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Abstract

Mycobacterium tuberculosis is a known human pathogen that causes the airborne infectious disease tuberculosis (TB). Every 
year TB infects millions of people worldwide. The emergence of multi- drug resistant (MDR), extensively drug resistant (XDR) 
and totally drug resistant (TDR) M. tuberculosis strains against the first- and second- line anti- TB drugs has created an urgent 
need for the development and implementation of new drug strategies. In this study, the complete genomes of 174 strains of M. 
tuberculosis are analysed to understand the evolution of molecular drug target (MDT) genes. Phylogenomic placements of M. 
tuberculosis strains depicted close association and temporal clustering. Selection pressure analysis by deducing the ratio of 
non- synonymous to synonymous substitution rates (dN/dS) in 51 MDT genes of the 174 M. tuberculosis strains led to categoriz-
ing these genes into diversifying (D, dN/dS>0.70), moderately diversifying (MD, dN/dS=0.35–0.70) and stabilized (S, dN/dS<0.35) 
genes. The genes rpsL, gidB, pncA and ahpC were identified as diversifying, and Rv0488, kasA, ndh, ethR, ethA, embR and ddn 
were identified as stabilized genes. Furthermore, sequence similarity networks were drawn that supported these divisions. 
In the multiple sequence alignments of diversifying and stabilized proteins, previously reported resistance mutations were 
checked to predict sensitive and resistant strains of M. tuberculosis. Finally, to delineate the potential of stabilized or least diver-
sified genes/proteins as anti- TB drug targets, protein–protein interactions of MDT proteins with human proteins were analysed. 
We predict that kasA (dN/dS=0.29), a stabilized gene that encodes the most host- interacting protein, KasA, should serve as a 
potential drug target for the treatment of TB.

DATA SUMMARY
All the bacterial genomes scanned in this study have been 
deposited previously in the National Center for Biotech-
nology Information (NCBI) Genome database and are 
listed in (Table S1) (available with the online version of this 
article). Non- synonymous to synonymous substitutions (dN/
dS) versus synonymous substitutions (dS) in molecular drug 
target (MDT) genes of Mycobacterium tuberculosis are listed 
in (Table S2).

INTRODUCTION
Mycobacterium tuberculosis, the causative organism of the 
airborne infectious disease tuberculosis (TB), is responsible 
for a high incidence of mortality worldwide [1, 2]. The Global 
Tuberculosis Report 2019 of the World Health Organiza-
tion (WHO) indicated that by the end of the year 2018, 
M. tuberculosis had infected 1.7 billion people and about 
1.2 million had lost their lives due to TB. One fourth of the 
world’s population is estimated to be latently infected with 
M. tuberculosis [3].
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As M. tuberculosis acquired resistance to several first- line 
anti- TB drugs, such as isoniazid (INH), pyrazinamide and 
ethambutol, an effective second- line anti- TB drug regimen 
was developed. The strains that were found to be resistant 
to the first- line anti- TB drugs responded well to the second- 
line anti- TB drugs, but only for a brief period. This was 
soon followed by the emergence of strains that were found 
to be resistant to both the first- and the second- line anti- TB 
drugs. Various types of drug- resistant TB, multi-, extensively 
and totally drug resistant TB (MDR-, XDR- and TDR- TB, 
respectively), thus, emerged [4–7]. Newer drugs, bedaquiline 
and delamanid, and repurposed TB drugs, such as linezolid 
and clofazimine, are employed for the treatment of TB, but 
many recent studies have reported M. tuberculosis strains 
that have acquired resistance against these drugs [8–10]. The 
development of these antibiotic- resistant strains is due to the 
antibiotic pressure, which results in acquisition of resistance 
by chromosomal mutations or horizontal gene transfer medi-
ated by phages, transposons and plasmids [11].

Since announcement of the first genome sequence of M. tuber-
culosis strain H37Rv in 1998 [12], more than 6000 genomes 
have already been sequenced and deposited in the National 
Center for Biotechnology Information (NCBI) Genome 
database. Most of the sequenced genomes are in the draft 
stage and less than 200 genomes are reported to be complete, 
i.e. fully sequenced with no sequencing gaps. The availability 
of these mycobacterial genomes led to several attempts of 
genomic analyses, many of which focused on phylogenetic 
analysis [13–15]. Genomic studies focusing on evolutionary 
changes, particularly on the selection of molecular drug 
targets (MDTs) in M. tuberculosis genomes, are lacking. A 
few significant studies expanded the panel of drug- resistant 
markers and reinforced proposals to employ high- throughput 
whole- genome sequencing approaches for routine diagnosis 
and drug- susceptibility testing [16].

In this study, we analysed complete genomes (as available 
from the NCBI Genome database in August 2019) of 174  
M. tuberculosis strains to understand the evolutionary 
changes in them. We focused our analysis on the 51 MDT 
genes/proteins of M. tuberculosis reported in recent studies 
[7, 17]. These genes have been identified based on the genome 
architecture and mechanisms of resistance against anti- TB 
drugs. Mutations in these genes have been reported to play 
a significant role in the development of drug resistance, 
primarily by altering metabolic activities of M. tuberculosis 
against anti- TB drugs. Deciphering the genetic modifica-
tions and their association with drug resistance mechanisms 
may identify promising drug targets that may lead to the 
development of new anti- TB drugs [7, 17]. Towards this, we 
classified the selected drug target genes based on the ratio 
of non- synonymous to synonymous substitutions (dN/dS) 
into diversifying (D), moderately diversifying (MD) and 
stabilized genes (S). Sequence similarity network (SSN) 
analysis indicated that the diversified proteins possessed a 
greater number of isolated nodes, which reflects the diverse 
loci of these proteins as compared to the stabilizing proteins. 
Furthermore, analysis of point mutations in diversifying and 

stabilized drug target proteins elucidated the drug resistance 
across Mycobacterium strains. We then performed protein–
protein interaction analysis of host proteins with diversifying 
(D) and stabilized (S) proteins to determine host interacting 
D and S proteins. Together dN/dS, SSN and protein–protein 
interaction analyses could pave the way to identify potential 
drug targets for the development of efficient therapeutic 
strategies to combat TB.

METHODS
Retrieval of genome sequence data
Complete genome sequences of 174 M. tuberculosis strains 
(as only 174 complete genomes of M. tuberculosis strains 
were available in August 2019) were retrieved from the NCBI 
Genome database (https://www. ncbi. nlm. nih. gov/ genome/) 
(Table S1).

Phylogenomic clustering
Pairwise average nucleotide identity (ANI) values were 
obtained using the ANIm method from the pyani master 
pipeline [18]. A two way- matrix obtained from these values 
was further processed on Multi experiment Viewer (MeV) 
[19]. The normalized data were processed with hierarchical 
clustering, which was performed using the Pearson correla-
tion algorithm. The dendrogram was then visualized using 

Impact Statement

Tuberculosis (TB), an airborne infectious disease caused 
by Mycobacterium tuberculosis, is a major cause of deaths 
worldwide. Treatment of TB remains a therapeutic chal-
lenge due to the frequent emergence of M. tuberculosis 
strains that are highly resistant to a wide range of anti-
biotics. The rapid evolution of M. tuberculosis strains to 
acquire multidrug resistance is attributed to the accumu-
lation of point mutations in the drug target genes. This 
necessitates a deeper understanding of the mechanism 
that these molecular drug targets (MDTs) have evolved 
to confer resistance against anti- TB drugs. In this study, 
the whole genomes of 174 M. tuberculosis strains were 
analysed to deduce the selection pressure on 51 MDTs. 
Among these genes, those exhibiting high and low selec-
tion pressure were demarcated as diversifying and stabi-
lized genes, respectively; the latter are projected as good 
MDTs for anti- TB drugs. Furthermore, based on the selec-
tion pressure analysis and the interaction between the 
MDTs and human proteins, we predict molecular targets 
that can be used for developing or testing anti- TB drugs. 
Our study lays a strong genome- based foundation for 
supplementing experimental studies to develop a robust 
therapeutic regimen against the challenging TB disease 
that impacts global health.

https://www.ncbi.nlm.nih.gov/genome/
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the Interactive Tree of Life (iTOL) server [20] (https:// itol. 
embl. de/).

Genome annotation, calculation of selection and 
multiple sequence alignments (MSAs)
Genomes of M. tuberculosis strains included in the study 
were re- annotated using the Glimmer method [21] on the 
RAST server [22]. Fifty- one genes were analysed: rpsL, atpE, 
gpsI, dprE1, dprE2, embC, embB, embA, rpsA, gidB, katG, 
inhA, ndh, ahpC, rpoB, pncA, embR, eis, whiB7, ethA, ethR, 
mshA, gyrA, gyrB, alrA, cycA, Rv0488, thyA, dfrA, folC, ribD, 
clpC, fabG1, panD, ddn, rpoA, rmlD, fbiAB, fbiC, fadE24, ald, 
pepQ, kasA, tlyA, rplC, Rv0678, rpoC, fgd1, iniA, mmpL3 and 
Rv1979c (Table 1) [7, 17]. These genes/proteins are reported 
as potential MDTs of anti- TB drugs as mutations in them 
play a significant role in the development of resistance against 
anti- TB drugs, primarily by altering the metabolic pathways 
in M. tuberculosis [7, 17]. All- versus- all blastn [23] was used 
to search for the presence and abundance of these genes in the 
genomes of all the M. tuberculosis strains. The gene sequences 
were extracted from all the genomes with a sequence identity 
and coverage cut- off of 80 % aligned using the maximum- 
likelihood method [24] on Mega- X software version 10.0.5 
[25]. To decipher the rate of evolution across the 174 strains 
of M. tuberculosis, the dN/dS calculation was performed using 
the single- likelihood ancestor counting (SLAC) method in 
DataMonkey software version 2.0 [26] (http://www. data-
monkey. org/ slac). The dN/dS values were plotted against dS 
in R [27]. MSAs of MDT protein sequences were performed 
by using Clustal- X software on BioEdit [28]. The dN/dS 
ratios ranged between 0.25 and 1.27 (Table S2). According to 
the general criteria, values of dN/dS ≥1.00 are indicative of 
undergoing positive diversification. We partitioned the dN/dS 
ratios from 0 to 1.00 into three parts and categorized the genes 
into most stabilized (S) (dN/dS <0.35), moderately diversi-
fying (MD) (dN/dS=0.35–0.70) and diversifying (D) (dN/dS 
>0.70).These divisions are considered relative to one another 
as the one with the lowest value of dN/dS must possess more 
synonymous substitutions as compared to the one which has 
dN/dS values just below 1.0. The purpose of partitioning the 
genes based on dN/dS ratio was to identify the most stabilized 
genes among the ones having dN/dS values lower than 1.0, 
which can be further analysed for their potential as drug 
targets against TB.

SSN analysis
Sequences of the MDT proteins of the 174 strains of M. tuber-
culosis were retrieved using protein blast. An all- versus- all 
blast was performed to define the similarities/variations 
between sequence pairs of diversifying (AhpC, GidB, PncA 
and RpsL) and stabilized (Ddn, EmbR, EthR, EthA, KasA, 
Ndh and Rv0488) MDT proteins across the 174 mycobacte-
rial genomes [23]. A user defined threshold was optimized 
according to the alignment score and the maximum length of 
blast results in diversifying and stabilized protein sequences. 
Clustering was performed using cd- hit on the scores of 

blastp pairwise alignments at a threshold value, E value of 
1×10−30.

The pairwise alignment relationships of the sequences were 
analysed by constructing sequence- based similarity networks. 
The sequences were filtered for the removal of 100 % identical 
sequences using cd- hit [29] and SSNs were constructed with 
a threshold alignment score of 50 %. This approach confers 
a better relationship between large datasets at defined cut- 
offs and is more advantageous than phylogenetic trees. The 
threshold cut- off value of 1×10−70 was used for the construc-
tion of both diversifying and stabilized MDT sequence 
networks upon analysing the trends of varying alignment 
lengths at different E values. The data were visualized in the 
complex network platform Cytoscape v3.7.2 [30]. Sequence 
and structural similarity was searched using blastp [23] and 
TM align [31].

Host–pathogen protein–protein interaction
The protein sequences of diversifying (D) and stabilized (S) 
MDTs were searched against various interaction databases, 
IntAct [32], MINT [33], BioGRID [34] and BIND [35], for 
predicting the maximum number of host and pathogen 
interactions. The interactions were visualized using Cytoscape 
v3.7.2 [30].

RESULTS AND DISCUSSION
General genome characteristics of M. tuberculosis 
strains
A total of 120 of the 174 M. tuberculosis strains were isolated 
from human sputum, lungs and cerebrospinal fluid samples 
(Table S1). The remaining 54 strains were isolates from 
non- human sources (Table S1). M. tuberculosis H37Rv was 
considered as a reference strain in the present study as most 
of the studies on M. tuberculosis genome analyses and antibi-
otic susceptibility have used it as a reference. Strain H37Rv, 
along with strain H37Ra, was derived from a clinical strain, 
H37, isolated from a pulmonary TB patient, resistant against 
rifampicin and ethambutol [36]. The genomic size of the  
M. tuberculosis strains ranges from 4.34 Mb (M. tuberculosis 
Moreau RDJ) to 4.44 Mb (M. tuberculosis Beijing- like/50148), 
with a mean genome size of 4.40 Mb. This suggests high 
uniformity in terms of genome size with a variation of only 
0.1 Mb across the strains. M. tuberculosis var. bovis strain 
26 [37] possessed the highest number of genes (4826) and 
proteins (4778), while strain M. tuberculosis RGTB423 [38] 
possessed the lowest number of genes (3670) and proteins 
(3622). The G+C content of the 174 strains was found 
to be high, i.e. 65.6 mol%, a characteristic of the phylum 
Actinobacteria.

Phylogenomic analysis
To define the evolutionary relatedness between the M. tuber-
culosis strains, a phylogenomic tree based on the pairwise 
ANI between the strains was generated. The ANI values of 
the genomes of M. tuberculosis strains were observed to be 
very high (99.5–99.9 %), suggesting high genome similarity. 

https://itol.embl.de/
https://itol.embl.de/
http://www.datamonkey.org/slac
http://www.datamonkey.org/slac
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Table 1. List of 51 MDT genes of M. tuberculosis, their gene IDs, protein IDs (as obtained from the NCBI Genome database) and functions

Strain H37Rv was used as a reference.

Gene name Gene ID Protein ID Function

rpsL 888 259 NP_215196.1 30S ribosomal protein S12

gidB 886 243 NP_218436.2 7- Methylguanosine methyltransferase

pncA 888 260 NP_216559.1 Pyrazinamidase/nicotinamidase PncA

katG 885 638 NP_216424.1 Catalase- peroxidase

ahpC 23 491 355 NP_216944.1 Alkylhydroperoxide reductase subunit AhpC

embB 886 126 NP_218312.1 Arabinosyltransferase B

Rv0488 888 415 NP_215002 Amino acid transporter

kasA 887 269 NP_216761.1 3- Oxoacyl- ACP synthase 1

ddn 887 496 NP_218064.1 Deazaflavin- dependent nitroreductase

ethR 886 189 NP_218372.1 HTH- type transcriptional repressor EthR

ethA 886 175 NP_218371.1 Monooxygenase EthA

inhA 886 523 NP_216000.1 NADH- dependent enoyl-[ACP] reductase

mshA 887 160 NP_215000.1 d- Inositol 3- phosphate glycosyltransferase

ndh 885 746 NP_216370.1 NADH dehydrogenase

embR 887 026 NP_215783.1 Transcriptional regulator EmbR

clpC 885 104 YP_177995.1 ATP- dependent protease ATP- binding subunit

ald 888 493 NP_217296.1 l- Alanine dehydrogenase

rpoB 888 164 NP_215181.1 DNA- directed RNA polymerase subunit β

rpoC 888 177 NP_215182.1 DNA- directed RNA polymerase subunit β

embC 886 112 NP_218310.1 Arabinosyltransferase C

embA 886 123 NP_218310.1 Arabinosyltransferase A

mmpL3 886 752 NP_214720.1 Transmembrane transport protein

pepQ 888 409 NP_217051.1 Cytoplasmic peptidase PepQ

gyrB 887 081 NP_214519.2 DNA gyrase subunit B

fbiC 886 061 NP_215689.1 2- Phospho- l- lactate transferase

fabG1 886 551 NP_215999.1 3- Oxoacyl- ACP synthase 1

panD 885 596 NP_218118.1 Aspartate 1- decarboxylase

Rv0678 888 235 NP_215192.1 Hypothetical protein Rv0678

rpoA 887 629 NP_217974.1 DNA- directed RNA polymerase subunit α

fadE24 887 971 NP_217655.1 Acyl- CoA dehydrogenase

gpsI 888 467 NP_217299.1 Bifunctional guanosine pentaphosphate synthetase/polyribonucleotide 
nucleotidyltransferase

cycA 888 812 NP_216220.1 d- Serine/alanine/glycine transporter protein CycA

rplC 888 343 NP_215215.1 50S ribosomal protein L3

rmlD 888 704 NP_217783.1 dTDP-4- dehydrorhamnose reductase

fgd1 886 418 NP_214921.1 F420- dependent glucose-6- phosphate dehydrogenase

atpE 886 937 NP_215821.1 ATP synthase subunit C

Continued
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It indicates genome conservation in terms of loss or gain of 
genetic material during evolution. Difference in the ANI 
values is attributed to the point mutations that might have 
led to their adaptability against anti- TB drugs or other non- 
favourable conditions. Interestingly, the phylogenomic tree 
based on ANI values (Fig. 1) clustered the 174 strains into 
seven different clades, in which a major monophyletic clade 
covered nearly 1/4th of the genomes. The clade includes viru-
lent M. tuberculosis H37Rv, which was used as the reference 
genome, and its non- virulent strain, H37Ra. Another group 
of virulent/non- virulent strains is strain F1 and strain F28, 
which were also clustered in the same clade. Strains Haarlem/
NITR202 and CAS/NITR204 were the most diverged strains 
due to their differential clustering. A recent study by Saelens 
et al. (2018) has reported 16 strains of M. tuberculosis that 
were isolated from TB patients of Euro–American lineage 
with strain name header ‘GG’, such as GG-111-10, GG-5-10, 
GG-20-11, GG-27-11, GG-36-11, GG-37-11, GG-45-11 and 
GG-77-11 [39] (Table S1). Most of the GG strains clustered 
in a single clade, while GG-129-11, GG-27-11, GG-186-10 
and GG-111-10 clustered in a different but closely placed 
clade. Similarly, seven strains with name headers ‘Beijing- like’ 
such as, Beijing- like/1104, Beijing- like, Beijing- like/50148, 
Beijing- like/36918, Beijing- like/38774, Beijing- like/35049 
and Beijing/391 were clustered in a monophyletic clade. This 
close phylogenetic placement of the Beijing- like strains of  
M. tuberculosis was also reported in a previous study [13]. 
From this phylogenomic clustering analysis and corrobora-
tion from earlier reports of clustering, it can be predicted that  
M. tuberculosis strains isolated either from a similar 

environment or at a point of time, or both, are likely to be 
more similar genetically and tend to cluster temporally, i.e. 
based on their time of isolation.

Evolution of MDT genes and resistance to anti-TB 
drugs
To determine the evolutionarily accumulated variations in the 
51 MDT genes (Table 1), we extracted their gene sequences 
from the 174 genomes of M. tuberculosis strains using  
M. tuberculosis H37Rv as the reference strain. We focused our 
analysis on diversifying (D) and stabilized (S) genes to deduce 
drug targeting strategies for treatment of drug- resistant 
mycobacterial strains.

MDT genes under diversifying selection (D) in  
M. tuberculosis
Under this category, we included four genes having dN/dS 
ratios between 0.70 and 1.27 (Table S2). The rpsL gene (D) 
that encodes 30S ribosomal protein S12 was found to be 
the most diversified with dN/dS=1.27. Streptomycin, the 
first drug administered against M. tuberculosis strains in the 
1960s [40], acts on the rpsL gene and disrupts its functions 
leading to misreading of the genetic code, affecting initia-
tion of translation and unusual proofreading [41]. Soon 
after, resistance against streptomycin was reported, and 
many other drugs were included more often in the treat-
ment procedure [42, 43]. In M. tuberculosis, the reason for 
streptomycin resistance was reported as a change in the 
membrane permeability rather than mutations in the rpsL 

Gene name Gene ID Protein ID Function

dfrA 887 777 NP_217279.1 Dihydrofolate reductase

gyrA 887 105 NP_214520.1 DNA gyrase subunit A

alrA 887 634 NP_217940.1 Racemase

ribD 886 721, 887 389 NP_215925.1, 
NP_217187.1

Bifunctional riboflavin biosynthesis diaminohydroxyphosphoribosylaminopyrimidine 
deaminase/5- amino-6-(5- phosphoribosylamino) uracil reductase

whiB7 3 205 083 YP_177940.1 Transcriptional regulator WhiB7

rpsA 885 188 NP_216146.1 30S ribosomal protein S1

fbiA, B 888 701, 888 693 NP_217778.1, 
NP_217779.1

Coenzyme F420:l- glutamate ligase

iniA 886 510 NP_214856.1 Isoniazid inducible protein

folC 885 902 NP_216963.1 Folylpolyglutamate synthase FolC

eis 885 903 NP_216932.2 Enhanced intracellular survival protein

thyA 887 728 NP_217280.1 Thymidylate synthase ThyA

Rv1979c 885 819 NP_216495.2 Permease

tlyA 885 396 NP_216210.1 16S/23S rRNA (cytidine-2′- O)- methyltransferase TlyA

dprE1 886 125 NP_218307.1 Decaprenylphosphoryl-β- d- ribose oxidase

dprE2 886 124 NP_218308.1 Decaprenylphosphoryl- d-2- keto erythropentose reductase

Table 1. Continued
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gene sequence [44], due to lesser number of M. tuberculosis 
genome sequences or rpsL gene sequences available at that 
time. In our study, the rpsL gene was identified as the most 
diversified (D) gene, indicating the possible reason for the 
development of early drug resistance against streptomycin.

Another gene that showed a high dN/dS ratio (dN/dS=0.99) 
was gidB (D) (encoding 7- methylguanosine methyltrans-
ferase). Mutations in the gidB gene were also linked with 
resistance against streptomycin as these methyltransferases 
are specific to 16S rRNA, and may affect the binding and 
proper functioning of streptomycin [45]. As rpsL and gidB 
are the most diversified genes and are linked to resistance 
against streptomycin, it suggests positive selection pressure 
on the gene targets of a drug may lead to the development 
of resistance with repeated encounters or relapse.

The gene pncA (D) (dN/dS=0.75) encodes pyrazinami-
dase/nicotinamidase, PncA, which catalyses the conver-
sion of the prodrug pyrazinamide into the active form, 
pyrazinoic acid, in M. tuberculosis strains [46]. Pyrazina-
mide is part of the anti- TB first- line drug regime, along 
with INH, rifampicin and ethambutol, given during a 
WHO- recommended directly observed treatment, short 
course, DOTS [47]. From previous reports, a high rate 
of mutation in the pncA gene was observed that led to 
the development of resistance against pyrazinamide in 
M. tuberculosis [47, 48]. The resistance was due to the 
inability of mutated PncA to functionally activate the 
pyrazinamide drug. Development of resistance in M. 
tuberculosis strains against pyrazinamide correlates 
well with the high dN/dS ratio of pncA, suggesting 

Fig. 1. Dendrogram on the matrix obtained using pairwise ANI between 174 strains of M. tuberculosis plotted with the heat map prepared 
on the values.
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the diversifying genes are more likely to develop drug 
resistance.

As stated earlier, INH is a part of the first- line anti- TB 
drug treatment, which requires catalase- peroxidase KatG 
(katG dN/dS=0.54) to form active INH- NAD [49, 50]. In 
the active state, INH binds to enoyl- acyl carrier protein 
reductase (InhA), which is a component of fatty acid 
synthase II (FAS- II) required for the production of mycolic 
acids, the main cell wall component of mycobacteria [49]. 
Resistance against INH has been reported to arise possibly 
because of the development of efficient antioxidant systems 
by the pathogen [51], which affects the activation of the 
prodrug. Another gene, ahpC (D) (dN/dS=0.72), encodes 
alkylhydroperoxide reductase subunit C, which forms an 
alternative route to protect the mycobacteria from oxida-
tive and nitrosative stress [52]. Mutations in ahpC can also 
compensate for the loss of catalase- peroxidase activity [53] 
and, thus, are able to confer resistance against the drug INH 
more effectively. The higher dN/dS value of ahpC repre-
sents positive selection pressure on this gene across the 
M. tuberculosis strains, which possibly promotes survival 
and propagation of the pathogen by protecting it against 
the toxic activity of organic peroxides. Another gene of the 
arabinan synthesis pathway, embB (D) (dN/dS=0.63), that 
encodes arabinosyltransferase B also has a noticeably higher 
value of dN/dS, suggesting the diversifying gene sequence 
accounts for the development of ethambutol drug resistance 
in M. tuberculosis.

We predict that these genes, rpsL, gidB, pncA, ahpC and 
embB, are the most diversifying (D) among the 51 MDT 
genes and, due to the copious variations, drug strategies 
targeting these genes may not stay effective for long. Also, 
these genes appear to have relatively more chances to 

develop drug resistance as compared to others due to their 
high non- synonymous diversification.

MDT genes under stabilizing selection (S) in  
M. tuberculosis
Seven genes (out of the 51 MDT genes) showed dN/dS 
values ≤0.35, indicating the most stabilized genes in the list 
(Fig. 2), (Table S2). The Rv0488 (S) (dN/dS=0.26) gene that 
encodes a putative amino acid transporter was observed 
to have the lowest dN/dS value. The presence of a protec-
tive factor for INH resistance, ETRC, 210 bp upstream of 
Rv0488 has been reported to be negatively linked with 
INH resistance [54]. Thus, our analysis suggests Rv0488 is 
probably the most stabilized among MDT genes and can 
be considered as a suitable target. Another gene, kasA (S), 
which encodes 3- oxoacyl- ACP synthase 1 and catalyses the 
elongation of the fatty acid chain by adding an acyl group 
to malonyl- ACP, exhibited the low dN/dS value of 0.29 
(Fig. 2). KasA has been reported to take part in mycolic 
acid synthesis, biofilm formation, cell wall synthesis and 
pathogenesis along with other such genes [55]. Based on 
the lower diversifying selection pressure on the kasA gene 
in M. tuberculosis strains, we suggest KasA as a potential 
drug target for new anti- TB drugs.

The gene ddn (S) (dN/dS=0.31) encodes deazaflavin- 
dependent nitroreductase and prevents the production 
of toxic semiquinones in the mycobacterial cells; thus, 
protecting them from oxidative stress. Ddn is also the 
only enzyme in M. tuberculosis that bioactivates bicyclic 
4- nitroimidazole prodrugs like PA-824, pretomanid and 
delamanid for anti- TB therapy [56, 57]. Reports of resist-
ance to nitroimidazole are limited to a certain population 
or community [8, 58]. This might be due to the recent inclu-
sion of these drugs in anti- TB therapy and the lower dN/dS 
value of ddn suggests fewer accumulated non- synonymous 
to synonymous substitutions in the ddn gene in M. tuber-
culosis strains. Ddn has a dual role as it is required for 
mycobacterial cell survival as well as for the activation of 
nitroimidazole drugs.

Two genes, ethR (S) (dN/dS=0.26) and ethA (S) (dN/dS=0.32) 
(Fig. 2), encode HTH- type transcriptional repressor and 
monooxygenase, respectively. EthA is responsible for the 
bioactivation of an anti- TB drug called ethionamide (ETH), 
which when activated inhibits the production of InhA 
(NADH- dependent enoyl-[ACP] reductase) and synthesis 
of mycolic acid [59, 60]. The action of EthA is inhibited by 
EthR, which acts as a repressor of EthA and, thus, affects 
the subsequent activation of ETH [61]. This mechanism of 
repression and activation regulates the effectiveness of the 
ETH drug in anti- TB drug therapy. The lower dN/dS values 
of ethA and ethR suggest a stable bio- modulation mecha-
nism for ETH activation. However, reports have shown the 
development of ETH resistance in many M. tuberculosis 
strains due to mutations in inhA (dN/dS=0.52), mshA (dN/
dS=0.53), ndh (dN/dS=0.31) and ethA (dN/dS=0.32) genes 
(Table S2) [62–64]. Thus, for competent ETH targeted 
anti- TB therapeutic strategies, researchers may target 

Fig. 2. dN/dS versus dS plot of the MDT genes of M. tuberculosis strains. 
The x- axis has dS values and y- axis has dN/dS values. Three grade 
lines have been drawn at 0.35, 0.70 and 1.0 dN/dS values. Genes with 
<0.35 dN/dS values are stabilized (S) and highlighted with purple. 
Genes with 0.35–0.70 dN/dS values are moderately diversifying (MD) 
and highlighted with green. Genes with 0.70–1.0 dN/dS values are 
diversified (D) and highlighted with brown, and the gene with a >1.0 dN/
dS value is highlighted with red.
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the inactivation of EthR and production of its competent 
analogues.

Diversification of MDT gene loci
To determine the empirical measure of the sequence diversity 
among diversified (D) and stabilized (S) MDT genes, and to 
draw comparisons of their pairwise relationships, SSNs were 
prepared and analysed. Each protein sequence is represented 
by a node, and two nodes are connected by edges if they share 
more than the defined threshold similarity. Thus, each node in 
the resulting networks could not connect with all other nodes 
through a finite path. The analysis revealed that MDT proteins 

of the genes included under diversifying (D) selection consist 
of a total of 695 nodes (except AhpC from the Beijing strain, 
due to lower identity than the threshold set at an 80% cut- off) 
clustered into 189 connected components of the network with 
an average clustering coefficient of 0.73 (Fig. 3). There were 
185/189 isolated nodes in the diversified (D) MDTs. These 
isolated nodes were distributed as follows: GidB, 10/11; AhpC, 
0/1; RpsL, 172/173; and PncA, 3/4. Most of the proteins, GidB 
(90%), RpsL (99%) and PncA (75%), do not share homology 
across the genomes (Fig. 3). This reveals the extensive diversi-
fication due to host adaptability of individual genes. A recent 
study suggested the higher rate of drug resistance pertains to 

Fig. 3. The SSN was drawn across the 174 strains of M. tuberculosis. M. tuberculosis H37Rv was used as a reference. (a) Diversifying 
genes (>0.70 dN/dS values). (b) Stabilizing genes (<0.35 dN/dS values). Different colour codes are given for different genes, as shown 
in the keys.
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a higher diversity of these loci [65]. In stabilized (S) proteins, 
the average clustering coefficient was 0.99 and a total of 1218 
nodes partitioned into 12 connected components that include 
homologous clusters and isolated nodes. In total, 5/12 isolated 
nodes were identified, which partitioned into 0/1 of EmbR, 
0/1 of EthA, 0/1 of KasA, 0/1 of EthR, 1/2 of Rv0488, 1/2 
of Ndh and 3/4 of Ddn. When compared with diversifying 
proteins, stabilized proteins showed much lesser diversity, 
as maximum sequences were clustered into 12 components 
only and a very few were found isolated; diversified proteins 
were found more scattered with 189 components due to the 
maximum number of isolated nodes. Intuitively, sequences 
under stabilized selection that form robust clusters in SSNs 
may undergo less divergence throughout the evolution, while 
the sequences under diversified selection reveal a higher posi-
tive selection pressure to retain a function [66]. This supports 
the division of diversifying and stabilizing genes/proteins 
observed in dN/dS analysis, and our understanding that the 
stabilized genes/proteins owing to their lesser diversity should 
be kept under focus as potential drug targets against TB.

Prediction of sensitive and resistant strains of  
M. tuberculosis
Point mutations in drug targeted genes/proteins may or may 
not affect the affinity of the respective drug to its target; thus, 
these mutations can be categorized as resistant, sensitive or 
no effect mutations. We analysed previously reported point 
mutations in diversified (D) and stabilized (S) proteins of the 
174 M. tuberculosis strains, and attempted to discover the 
ability of these strains to respond against the anti- TB drugs. 
The dendrogram based on the point mutations showed the 
temporal clustering of Mycobacterium strains, which is not 
identical but comparable to their whole- genome- based 
phylogenetic profile (Figs 1, 4 and S1). For instance, the GG 
strains clustered into two closely placed monophyletic clades. 
The Beijing strains also clustered in closely placed clades, and 
showed resistant point mutations in GidB, RpsL and EthA. 
Strains H37Rv, H37Ra and H37RvSiena were clustered in 
a close group along with the other strains that shared three 
common mutations, R70S and S100F in GidB and F110L in 
EthA. These mutations were, however, observed in all the 
strains included in the study. Similarity in the point- mutation- 
based and whole- genome- based clustering provides a glimpse 
of the evolution of antibiotic resistance and gene divergence 
in these strains.

As stated earlier, the anti- TB drug streptomycin was predomi-
nately given to patients in the 1960s and was later replaced 
with other drugs, INH and rifampicin [40]. It has been 
reported that streptomycin resistance is linked with muta-
tions in RpsL (D) and GidB (D) proteins [67–70] . Three 
RpsL mutations, K43R, K88R and K88T, were identified as 
critical to demarcate a strain as resistant to streptomycin 
(Table 2) [69]. From MSAs of RpsL protein sequences from 
174 M. tuberculosis strains, it was observed that 23 out of 174 
strains have Arg at the 43rd position, three strains, TBDM425, 
MDRDM1098 and I0002353-6, have Thr at the 88th position, 
and one strain, LN2358, has Met at the 88th position, while no 

strain showed Arg at the 88th position (Figs 4 and S1a). These 
mutations have been previously reported to confer resist-
ance against streptomycin. Thus, strains that possess K43R 
and K88R can be categorized as resistant to streptomycin. 
Previous studies have shown that many Beijing strains of M. 
tuberculosis harbour resistance against streptomycin [69, 70]. 
In this study, nine out of ten Beijing strains were observed to 
have a streptomycin resistance pattern. Streptomycin resist-
ance in SCAID 187 and SCAID 320 has also been reported 
elsewhere [71, 72].

Another protein, GidB, contained many mutations at different 
codons and has been reported to confer low to intermediate 
level resistance against streptomycin [73, 74]. Surprisingly, a 
few mutational points, frequently reported in earlier studies, 
showed different substitutions or were missing in the MSA of 
GidB protein sequences (Fig. S1b, Table 2). For instance, L79W 
instead of L79Y, G164S instead of G164C, R47W instead of 
R47Q and D67H instead of D67G were observed. Two muta-
tions, L16R and S100F, which were previously reported as 
non- determinant of resistance or spontaneous mutations [75], 
were also observed in the strains; S100F was found in every 
strain in the study (Fig. 4). Other noticeable spontaneous 
resistance mutations are E92D and A615G (A205A), which 
were observed in 44 and 62 strains, respectively. Previous 
studies have reported that A276C (E92D) and A615G 
(A205A) mutations are associated with the Beijing lineage 
of M. tuberculosis and their coexistence was proposed as the 
possible marker for the Beijing strains [76, 77]. Co- occurrence 
of A276C (E92D) and A615G (A205A) was also observed 
in many other strains, like zmc13-88, zmc13-264, wc078, 
wc059, SCAID320, SCAID252, SCAID187, SLM060 and so 
on (Fig. 4). This projects that the two mutations are not only 
limited to Beijing strains but also present in other lineages. 
The E92D mutation was referred to as conferring resistance in 
the SCAID187 strain [71]. Another notable mutation, R70S, 
previously reported to be a resistance mutation, was observed 
in all the mycobacterial strains [75]. This suggests the possible 
streptomycin resistance with varied degrees in the strains may 
depend upon other mutations in GidB and RpsL. A novel 
mutationV77G, which is not yet reported in the literature, was 
also observed. Since mutations in GidB are vast and varied, 
these mutations could not be used to demarcate the resistance 
or sensitivity to streptomycin.

Like GidB, PncA (D) sequences across the genomes showed 
high variability, in which many reported mutations were 
observed with similar or different substitutions and many 
mutations were not observed (Fig. S1c, Table 2). Mutations 
reported as the determinant of low or high resistance to 
pyrazinamide [78–80] were identified in the MSA of PncA 
protein sequences, K96T in strain SCAID320, I6T in strain 
SCAID 252, A171V in strain w-148, suggesting possible 
resistance against pyrazinamide. Two resistance mutations, 
H57D (in 12 strains) and W68R (in Beijing- like/35049) (Fig. 
S1c), which were previously reported as part of the iron centre 
and substrate- binding residues of PncA, respectively, were 
also observed [81]. In addition to this, A3E instead of A3P, 
L182W instead of L182S, T87A instead of T87M, T114A 
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Fig. 4. Point mutations in PncA, GidB, RpsL, AhpC, EthA and Ddn across 174 M. tuberculosis. A matrix has been prepared based on the 
absence of mutation, ‘0’, point mutation with different amino acids from reported ones, ‘1’, and point mutation as mentioned in the 
columns, ‘2’. Colour codes depict this presence or absence of mutation (see the bar above the figure). Blocks: ‘R’, mutation reported to be 
resistant; ‘S’, reported to be sensitive; ‘N’, not known. The dendrogram has been reconstructed using antibiotic- resistance data.
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Table 2. Amino acid mutations (previously reported) in the sequences of PncA, GidB, RpsL, AhpC, EthA and Ddn proteins

The reported effects of these mutations, as well as observed mutations in this study, are also listed.

MDT protein Reported mutation Reported effect of mutation Observed mutation

PncA A3P Resistant A3E

I6T Resistant I6T

D12A/G No effect D12A/G

D49N No effect D49N

H51Q Resistant H51R

H57D Resistant H57D/R

W68R Resistant W68L/R

L85P Resistant L85P

L85R Sensitive L85P

T87M Resistant T87A

K96T Resistant K96T

T114M Sensitive T114A

G132D/A Resistant G132A

Q141P Resistant Q141P

T142M Sensitive T142A

A171V Resistant A171V

L182S Resistant L182W

RpsL K43R Resistant K43R

K88R Resistant K88M

K88T Resistant K88T

GidB L16R No effect L16R

R47Q No effect R47W

D67G Resistant D67H

R70S Resistant R70S

V77G No effect V77G

L79Y No effect L79W

E92D Resistant E92D

S100F No effect S100F

L108R Resistant L108R

G164C Resistant G164S

AhpC V130M No effect V130M

EthA F110L Resistant F110S

S266R Resistant S266R

Ddn V147M No effect V147M
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instead of T114M and many others were determined as 
differential mutations at mutational points (Fig. 4). Among 
these, H51R instead of the H51Q mutation was observed 
at the 51st position, which belongs to the iron centre of the 
protein [81]. Strain SCAID 187 has been reported as being 
resistant against pyrazinamide with a mutation Q141P [71], 
which was also observed in the MSA of PncA sequences. Two 
resistance mutations, L85P and G132A, which have been 
reported after drug susceptibility tests against pyrazinamide 
[82], were also identified in strains I0002353-6 and KZN1435, 
respectively. Two observed novel substitutions, D49N and 
D12A/G, require experimental analysis to predict their effects 
on resistance or sensitivity towards the drug.

AhpC (D) mutations were mainly studied when present 
between ahpC–oxyR intergenic regions [83]. The MSA of 
AhpC showed a single substitution of V130M in strain 
LN2358 and a frame- shift in Haarlem/NITR202 after the 
195th amino acid position (Figs 4 and S1d). Both mutations 
are novel and can be further studied to elucidate their role, 
if any, in determining resistant or sensitive M. tuberculosis 
strains.

As mentioned earlier, activation of the drug ETH is catalysed 
by EthA (S), which when mutated may confer resistance 
against the drug. As compared to diversifying genes/proteins, 
MSA of EthA protein sequences showed a lesser number of 
mutations (Fig. S1e). Only two mutations from the list of 
previously reported 14 mutational points were observed [84]. 
These are S266R in strains HN-321, H112, Beijing and 2279 
strains, and F110S in all 174 strains (Fig. 4). Notably, S266R 
and F110L were included under high- level resistance muta-
tions; thus, depicting the possible ETH resistance of strains 
HN-321, H112, Beijing and 2279, while the observed muta-
tion of F110S instead of F110L requires further investigation.

Another stabilized protein, Ddn, showed a high- level of 
sequence conservation with a single substitution of V147M. 
Many reported mutations in the Ddn (S) sequence corre-
sponding to the effectiveness of nitroimidazole and other 
drugs were checked, but none of them were observed in the 
MSA of the Ddn protein sequences of the 174 M. tuberculosis 
strains (Fig. S1f, Table 2) [85–87]. Thus, the analysis could 
draw a clear picture of drug resistance in a few strains based 
on already established mutations. However, the novel muta-
tions and differential substitutions at known mutational 
points reported in this study need further investigation to 
discover their relevance in determining the resistance of  
M. tuberculosis strains against anti- TB drugs.

Host–pathogen interactions of stabilized and 
diversifying MDT proteins
It is evident from the analysis that among M. tuberculosis 
MDT genes, highly stabilized genes/proteins can serve as 
potential anti- TB drug targets for a longer duration. Thus, 
it becomes important to elucidate the interactions of MDT 
proteins and human host proteins to ascertain the role of 
MDT proteins in modulating the immune response. Here, 
we analysed the interactions among MDT proteins encoded 

by stabilized (S) and diversifying (D) genes with human 
host proteins.

KasA (3- oxoacyl- ACP synthase 1) was found to interact 
with 19 database proteins in which 15 were host targets 
and 4, AhpC (D), PncA (D), EthA (S) and Ndh (S), were 
MDT proteins (Fig.  5). Host targets of KasA perform 
different cell functions, like transcription modulation 
(SPRE), β-oxidation of fatty acids (HCD2, THIL and 
DHB4) and most importantly physiological regulation 
of programmed cell death (Fas and Hax1). Stromelysin-1 
PDGF- responsive element (SPRE) is a stromelysin, a 
metalloprotease promoter [88]. It activates SPRE- binding 
protein (SPBP), which acts as a coactivator of many tran-
scription factors like c- Jun, Sp1, Pax6 and Ets1 [89], critical 
for different physiological processes. For instance, c- Jun is 
well known for regulating cell proliferation, tumorigenesis, 
apoptosis and embryonic development [90]; Sp1 has been 
reported to activate or suppress the transcription of genes 
as a response to physiological or pathological stimuli [91]. 
Another important set of proteins to interact with KasA 
was Fas and Hax1. Fas is a receptor of the TNF (tumour 
necrosis factor) superfamily and has an important role in 
the regulation of programmed cell death by producing 
death- inducing signalling complex (DISC) for proteolytic 
cleavage of cascade 8, which induces subsequent cascade 
reactions [92]. A recent study has shown that Fas can 
activate NFκB [93], which we will discuss below. Hax 1 
has been reported as an anti- apoptotic protein inhibiting 
CASP9 and CASP3 and, thus, promotes cell survival [94]. 
This suggests the significant role of KasA in controlling 
various host cellular processes and modulation of which 
may affect the host survival rate.

Another notable M. tuberculosis protein, AhpC, alkylhy-
droperoxide reductase subunit C, showed interactions with 
22 proteins, of which 15 were host proteins and 7 were M. 
tuberculosis proteins (Fig.  5). Among these seven, four 
proteins, KasA (S), GidB (D), PncA (D) and RpsL (D), 
were encoded by MDT genes. Host proteins were mainly 
found to be involved in functions like innate and adaptive 
immune responses (LEG3, LEG9), molecular chaperones 
(HS71L, GRP78, GRP75), transcription factors (NFκB1) 
and antioxidants (PRDX1, PRDX2, PRDX3, PRDX4 and 
PRDX6). LEG3 produces acute inflammatory responses 
against stimuli such as neutrophil activation and adhe-
sion, chemo- attraction of monocytes or macrophages, 
and activation of mast cells [95, 96], whereas LEG9 causes 
the release of cytokines and macrophage activation [97]. 
NFκB1, present in almost every cell, has several roles in 
different biological processes, like the immune response, 
cell growth, tumorigenesis, inflammation and apoptosis 
[98]. As mentioned above, FasA controls the activation of 
NFκB1 that provides a link between the interaction of KasA 
and AhpC. Another protein, IB42, that showed direct inter-
action with both KasA and AhpC is, however, not discussed 
in the literature. These results suggest the combined role 
of both KasA and AhpC in modulating the host immune 
response and programmed cell death.
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Interestingly, Ddn, deazaflavin- dependent nitroreduc-
tase, was observed to interact with only one host protein, 
stabilin-1 (STAB1) (Fig. 5), and no interaction was observed 
with any other M. tuberculosis proteins. This might be due 
to the absence of sufficient literature on the protein. STAB1 
receptor works as a scavenger for low- density acetylated 
lipoproteins, and is capable of binding both Gram- negative 
and Gram- positive bacteria; thus, providing defence 
against bacterial infections [98, 99]. So, STAB1 constitutes 
a defence mechanism that might be getting compromised 
by the action of Ddn. Finally, a close interacting network 
was identified between KasA (S), AhpC (D), PncA (D), 
EthR (S), EthA (S) and Ndh (S), suggesting their collective 
effort in host immune system modulation. Also, KasA and 
AhpC showed maximum interactions with host proteins, 
and KasA as compared to AhpC is a stabilized protein. We 
further checked the sequence and structural homology of 
KasA with human proteins and observed that it had 35% 
sequence identity and a 0.90 TM align score [31] to human 
mitochondrial β-ketoacyl synthase protein. This high struc-
ture homology questions KasA as a potential drug target. 
But a recent in vitro study by Abrahams et al. (2016) has 
identified an indazole sulfonamide (GSK3011724A) that 
was found to specifically act on KasA of Mycobacterium 
and was not found to interfere in the functioning of 
human cells [100]. This study opens the aspect of focusing 
on drug testing to discover suitable drug targets against 
KasA. Rv0488 does not show high sequence identity to any 
human protein; however, due to the absence of structural 

information for the protein, structural homology analysis 
could not be performed.

Conclusions
In this study, we analysed 51 MDT genes in the complete 
genomes of 174 M. tuberculosis strains to explore the develop-
ment of resistance to antibiotics. Selection pressure on the drug 
target genes was estimated by the rate of selection pressure 
(dN/dS ratios) and focus was drawn towards the most (dN/dS 
≥0.70) and least (dN/dS <0.35) diversifying MDT genes. We 
found that two genes, rpsL and gidB, reported to be involved 
in the development of resistance against streptomycin, the 
first administered anti- TB drug, showed high dN/dS ratios 
(rpsL, dN/dS=1.27, and gidB, dN/dS=0.96), becoming the 
most positively selected genes among MDTs included in this 
study. The genes ahpC, pncA, ethA, rpoB and dprE, reported 
as being the drug targets of WHO- recommended first- line TB 
treatment drugs and involved in the development of resistance 
to these anti- TB drugs, were identified as most to moderately 
diversifying genes. The higher dN/dS values of rpsL and gidB 
genes, followed by those of ahpC, pncA, ethA, rpoB and dprE 
genes, reflects that the pressure of administered antibiotics 
may cause random mutations in the target genes that accu-
mulate over time and result in positive selection pressure. The 
analysis also revealed stabilized genes as suitable targets for 
the development of effective anti- TB drugs. Protein–protein 
interaction analysis between the drug target proteins of 
M. tuberculosis and host proteins revealed that a stabilized 
protein, KasA, and a diversifying protein, AhpC, possessed 

Fig. 5. Protein–protein interaction between the diversifying and stabilized MDT proteins of M. tuberculosis and human proteins. Proteins 
in light red are human and those in green belong to Mycobacterium.
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maximum interactions with the host proteins. In conclusion, 
this study suggests that kasA/KasA of M. tuberculosis, due to 
its lesser diversification and maximum host protein interac-
tions, can act as a promising drug target for the development 
of effective therapeutic strategies and next- generation anti- TB 
drug regimens. Its structural homology with human mito-
chondrial β-ketoacyl synthase protein and the development 
of a new effective anti- TB drug targeting KasA require deeper 
investigation of its role as a potential drug target.
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