves greater attention.

Of the approximately 774 genes considered to be essential for  
M. tuberculosis growth47, those with a high density of SNPs in drug-
resistant isolates are likely to be useful drug targets or important  

players in drug resistance mechanisms. Consistent with this idea,  
24 of the 84 drug resistance–associated genes from our analysis, 
including 10 of 12 well-known drug resistance–associated genes  
and rrs, are considered to be essential (Fig. 2 and Supplementary 
Table 7). The role of the 14 newly identified drug resistance– 
associated essential genes in drug resistance mechanisms thus 
deserves further attention.

table 2 Drug resistance associations of the new genes and IGrs with strong, consistent gene–drug resistance associations in this study
Gene INH-RMP STR EMB OFX ETH KAN CPM Gene INH-RMP STR EMB OFX ETH KAN CPM

Rv0026 – – 5/5/5 – – – – yjcE – – – 4/5/5 – – –

Rv0039c – – – – – – 2/2/2 Rv2314c – – – – – 2/3/3 –

Rv0147 – – – – – 3/3/3 – folCa – 9/7/10 – – 7/6/8 3/2/3 3/2/3

Rv0165c – – – – – 3/3/3 3/3/3 Rv2530c – – – – – – 2/2/2

lprO – – 6/6/6 6/6/6 – – – Rv2729c – – – – – – 2/2/2

fadE5 – – – – – 3/4/4 – Rv2752c 14/14/14 – – 9/9/9 9/9/9 – 4/4/4

Rv0265c – – – – 3/3/3 3/3/3 2/2/2 Rv2771c – – – – – 2/2/2 –

Rv0323c – – – – – 2/2/2 2/2/2 Rv2807 – – – – – – 2/2/2

Rv0401 – – – – – – 2/2/2 pks15 – – 7/7/7 – – 3/3/3 –

mmpL1 – – – – 8/9/9 – 4/4/4 Rv3067 – – – – – 2/2/2 2/2/2

fadD30 – – – 5/5/5 5/5/5 – – Rv3071 – – – 4/4/4 – – –

Rv0565c – – – 4/4/4 5/5/5 3/3/3 3/3/3 Rv3087 – – – – – 3/3/3 –

yrbE2B – – – – – 2/2/2 – Rv3090 – – – – – – 2/2/2

Rv0600c – – – – – 2/2/2 – cyp141 – – – – – 3/3/3 –

Rv0605 – – – – – – 2/2/2 fadE33 – – – – 3/3/3 – –

Rv0608 – – – – – – 2/2/2 proZ – – 5/5/5 – – – –

lipG – – – 4/4/4 – – – Rv3806ca – – – 6/5/7 – – –

Rv0812 – – – – – 2/2/2 2/2/2 pks2 – – – 10/12/12 – – –

fadA – – – 4/4/4 – 2/2/2 – whiB6a – – – – 6/5/6 – –

Rv0893c – – – – – 2/2/2 – Rv3877 – – – – – – 3/5/5

fadD14 – – 6/6/6 – – – – Rv3881c – – – – 4/4/4 3/3/3 –

echA8 – – – – – – 2/2/2 Rv3889c – – – – – – 3/3/3

celA2b – – – – – 2/2/2 – Rv3894c – – – 8/8/8 – – –

Rv1096 – – – – – 2/2/2 2/2/2 Rv0010c–Rv0011c – – – – 4/4/4 – –

Rv1112 – – – – – – 2/2/2 Rv0466–icl – – – 3/3/3 – – –

Rv1129c 13/12/13 – 8/8/8 8/7/8 7/7/7 – – Rv0744c–Rv0745 – – – 3/3/3 – – –

Rv1144 – – – – – – 2/2/2 PPE13–Rv0879c – – – – – – 2/2/2

Rv1192 – – – – – – 2/2/2 Rv0920c–Rv0921 – – – – – – 2/2/2

Rv1218c – – – – 3/3/3 – – Rv1042c–Rv1043c – – – – – 2/2/2 –

cysN – – – – – – 3/3/3 greA–Rv1081c – – 3/3/3 3/3/3 – – –

pyrB – – – – – – 2/2/2 Rv1194c–PE13 – 4/4/4 – – – – –

PPE20 – – – – – 3/3/3 – rfe–Rv1303 – – 3/3/3 – – – –

Rv1393c – – – – – – 3/3/3 Rv1347c–Rv1348 – – 3/3/3 – – – –

Rv1465 – – – – – 2/2/2 – Rv1816–Rv1817 – – – 4/4/4 – 2/2/2 –

Rv1520 – – – – – – 2/2/2 lipJ–cinA – – – – – 2/2/2 –

pks8 – – 12/12/12 – – – – blaC–sigC – – – – – – 2/2/2

pks17 – – – 5/5/5 – – – cobS–Rv2209 – – – – – 2/2/2 2/2/2

pyrG – – 6/6/6 – – – – PE_PGRS39–lppQ – – – – 3/3/3 – –

cycA – – – 5/5/5 – – – Rv2733c–Rv2734 – – 3/2/3 – – – –

narX – – – – – 3/3/3 3/3/3 thyX–hsdS.1a 13/2/13 12/2/12 9/2/9 – – – –

Rv1741 – – – – – 2/2/2 – thyA–Rv2765 – – – – – – 2/2/2

pknF – 6/8/8 – – – – Rv3185–Rv3186a 7/3/13 7/3/13 – – – – –

Rv1885c – – – – – – 2/2/2 Rv3210c–rhlE – – – – – 2/2/2 –

furA – – – – – – 2/2/2 whiB2–fbiA 9/8/10 8/8/9 – – 6/6/7 – –

mce3D – – – 5/5/5 4/4/4 3/3/3 – infA–Rv3463 – – 3/3/3 – – – –

Rv2077c – – – – 3/3/3 – – Rv3651–Rv3652 – – – 3/3/3 – – –

lppJ – – – – 3/3/3 2/2/2 – Rv3765c–Rv3766 – – – – – – 2/2/2

dlaT – – – 4/4/4 – – – Rv3796–fadE35 – – – – – – 2/2/2

Rv2274c – – – – – 2/2/2 – whiB6–Rv3863 – 5/5/5 – – 3/3/3 – –

Shown is the number of isolates in which the gene or IGR is mutated, the number of SNPs within the gene or IGR, and the total number of SNPs in the gene or IGR in all isolates 
carrying mutations in the gene or IGR. Drug resistance groups: INH-RMP, isoniazid-rifampicin; STR, streptomycin; EMB, ethambutol; OFX, ofloxacin; ETH, ethambutol; KAN, 
kanamycin; CPM, capreomycin.
aGenes or IGRs that contain relatively high-frequency SNPs.
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SNPs present in a high proportion of isolates, such as those in codons 
516, 526 and 531 of rpoB associated with rifampicin resistance37,48, 
are likely functionally important37. To identify new SNPs that might 
be important in drug resistance mechanisms, we used similar rea-
soning to that outlined above to identify drug resistance–associated 
genes and IGRs, finding 33 relatively high-frequency nonsynonymous 
SNPs and 16 IGR SNPs closely associated with drug resistance, 40 of 
which (Supplementary Table 17), including 11 new nonsynonymous 
SNPs and 10 IGR SNPs, were located in 11 of the 85 drug resistance– 
associated genes and 6 of the 32 IGRs, respectively, further validating 
their strong association with drug resistance. Ten of these 11 genes 
(gyrA, rpoB, rpoC, rpsL, katG, folC, thyA, embB, Rv3806c and rrs) 
are considered essential for the in vitro growth of M. tuberculosis47.  
Of these genes, folC and Rv3806c are largely uninvestigated and thus 
deserve attention.

In addition, we examined the distribution of lineage-specific  
SNPs among drug resistance–associated genes and IGRs; 21 drug  
resistance–associated genes and 1 IGR contained lineage- 
specific SNPs, providing preliminary evidence that these SNPs  
have contributed to phylogenetic differentiation in M. tuberculosis 
(Supplementary Table 18).

Our findings generally validate previous reports and suggest that 
traditional investigations of drug resistance mechanisms have indeed 
identified many of the key players in drug resistance. However, a dif-
ferent approach is necessary to complete the picture and reflect the 
layers of complexity encountered in clinical situations. Because the  
M. tuberculosis genome carries relatively few mutations17,49 (in the cur-
rent study, lineage 2 isolates had 1,302.48 ± 24.25 SNPs per genome, and 
lineage 4 isolates had 769.78 ± 34.74 SNPs per genome) and the over-
all difference in numbers of SNPs between drug-sensitive and drug-
resistant isolates in these lineages is not significant (Supplementary 
Fig. 6), genome-wide sequencing is the most efficient method to com-
prehensively detect drug resistance–related genetic variation. Here 
we have analyzed a large set of isolates, taking a statistical approach 
designed to identify the genes, IGRs and nonsynonymous SNPs across  
the genome with the strongest associations with drug resistance.  

Our results uncover new relationships between drug resistance and 
previously unassociated genes and suggest that some drug resistance–
associated genes and IGRs may be involved in resistance to more than 
one drug (Table 2). The precise nature of these associations, however, 
requires experimental validation.

Although the M. tuberculosis genome is under purifying selec-
tion50, comparing dN/dS ratios (the ratio of nonsynonymous to syn-
onymous SNPs, a measure of individual protein evolution as well as 
of the impact of selection on the genome)6–8 in drug-resistant and 
drug-sensitive isolates (Fig. 4 and Supplementary Table 19) indicates 
that, whereas drug pressure has exerted a small but positive selective 
effect on the genome (drug-sensitive isolates, 0.432; drug-resistant 
isolates, 0.463; P = 6.47 × 10−7), it has had a relatively large positive 
selective effect on the 84 drug resistance–associated genes (drug-
sensitive isolates, 0.489; drug-resistant isolates, 1.031; P = 3.26 ×  
10−13), particularly on the 24 essential drug resistance–associated 
genes (drug-sensitive isolates, 0.270; drug-resistant isolates, 1.427; 
P = 5.95 × 10−11), 10 of which, as noted above, are well-known drug 
resistance genes. When these 84 genes were excluded from calcula-
tions, the dN/dS values for drug-resistant isolates were not signifi-
cantly different from those for the whole genomes of drug-sensitive 
isolates (84 drug resistance–associated genes excluded, 0.441; whole 
genome, drug-sensitive isolates, 0.432; P = 0.055), suggesting that 
these 84 genes contain essentially all the nonsynonymous SNPs  
that have arisen due to drug pressure and should thus represent  
a near-complete set of drug resistance–associated genes for these  
isolates and antibiotics.

In identifying a set of new drug resistance–associated genes, IGRs 
and SNPs, this study has demonstrated that the genetic basis of drug 
resistance is more complex than previously anticipated and has laid 
a strong foundation for more comprehensive investigations of drug 
resistance mechanisms in both M. tuberculosis and other bacterial 
pathogens treated with the same antibiotic regimens.
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Figure 3 IGR SNPs alter the expression level of downstream genes.  
The effects of SNPs in the thyA–Rv2765 and thyX–hsdS.1 IGRs on  
the expression of lacZ in M. smegmatis were examined by performing  
β-d-galactosidase activity assays on IGR-lacZ constructs. The IGR sequences 
upstream of thyA and thyX were inserted into the pSD5B mycobacterial 
shuttle vector that contains a promoterless lacZ reporter gene immediately 
downstream of the cloning site. IGR-lacZ constructs are shown on the left. 
The thyA–Rv2765 and thyX–hsdS.1 lacZ constructs, with or without the 
SNPs identified in this study, were electroporated into M. smegmatis, and  
β-d-galactosidase activity was assayed. Data presented are mean values 
from three independent experiments. Error bars, 95% confidence intervals.
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Figure 4 The 84 drug resistance–associated protein-encoding genes 
identified in this study contain essentially all the nonsynonymous SNPs 
that have arisen as a result of drug pressure in this set of isolates and 
antibiotics. Comparisons of dN/dS values were made between the whole 
genomes of drug-sensitive isolates versus those of drug-resistant isolates; 
the 84 drug resistance–associated genes in drug-sensitive isolates versus 
drug-resistant isolates; the 24 essential drug resistance–associated 
genes in drug-sensitive isolates versus drug-resistant isolates; and the 
whole genomes of drug-sensitive isolates versus the whole genomes of 
drug-resistant isolates when the 84 drug resistance–associated genes are 
excluded. The dN/dS value for the genomes of drug-resistant isolates is 
not significantly different from that of drug-sensitive isolates when the 
84 drug resistance–associated genes are excluded. The dN/dS ratio is 
expected to be near unity in the absence of selection, <1 under purifying 
selection and >1 under positive selection. DR, drug resistant; DS, drug 
sensitive. Data presented are mean values. Error bars, 95% confidence 
intervals. P values (calculated using two-tailed Mann-Whitney U tests)  
for the appropriate comparisons are shown above the bars.
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URLs. STITCH V3.1, http://stitch.embl.de/; TreeBeST, http://treesoft.
sourceforge.net/treebest.shtml; PAML, http://abacus.gene.ucl.ac.uk/
software/paml.html.

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

Accession codes. Sequencing reads have been submitted to the NCBI 
Sequence Read Archive (SRA) under accession SRA065095.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINe MeTHODS
Bacterial isolates. Several hundred isolates from patients with active dis-
ease were obtained from 12 provinces and municipalities across China, 
namely Beijing, Fujian, Guangdong, Guizhou, Heilongjiang, Henan, Shaanxi, 
Shanghai, Liaoning, Inner Mongolia, Xinjiang and Tibet, via the Chinese 
Center for Disease Control and Prevention. After genetic identification of 
isolates as strains of M. tuberculosis and testing for drug sensitivity, 161 isolates 
were selected for further study on the basis of their drug resistance profiles, 
including 44 drug-sensitive isolates, 94 MDR isolates and 23 XDR isolates 
(Supplementary Fig. 1 and Supplementary Table 1). All isolates were cul-
tured on Lowenstein-Jensen slants at 37 °C for 4–6 weeks.

Drug susceptibility testing. Drug susceptibility was tested on solid medium 
using the standard proportion method recommended by the World Health 
Organization51. Drug concentrations used for testing were 4.0 µg/ml for 
streptomycin (STR), 0.2 µg/ml for isoniazid (INH), 40.0 µg/ml for rifampicin 
(RMP), 2.0 µg/ml for ethambutol (EMB), 40.0 µg/ml for capreomycin 
(CPM), 30.0 µg/ml for kanamycin (KAN), 2.0 µg/ml for ofloxacin (OFX) and  
40.0 µg/ml for ethionamide (ETH). Isolates were classified into the follow-
ing drug resistance groups during data analysis on the basis of consistent  
drug resistance profiles obtained from three replicate tests (Supplementary 
Table 1): INH-RMP resistant (n = 117), EMB resistant (n = 67), STR resist-
ant (n = 83), CPM resistant (n = 22), KAN resistant (n = 21), OFX resistant  
(n = 54) and ETH resistant (n = 36), drug sensitive (n = 44), MDR (n = 94) 
and XDR (n = 23).

Spoligotyping. To investigate the population structure of the 161 isolates,  
we performed spoligotyping by hybridizing amplified DNA from the direct 
repeat region by reverse line blotting to a Hybond membrane to which 43  
oligonucleotides derived from the spacer sequences of M. tuberculosis H37Rv 
and Mycobacterium bovis BCG P3 were covalently bound, as previously 
described by Kamerbeek et al.52. Results were compared with the SpolDB4 
spoligotyping database53.

Genome sequencing and SNP identification. DNA libraries were constructed 
with genomic DNA extracted using a CTAB method54 with kits provided by 
Illumina according to the manufacturer’s instructions. PCR-free libraries with 
an insert size of 350 bp were prepared for each isolate. Methods for DNA 
manipulation, including the formation of single-molecule arrays, cluster 
growth and paired-end sequencing, were performed on an Illumina HiSeq 2000 
sequencer according to standard protocols. The Illumina base-calling pipeline 
(version HCS1.4/RTA1.12) was used to process raw fluorescent images and call 
sequences. Raw reads of low quality from paired-end sequencing (those with 
consecutive bases covered by fewer than five reads) were discarded.

Paired-end reads from each strain (and those from 21 published 
genomes17) were mapped to the H37Rv reference genome (GenBank accession  
NC_000962) using SOAP2 (ref. 55). Base coverage of each position of H37Rv 
was assessed using an in-house C/C++ program. Bases with a quality score of  
<20 were filtered out. To validate the resulting non-redundant candidate SNPs 
in H37Rv and the alleles of the other 182 genomes, the numbers of the most 
abundant (n1) and the second most abundant (n2) nucleotides at each SNP 
in each strain (counted according to the number of reads in each strain sup-
porting the presence of the nucleotide) were examined. High-quality SNPs 
satisfied the following criteria: (i) the most abundant base was different from 
that in the H37Rv genome, (ii) n1 + n2 ≥ 10 and (iii) n1/n2 ≥ 5. SNPs called in 
repetitive regions of the H37Rv genome, defined as exact repetitive sequences 
of ≥25 bp in length, identified using either BLAST, RepeatMasker or Trf56,57 
were excluded. If at least 95% of the strains had a non-redundant SNP in a 
certain position, it was included in the SNP set.

To assess the accuracy of our sequencing, we amplified the rpoB gene from 
a random selection of 80 isolates and sequenced the PCR products on an ABI 
3730 sequencer (Applied Biosystems). There was 100% consensus between 
Illumina HiSeq 2000 and ABI 3730 sequencing results.

Phylogenetic analysis. We further filtered the unique high-quality SNPs to 
obtain a set of high-quality SNPs present in all strains that were used to con-
struct a phylogenetic tree of our 161 isolates and 22 published genomes17 on 

the basis of maximum likelihood using TreeBeST. A strain of Mycobacterium 
canettii was included as an outlier18. We reconstructed ancestral alleles accord-
ing to the phylogenetic tree using PAML.

Filtering of phylogenetically related SNPs likely to influence the accuracy 
of selecting drug resistance–associated genes and IGRs. We further filtered 
our SNP data set to remove (i) phylogenetically related SNPs, defined as those 
that were present only within one clade, and (ii) SNPs present in two or more 
different subclades, one of which contained at least one drug-sensitive isolate 
(Supplementary Fig. 3a). The remaining SNPs were analyzed to identify drug 
resistance–associated genes, IGRs and SNPs.

Identification of lineage-specific SNPs. Lineage 2 and 4 isolates and their sub-
lineage isolates, identified according to the phylogenetic tree, were compared 
separately with the ancestral sequence to identify linage 2–, lineage 4– and 
sublineage-specific SNPs. Lineage-specific SNPs were defined as those present 
only in all lineage 2 or all lineage 4 isolates or in their sublineage isolates.

Identification of drug resistance–associated genes, IGRs and SNPs. 
Genes and IGRs related to drug resistance were identified as outlined in 
Supplementary Figure 3. Two independent methods were used.

(1)  Although SNPs generally occur randomly in any given sequence (gene, 
IGR or genome) or isolate, in line with the Poisson distribution, drug-
related selection pressures will likely give rise to sequences and strains 
with more SNPs than predicted by the Poisson distribution. We identified 
such genes and IGRs by examining the distribution of nonsynonymous 
SNPs and IGR SNPs for each gene and IGR, respectively, among the 117 
drug-resistant isolates (Supplementary Tables 3 and 4 contain genes and 
IGRs whose density of nonsynonymous SNPs and IGR SNPs was greater 
than anticipated by the Poisson distribution (P < 0.05)).

(2)  Identification of genes and IGRs mutated more frequently in isolates 
resistant to a given drug than in all other isolates. Nine drug resistance 
groupings were used to separate the influence of SNPs related to MDR and 
XDR (all drug-resistant isolates were rifampicin and isoniazid resistant) 
from those associated with resistance to other drugs. The proportion of 
drug-resistant isolates (FR) in which a given gene or IGR was mutated 
minus the proportion of drug-sensitive isolates (FS) in which the same 
gene or IGR was mutated (i.e., FR – FS) was calculated, and the mean value 
and standard deviation of this data set was used to obtain the quantile  
P value (P < 0.01) of the corresponding normal distribution of each gene 
or IGR (Supplementary Tables 5 and 6).

Genes and IGRs selected by both methods were considered to be strongly 
associated with drug resistance.

Similar reasoning was used to identify the nonsynonymous SNPs and IGR 
SNPs most closely related to drug resistance; nonsynonymous SNPs and IGR 
SNPs whose distributions among the 117 drug-resistant isolates did not fit 
the Poisson distribution (P < 0.05) were compared with the nonsynonymous 
SNPs and IGR SNPs, respectively, represented in a higher proportion of drug- 
resistant than drug-sensitive isolates (FR – FS > 0.00; quantile P < 0.01) in 
at least one of the nine drug profile groups. The resulting nonsynonymous 
SNPs and IGR SNPs were designated as relatively high-frequency nonsynony-
mous SNPs and IGR SNPs, and their distributions among the genes and IGRs 
strongly associated with drug resistance were examined.

Logistic regression. To estimate the strength of association between each drug 
resistance–associated gene or IGR and resistance to each drug, we performed 
logistic regression to adjust for preexisting drug resistances. The sequence of 
resistance accumulation was estimated to be INH-RMP, STR, EMB, OFX, ETH, 
KAN and CPM (resistance to RMP was completely confounded with resist-
ance to INH). We fitted a regression model of the form ‘resistance of interest 
~resistances earlier in sequence + genetic variant (drug resistance–associated 
gene/IGR)’. For example, the model for estimating the association of resistance 
to ETH with Rv0005 was ETH ~STR + INH + EMB + OFX + Rv0005. Models 
were fitted by logistic regression because drug resistance is a binary response 
variable, assuming a binomial distribution of the response. The null hypothesis  

http://www.ncbi.nlm.nih.gov/nuccore/NC_000962
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of no association (H0) was tested using the F statistic by comparing the 
full model (above) with a reduced model from which the term for the drug 
resistance–associated gene or IGR was omitted. The P value obtained from  
this significance test is an approximation, which may be poor if only a small 
proportion of isolates carry the genetic variant or show resistance.

Construction of mutated IGRs. IGR sequences upstream of thyX (Rv2754c) 
and thyA (Rv2764c) were amplified by PCR, and sequences containing point 
mutations corresponding to IGR SNPs identified in this study were synthe-
sized by Biomed (Beijing, China). Amplified products were digested with XbaI 
and SphI and then ligated into pSD5B, a mycobacterial shuttle vector with 
a promoterless lacZ reporter gene immediately downstream of the cloning 
site (kindly provided by D. Chatterji). Vector constructs were electroporated 
into Escherichia coli and selected on medium containing 30 µg/ml kanamy-
cin. Inserts were validated by sequencing, and selected constructs were then 
electroporated into M. smegmatis and selected for on medium containing  
30 µg/ml kanamycin.

b-d-galactosidase assays. Cultures (5 ml) of M. smegmatis containing vec-
tor constructs were grown to an OD600 of 2.0, collected by centrifugation 
and resuspended in 0.5 ml of 100 mM sodium phosphate buffer (pH 7.5). 
Bacteria were ruptured by ultrasonication, and supernatants collected after 
centrifugation were incubated in 0.1 M sodium phosphate (pH 7.5) containing  
0.9 mg/ml o-nitrophenyl-β-d-galactopyranoside (ONPG), 1 mM MgCl2 and 
45 mM β-mercaptoethanol for 15–30 min at 37 °C. Reactions were stopped 

by the addition of 1 M Na2CO3. Optical density was read at 420 nm, and  
β-D-galactosidase activities were calculated.

Calculation of dN/dS values. We inferred the ancestral and mutated alleles of 
each SNP in the whole population on the basis of the phylogenetic tree using 
PAML. dN/dS values were calculated using the KaKs_calculator58.
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