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_________________________________________________________________________________________________ 

ABSTRACT--- The molecular genetic mechanisms whereby Mycobacterim tuberculosis develops resistance to 

rifampin (RIF) are poorly understood.  Using the tests for selection and genetic recombination, we analyzed rpoB loci 

of the M. tuberculosis strains harboring the synonymous single nucleotide polymorphisms (sSNPs) to detect the 

horizontal gene transfer (HGT) of this genetic locus.  The rpoB codons GGC507, GGG534, GGC556 and GGG566 were 

revealed to be the hotspots for the multiple sSNPs.  The strains carrying multiple nucleotide polymorphisms across 

these codons were from either Iran or the Republic of Belarus, exhibiting regional patterns of the rpoB sSNPs 

distribution.  The dN/dS ratios were ≤0.7363 for the rpoB loci that harbored these sSNPs, showing no significant 

selective pressures on the amino acid changes. The Index of Association (IA) being 1.110, for the DNA substitutions of 

the rpoB loci with the sSNPs, revealed that this genetic locus is not clonal in M. tuberculosis.  Moreover, the splitstree 

analysis resulted in the parallelograms with the strong fit and bootstrap values (95-100 and 85-100 respectively), 

exhibiting the HGT events in some of these rpoB loci.  Thus, it is strongly suggested that the HGT of rpoB of M. 

tuberculosis contributes to the generation of this species resistance to RIF.  
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1. INTRODUCTION 
 

Mycobacterium tuberculosis is a causative agent of tuberculosis (TB), posing a significant threat to global 

public health.  One-third of the total world’s population is infected with this bacterium being responsible for ~ 8 million 

cases of active TB and ~ 3 million human deaths annually [1, 2]. TB infections have become particularly challenging to 

the prevention and treatment strategies of this disease due to a continuing emergence of the multidrug-resistant and 

extensively drug-resistant M. tuberculosis strains [3, 4].   

M. tuberculosis exhibits a low mutation rate [5, 6] and a slow replication rate [7]. In this light, it is not entirely 

clear how the bacterium acquires resistance to antibiotics, especially in the face of concurrent multiple drug treatment [7].  

Patient noncompliance [3, 4, 8], inappropriate drug regimens and dosing [5, 6, 9, 10], as well as primary infections with 

drug resistant strains [11, 12] have been well defined to be the most common risk factors for treatment failure due to 

antibiotic resistance [7].  However, the genetic mechanisms that contribute to a development of the drug resistant TB 

infections have not been yet comprehensively determined. 

The M. tuberculosis resistance to RIF is a surrogate marker for the multidrug-resistant TB, because, ~ 90% of 

RIF-resistant phenotypes of this species demonstrate their resistance also at least to isoniazid [1, 13, 14].  The known 

molecular mechanisms underlying the M. tuberculosis resistance to RIF lead to the specific missense mutations of the 

rpoB gene encoding the RNA polymerase  subunit [14-18].  The Efflux pump induction appears to be a general step in 

the evolution of mycobacterial drug resistance.  Most frequently, this takes place with the strains that have increased risk 

for high rates of drug resistance mutations [19-21]. Under these scenarios, it remains unclear whether the HGT plays any 

role in a development of the drug resistant TB.  A genome of M. tuberculosis exhibits a lack of genetic recombination 

[22, 23].  It was suggested that genetic exchange between cells could be rare in strains of the M. tuberculosis complex 

[24].  However, a possible role of the HGT in the generation of the drug resistant TB was still hypothesized [25], 

although, relevant evidence was still missing.  In this study, using the statistical analysis of the rpoB sSNPs, we attempt 

to delineate events of the HGT of the loci of this gene of M. tuberculosis.  

 

2. MATERIALS AND METHODS 
 

DNA sequence records and BLAST analyses.  We analyzed the DNA sequence records for the rpoB gene of 

M. tuberculosis available in the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/).  

The DNA sequence of rpoB of the avirulent M. tuberculosis strain H37Ra (NCBI accession no.: CP000611) was used to 

http://www.ncbi.nlm.nih.gov/
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retrieve the rpoB DNA sequences of this species, utilizing the Basic Local Alignment Search Tool (BLAST) in the NCBI 

nucleotide database.  The nucleotide search was performed using the megablast and blastn algorithms as recommended 

[26].  The following parameters were utilized in the BLAST analysis: Expect threshold 10;  Word size 28, with 

automatically adjusting of the parameters for short input DNA sequences;  The scoring parameters were 1,-2 for 

match/mismatch, and linear for gap costs;  Low complexity regions were respectively filtered,  and segments of the query 

sequences with a low compositional complexity were masked off by the DUST program as implemented in the NCBI 

database.  

sSNPs analyses and test for selection.  The DNA sequences of rpoB of the M. tuberculosis strains retrieved 

from the NCBI nucleotide database were aligned using the alignment program ClustalX (v. 2.0) [27].  The open reading 

frame, for the rpoB DNA sequences of M. tuberculosis, was determined using the ORF finder of the NCBI 

(http://www.ncbi.nlm.nih.gov/gorf/gorf.html).  The sSNPs were identified within the aligned rpoB nucleotide sequences, 

by determining the silent mutations across the codons of this gene.  In the analysis, we applied the codon numbering 

system as described previously [15]. We used the web-based program of the nucleic acid and protein sequence analyses 

Molecular Toolkit using the Java applet (1.0) (http://www.vivo.colostate.edu/molkit/) for a restriction mapping of the 

rpoB DNA sequences that contained two or more sSNPs.  The restriction mapping analysis was conducted to determine 

whether there were the close linkages between the sSNPs positions and the DNA cleavage sites of the DNA restriction 

endonucleases of the different microbial agents in the rpoB loci of the M. tuberculosis populations.  To estimate 

probability of matching the DNA cleavage sites of each DNA restriction endonuclease either the 5 prime ends or the 3 

prime ends of the sSNPs in the rpoB gene, we used the binomial probability distribution: 

𝑃 𝑟; 𝑝, 𝑛 = 𝑝𝑟(1 − 𝑝)𝑛−𝑟
𝑛!

𝑟! (𝑛 − 𝑟)!
 

where, r is a number of the DNA cleavage sites of the DNA restriction endonucleases matching either the 5 prime ends 

or the 3 prime ends of the sSNPs of the rpoB loci of the M. tuberculosis strains; n is a total number of the DNA cleavage 

sites of each DNA restriction endonuclease in the rpoB gene of M. tuberculosis; p is probability of matching the DNA 

cleavage sites of the DNA restriction endonucleases the 5 prime end or the 3 prime end of any sSNP in the rpoB gene 

loci of M. tuberculosis. 

The dN/dS (the number of non-synonymous changes per non-synonymous site/the number of synonymous 

changes per synonymous site) ratios were determined in the rpoB loci of M. tuberculosis strains, using the test for 

selection as described previously [28].   Subsequently, we calculated an average GC content of the rpoB loci of these 

strains.  

Statistical tests for genetic recombination.  The IA [29] was determined for the DNA substitutions of rpoB of 

the M. tuberculosis strains as follows: IA=VO/VE-1, where, VO is the observed variance of K, and VE is the expected 

variance of K, where K represents a number of the DNA polymorphisms at which two or more strains differ in the rpoB 

gene of M. tuberculosis.  The splits-decomposition method [30], as implemented in the program SplitsTree4 (v. 4.12.8) 

[31], was applied to identify HGT patterns in the rpoB DNA sequences of M. tuberculosis carrying two or more sSNPs.  

A bootstrapping of the parallelograms constructed by SplitsTree4, was performed using 1,000 resampling of the data.  A 

bootstrap value being ≥80 for a node, and a fit value being ≥90 for a parallelogram were considered statistically 

significant in these SplitsTree analyses.  

 

3. RESULTS 
 

BLAST and rpoB sSNPs analyses.  Using the BLAST analysis, we could identify 23 different codons of the 

rpoB gene of 60 M. tuberculosis strains that carried sSNPs.  A codon analysis of the clustalX-generated alignments of the 

above rpoB DNA sequences allowed us to select 33 M. tuberculosis strains (Table 1) with the rpoB alleles that contained 

two or more sSNPs.  

 

 
Table 1.  The NCBI DNA sequence records for the rpoB gene of M. tuberculosis selected in this study.  

 

NCBI 

accession no. 

Strain designation Reference 

CP000611 H37Ra 55 

EF628311 MDR-Belarus-407 55 

EF628312 MDR-Belarus-2548 M 55 

EF628313 MDR-Belarus 55 

EF628315 Belarus-7285 55 

EF628316 Belarus-139 55 

EF628318 MDR-Belarus 55 

http://www.ncbi.nlm.nih.gov/gorf/gorf.html
http://www.vivo.colostate.edu/molkit/
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EF628319 MDR-85-vitebsk 55 

EF628324 MDR-Belarus-442 Magilov 55 

EF628326 Belarus-894 vitebsk 55 

EF628339 Iran-441 Unpublished 

EF628340 MDR-Iran-163 Zabol Unpublished 

EF628341 Iran-163 Tehran Unpublished 

EF628342 Iran-3708 Unpublished 

EF628343 Iran-3548 Unpublished 

EF628344 Iran-90 Tehran Unpublished 

EF628346 Iran-29 Tehran Unpublished 

EF628347 Iran-290 Mashad Unpublished 

EF628351 MDR-Iran-161 Zabol Unpublished 

EF628352 633 Tehran Unpublished 

EF628354 19 Kerman Unpublished 

EF628355 10-2 Tehran Unpublished 

EF628356 108 Tehran Unpublished 

EF628357 Iran-167 Tehran Unpublished 

EF628359 Iran-103 Zabol Unpublished 

EF628360 MDR-Iran-36-Teh Unpublished 

EF628361 MDR-Iran-663 kerman Unpublished 

EF628362 MDR-Iran-600 Tehran Unpublished 

EF628363 Iran-173 Zabol Unpublished 

EF628364 Iran-3542 Unpublished 

EF628365 MDR-Iran-159 Zabol Unpublished 

EF628366 MDR-Iran-165 Zabol Unpublished 

EF628367 MDR-Iran-303-281 Mashad Unpublished 

EF628368 MDR-Iran-33 PII Unpublished 

 

The NCBI nucleotide sequence records, for these strains, were limited to ≤ 410-bp internal DNA fragments of 

rpoB including the 81-bp rifampin resistance-determining region (RRDR).  Table 2 displays the rpoB codons 

predominantly affected by the sSNPs in the M. tuberculosis strains.  

 

Table 2.  The rpoB codons of the M. tuberculosis strains predominantly affected by the sSNPs, representing the 

adjacent regions of the DNA cleavage sites of the DNA restriction endonucleases NlaIV, AsuI, HaeIII, and CviJI 

 

NCBI 

accession no. 

The DNA cleavage sties of the DNA restriction endonucleases, and the rpoB 

codons affected by the sSNPs   

NlaIV 

[GGN^NC] 

AsuI [G^GNCC ] 

HaeIII [GG^CC ] 

NlaIV 

[GGN^NC] 

CviJI [RG^CY] 

HaeIII [GG^CC 

] 

CviJI [RG^CY ] 

AsuI 

[ G^GNCC ] 

HaeIII 

[ GG^CC ] 

NlaIV [GGN^NCC] 

CviJI 

[ RG^CY ] 

CP000611* GGC507 GGG534 GGC556 GGG566 

EF628311 GGC→GGC GGG→GGC GGC→GGC GGG→GGC 

EF628312 GGC→GGC GGG→GGC GGC→GGC GGG→GGC 

EF628313 GGC→GGC GGG→GGC GGC→GGC GGG→GGC 

EF628315 GGC→GGC GGG→GGG GGC→GGC GGG→GGC 

EF628316 GGC→GGC GGG→GGG GGC→GGC GGG→GGC 

EF628318 GGC→GGC GGG→GGG GGC→GGC GGG→GGC 

EF628319 GGC→GGC GGG→GGC GGC→GGC GGG→GGG 
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EF628324 GGC→GGC GGG→GGC GGC→GGC GGG→GGG 

EF628326 GGC→GGC GGG→GGG GGC→GGC GGG→GGC 

EF628339 GGC→GGC GGG→GGG GGC→GGC GGG→GGT 

EF628340 GGC→GGC GGG→GGG GGC→GGC GGG→GGT 

EF628341 GGC→GGT GGG→GGG GGC→GGC GGG→GGT 

EF628342 GGC→GGC GGG→GGG GGC→GGC GGG→GGT 

EF628343 GGC→GGC GGG→GGC GGC→GGC GGG→GGT 

EF628344 GGC→GGC GGG→GGG GGC→GGC GGG→GGC 

EF628346 GGC→GGC GGG→GGC GGC→GGC GGG→GGC 

EF628347 GGC→GGC GGG→GGC GGC→GGC GGG→GGC 

EF628351 GGC→GGC GGG→GGA GGC→GGC GGG→GGG 

EF628352 GGC→GGC GGG→GGG GGC→GGC GGG→GGC 

EF628354 GGC→GGT GGG→GGA GGC→GGC GGG→GGG 

EF628355 GGC→AGT GGG→GGA GGC→GGC GGG→GGG 

EF628356 GGC→GGC GGG→GGA GGC→GGC GGG→GGG 

EF628357 GGC→GGC GGG→GGA GGC→GGC GGG→GGG 

EF628359 GGC→GGC GGG→GGG GGC→GGC GGG→GGC 

EF628360 GGC→GGC GGG→GGG GGC→GGC GGG→GGC 

EF628361 GGC→GGC GGG→GGC GGC→GGC GGG→GGG 

EF628362 GGC→GGC GGG→GGT GGC→GGC GGG→GGG 

EF628363 GGC→GGC GGG→GGT GGC→GGC GGG→GGC 

EF628364 GGC→GGT GGG→GGC GGC→GGG GGG→GGC 

EF628365 GGC→GGT GGG→GGA GGC→GGC GGG→GGG 

EF628366 GGC→GGC GGG→GGA GGC→GGC GGG→GGG 

EF628367 GGC→GGC GGG→GGA GGC→GGC GGG→GGC 

EF628368 GGC→GAT GGG→GGA GGC→GGC GGG→GGT 

 

*the NCBI accession no. for the M. tuberculosis strain H37Ra  

 

As shown in Table 2, among the identified sSNPs, the G→C change was most abundant (52.0%), which was 

followed by the G→A substitutions (18.0%).  The other DNA substitutions reflecting the sSNPs were G→T (16.0%), 

C→T (12.0%), and C→G (2.0%) changes.  In the rpoB loci of the selected M. tuberculosis strains, the multiple sSNPs 

were detected at the following codons: GGC507, GGG534, GGC556 and GGG566.  Using the program Molecular Toolkit, we 

found that the 3 prime ends of these codons were followed by the DNA cleavage sites of one or more DNA restriction 

endonucleases (Table 2).  In particular, the DNA cleavage site of the DNA restriction endonuclease NlaIV was adjacent 

to the 3 prime ends of the codons GGC507, GGG534, and GGG566 in a wild-type allele of the rpoB gene of M. tuberculosis 

(the NCBI accession no. CP000611).  In addition, the DNA cleavage sites of the DNA restriction endonucleases HaeIII 

and CviJI were adjacent to the 3 prime ends of the codons GGG534, GGC556 and GGG566.    Besides, the DNA cleavage 

sites of the DNA restriction endonuclease AsuI were found to be adjacent to the 3 prime ends of the rpoB codons GGG534 

and GGG566.  Table 3 displays the probability values for matching the DNA cleavage sites of each DNA restriction 

endonuclease the adjacent sites of the 3 prime ends of the above four codons across the rpoB loci of  the M. tuberculosis 

strains.   

 

Table 3.  The probability (P) estimates for matching the DNA cleavage sites of the DNA restriction 

endonucleases the 3 prime ends of the rpoB codons GGC507, GGG534, GGC556 , and GGG566, and the dN/dS and IA values 

for the rpoB DNA sequences of the M. tuberculosis strains carrying the multiple sSNPs. 

 

P value dN/dS IA 

CviJI NlaIV AsuI HaeIII   

[RG^CY] [GGN^N] [G^GNCC] [GG^CC]   

0.0485 0.0026 0.0375 0.0063 ≤ 0.7363 1.110 

      

 

Our review of the existing literature and that of the internet resources showed that a commensal airbborne 

bacterium Neisseria lactamica [32], airborn bacteria Arthrobacter species S9 [33], Paramecium bursaria Chlorella virus 
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IL3A (PBCV-IL3A) [34], and airborne human pathogen Haemophilus influenzae biogroup aegyptius [35] were the 

genetic sources for the DNA restriction endonucleases NlaIV, AsuI, CviJI, and HaeIII respectively.  

Tests for selection and genetic recombination.  The average GC content was 65.94% for the DNA sequences 

of rpoB of M. tuberculosis strains that carried the sSNPs.  The dN/dS ratios, for the rpoB loci, resulted in the values being 

≤0.7363, while IA = 1.110 (Table 3). Multiple parallelograms with the different fit and bootstrap estimates could be 

constructed in the rpoB DNA sequence analyses using the program SplitsTree4 (v. 4.12.8) [31]. Fig. 1A-D exhibits the 

parallelograms demonstrating evidence for the HGT of rpoB loci of M. tuberculosis strains.  These parallelograms were 

strongly supported by the fit and bootstrap estimates varying from the high values to the highest value (being 95-100 and 

85-100 respectively).  

 

 
 
 
Fit 95.338 

 
 

 
 

 
Fit 100 

 

 
 
 

A 

B 



Asian Journal of Pharmacy, Nursing and Medical Sciences (ISSN: 2321 – 3639) 

Volume 03 – Issue 02, April 2015 
 

Asian Online Journals (www.ajouronline.com)   28 

 
Fit 100 

 

 
 
 

 
 
 
Fit 100 

Fig. 1A-D.  The parrarelograms (A-D) constructed by the SplitsTree analyses, exhibiting the genetic 

recombination in the rpoB gene of the M. tuberculosis isolates. 

 

4. DISCUSSION 
 

The silent DNA polymorphisms have been used as the phylogenetic markers to assess the evolution of M. 

tuberculosis [23, 36].  In this study, we examined the rpoB loci of the different M. tuberculosis carrying the sSNPs to 

determine whether this genetic locus is involved in the HGT. 

In a genome of M. tuberculosis, the sSNPs appear across multiple loci including rpoB [37], the gene that strictly 

undergoes the selective pressures of the antimicrobial agent rifampin.  It is important to indicate that, unlike the sSNPs 

reflecting neutral genomic variations, specific missense mutations of the rpoB RRDR were found to be a major driving 

force of this species resistance to RIF [14-18, 37].  In our study, the dN/dS ratios (≤ 0.7363), for the M. tuberculosis rpoB 

loci that carried both the drug resistance mutations and the multiple sSNPs, showed no significant selective pressures on 

the amino acid changes.  It is noteworthy that these values were in a range of the dN/dS ratios (01.109-0.848) determined 

earlier for the antibiotic resistance-associated loci of the sensitive strains of M. tuberculosis [23].  Hence, it can be 

thought that the rpoB loci of these strains shared some similar evolutionary trends.   

C 

D 
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It was previously reported that oxidative damage of the DNA, in the rpoB gene of M. tuberculosis, can lead to 

C⟶T base substitutions [37], while the circumstances under which this process takes place remain unknown.  Here we 

show that C⟶T base changes constituted 12.0% of the sSNPs in rpoB of the M. tuberculosis strains (Table 2), 

suggesting that they could occur during the HGT of the rpoB gene loci of the M. tuberculosis strains.  In particular, in our 

dataset, the C⟶T base substitutions were detected at the rpoB codon GGC507, which, along with the other sSNPs-

affected rpoB codons GGG534 and GGG566, was adjacent to the DNA cleavage site of NlaIV produced by N. lactamica. 

This organism is a commensal airbborne bacterium that occupies the human nasopharynx being one of the habitats of M. 

tuberculosis as well during the TB infection.  It is very likely that N. lactamica excretes NlaIV in abundance and releases 

it extracellularly in a surrounding environment, where the enzyme could interact with the naked genomic DNAs of the 

degrading cells of the M. tuberculosis strains when these two species share the same living compartment.  Such an 

enzymatic interaction of NlaIV with the naked genomic DNAs would possibly induce the DNA excision of the rpoB loci 

from a genome of the donor strain of M. tuberculosis.  Subsequently, the excised DNA fragments could be acquired by a 

recipient strain of this species during the mixed TB infections.  We suggest that the DNA insertion of the rpoB loci into 

the genome of the recipient strain via the HGT could lead sometimes to the DNA errors in a capacity of the sSNPs in the 

adjacent sites of the targeted genomic region.  The statistical analysis of the rpoB sSNPs (Table 3) using the binomial 

probability distribution showed that there was very slim probability (P ≤ 0.0485) for these polymorphisms to emerge in 

parallel by chance at the adjacent regions of the DNA cleavage sites of the same DNA restriction endonucleases in this 

gene.  Very interestingly, GGC507 harboring the sSNPs is the first codon of the rpoB RRDR, the region that from its 3 

prime end is flanked by the codon GGG534 that also carried the sSNPs.  Therefore, it is possible that enzymatic activities 

of NlaIV of N. lactamica could selectively affect the rpoB RRDR, resulting in the flanking sSNPs upon the insertion of 

this region into the M. tuberculosis genome.  The similar suggestions can be made in respect to the rpoB codons GGG534 

and GGG566 encompassing the sSNPs.  In the wild type allele of rpoB, the adjacent regions of these codons from their 3 

prime ends represent a potential target of the DNA restriction endonuclease AsuI produced by the airborn bacteria 

Arthrobacter species S9.  Besides, from the 3 prime end, the above two codons and the codon GGC556, in this gene, are 

adjacent to the DNA cleavage sites of HaeIII from the airborn human pathogen H. influenzae biogroup aegyptius.  Thus, 

based on these observations, at least NlaIV, AsuI, and HaeIII are thought to play a role in the DNA excision of the rpoB 

loci of M. tuberculosis, later leading to the sSNPs through the HGT.  It can be also thought that the sSNPS remained 

fixed in some populations of M. tuberculosis. 

It is important to note that clonal populations, in general, are identified by the IA value that differs significantly 

from zero [29].  In our analysis, the IA estimate 1.110 showed that rpoB of M. tuberculosis is not clonal.  While the 

average GC content of the rpoB gene (65.94%) was only slightly higher as compared with the average GC content of the 

whole genome of M. tuberculosis being 65.60% [38], evidence, for the presence of HGT in rpoB, was supported further 

by the results of the Splitstree analyses.  The method of the splits decomposition utilized by the program SplitsTree [30, 

31] has been an extremely powerful tool for detecting the parallel nucleotide substitutions of the microbial genomes 

involved in the genetic recombination [39, 40-44].  In the SplitsTree analysis, the highest fit being 100 for the 

parallelograms (Fig. 1B-D), and very strong bootstrap values being 90-100, for the nodes of the parallelograms, provide a 

clear evidence for the HGT events in the rpoB gene of M. tuberculosis.  

The relative importance of bacterial determinants of TB treatment failure has been unclear [7].  Taken together, 

our results show that the parallel sSNPs of rpoB were limited to the subsets of M. tuberculosis strains (Table 1) from two 

distinct geographic regions, Iran and the Republic of Belarus.  These results can be in agreement with the observation 

that the rpoB allelic diversity and DNA polymorphisms reflect sometimes the geographical distribution of M. 

tuberculosis strains [16, 45].  The experimental and clinical evidence demonstrates that M. tuberculosis strains from 

different lineages can vary in their capacity to cause disease [46-48] and acquire drug resistance [11-12, 46, 49, 50].  

Besides, it was found that strains from the East Asian lineage and the Beijing sublineage acquire drug resistance in vitro 

more rapidly than M. tuberculosis strains from the Euro-American lineage [7].  Here, we suggest that certain strains of M. 

tuberculosis from the Eastern Europe and the Asia have unique abilities to recombine rpoB loci, and which can easily 

result in the development of resistance or in increased resistance to RIF. The mixed TB infections are essential for the 

HGT of rpoB of M. tuberculosis to occur, although, it is noteworthy that the infections [51-54] driven by more than one 

M. tuberculosis strain during the same episode are relatively infrequent. Nevertheless, the mixed infections, in a presence 

of the air pollution with the above indicated airborne microbes (e.g., N. lactamica, H. influenzae and Arthrobacter 

species), seem to be a risk factor at least in the development of RIF resistant TB.  Thus, while the HGT of rpoB can be a 

rare event, this phenomenon is strongly suggested to be an additional genetic mechanism that contributes to M. 

tuberculosis resistance to RIF.  The results of this study open a broad avenue for the further research on the M. 

tuberculosis interactions with other airborne microbes to better understand the causes of the reemerging drug resistant 

and severe TB cases. 
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