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ABSTRACT

Objective: The emergence of drug resistance has complicated tuberculosis (TB) scenario and is associated to treatment failure. The causative agent, 
Mycobacterium tuberculosis is usually slow growing and has been implicated as a contributing factor for drug tolerance and development of resistant 
strains. On the other hand, if rapidly growing bacilli, with shorter generation time emerge, mutations may lead to the development of drug resistance. 
From the hypothesis, this study was aimed to explore the whether there is any association between the generation time of Mycobacteria with their 
distinct drug resistant pattern.

Methods: In-vitro generation time was determined from 77 mycobacterial isolates with varied drug resistance pattern, i.e. rifampicin resistant (RIFR), 
isoniazid resistant, multi-drug resistant (MDR), the sensitive clinical strains along with reference strains. The minimal inhibitory concentration was 
also determined for the respective resistant groups.

Results: Among the individual group of clinical isolates, there was a significant negative association between generation time and drug resistance 
pattern of RIFR isolates.

Conclusion: Keeping the current upsurge of the MDR-TB epidemic in India and the influence of generation time on dosing schedule and treatment 
strategy, necessary customization of dosing and therapeutic planning seemed urgent to minimize the operational and clinical potential for development 
of drug resistance among treatment failure pulmonary TB patients in this country.
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INTRODUCTION

Tuberculosis (TB) continues to be a major public health problem and 
is currently the second largest infectious cause of death worldwide [1]. 
About 58% of these new infections were reported from Asian countries, 
with India being the largest contributor of incident TB infections in the 
world (125-299 per 100,000 populations), accounting for 26% of the 
total global cases [1].

Since the anti-tubercular drugs (ATD) have become available, improper 
regimen, indiscriminate usage, and less than optimal adherence have 
undermined the potential benefits - largely by facilitating the emergence 
of drug-resistant strains, particularly the multi-drug resistant (MDR) 
variety [2,3]. Expectedly, patients with prior exposure to anti-TB 
therapy turned out to be the ones more vulnerable to developing 
drug resistance [4]. However, it was perturbing to note that even the 
newly diagnosed cases had a considerable propensity of having MDR, 
with possible contributing factors being spontaneous mutation and 
transmission of resistant strains from others patients harboring MDR-
TB [5,6].

Among the various categories of TB, treatment failure groups are 
associated with high mortality with worst treatment outcomes [7]. 
Treatment failure patients associated with MDR have higher propensity 
of spreading the infection to the new individuals.

It is important to note that M. tuberculosis radically reduces both its 
growth and metabolism in unceasingly infected animals, doubling 
only once every 100 hrs or more [8,9]. Since close to all antibiotics 
preferentially kill rapidly replicating bacteria [10,11], it has been 

hypothesized that the reduction of growth and metabolic activity of these 
dormant populations is responsible for the “drug-tolerance” observed 
during infection [12,13]. A large proportion of bacilli in cavitating lung 
lesions are either slow growing or dormant, and these are insensitive to 
isoniazid (INH) therapy as deteriorated transcriptional retort leads to 
drug tolerance [14].

Accordingly, it is apparent that promulgation of dormant or non-
replicating mutants with longer generation time could contribute to 
treatment failure. In addition, it is known that generation time of M. 
tuberculosis is normally 15-18 hrs [15] and as evident from in-vitro 
experiments, if a culture of M. tuberculosis is exposed to certain drugs 
for some time, it takes several days (the “lag period”) before new 
growths to occur [16]. Thus, it is also speculated that, if strains with 
shorter generation time appear and proliferate, drug regimen (thrice a 
week) might result in treatment failure giving false impression of drug-
resistant TB particularly MDR-TB.

Subsequently, considering the above facts and keeping the current 
upsurge of MDR along with treatment failure epidemic in India, the 
present study is directed to evaluate and correlate the generation time 
with the varied resistance pattern of the mycobacterial isolates from 
treatment failure pulmonary TB (PTB) cases.

METHODS

Study isolates
A total of 77 strains (72 clinical and 5 reference strains) of M. tuberculosis 
isolates; 18  samples each (based on equal proportional distribution) 
from treatment failure drug resistant categories (INH-resistant 
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[INHR], rifampicin resistant [RIFR], and MDR), 18 samples from dual 
sensitive (both INH&RIF) group were recruited from Indian Reference 
Laboratory, Beliaghata, Kolkata. Five reference strains (H37Rv, H37Ra, 
RIFR TRC, INHR TRC and HRR TRC) were also recruited.

Determination of mycobacterial generation time
Preparation of single cell suspension
Single cell suspension was prepared following the method by 
Chakraborty et al. [17]. Briefly, Loopful colonies (log phase) of M. 
tuberculosis in solid L-J medium were transferred in a vial consisting of 
normal saline with 4-5 glass beads. It was then vortexed for repeated 
times. The suspension was kept undisturbed all night allowing larger 
bacterial clumps to settle down. The upper part of the bacterial cell 
suspension was carefully transferred in a sterile vial. The suspension 
was centrifuged, and the pellet was finally dissolved in 1  mL sterile 
distilled water. 100 µL from the above suspension was used for Z-N 
staining. The stained sample was diluted before take the count in 
hemocytometer.

Enumeration of mycobacterial suspension
Based on hemocytometer counting, the mycobacterial cell suspension 
was adjusted to desired number of cells [17]. The mycobacterial 
suspension was incubated in the dark at 37°C inside CO2 incubator (Heal 
Force, Shanghai, China) with 5-10% CO2 and agitated daily. At different 
time points, i.e. at 0, 15, 30, 45, 60 hrs - mycobacterial suspension was 
inoculated on Middlebrook 7H11 agar for colony forming units (CFU) 
count. The bottles were further incubated accordingly.

Culture and CFU count
After incubation the developed CFU were counted and expressed 
as a number of CFU/ml and mean of the three sets were taken into 
consideration for that particular time point and for a given strain.

Calculation of generation time
The generation time was calculated [18] by taking 5 different time 
points, i.e., at 0, 15, 30, 45 and 60 hrs; three sets of experiment were 
carried out for each parameter (CFU/mL) and then the mean of the 
three values were taken for consideration for growth curve preparation 
and generation time estimation. Distinct growth curves were prepared 
taking time on X-axis and mean CFU/mL on Y-axis.

Minimal inhibitory concentration (MIC) value determination of 
M. tuberculosis strains
MIC values were used as the quantitative estimation of drug resistance 
in the corresponding isolated organisms. MIC of all the clinical 
isolates and reference strains was determined by following the CDC 
guidelines [19] where absolute critical concentration of INH was 
0.2µg/mL and RIF was 1 µg/mL, above which the mycobacterial clinical 
isolates are resistant to both the drugs. The MIC test was performed by 
MGIT 960 (BD) in 7  mL MGIT-BBL tubes (by following manufacturer 
instructions).

Statistical analyses
Values for MIC (for the drugs INH and RIF) and generation time were 
determined as the mean of three simultaneously repeated observations. 
The association between MIC and generation time was determined 
using Spearman’s rank correlation coefficient (using Graph Pad Prism 
Software Version 5.00) and mixed linear regression (using SAS Version 
9.3.2).

RESULTS

Determination of mycobacterial generation time
The mean generation/doubling time determination by CFU counting 
was found to be functional as the gradual increase of the appearing 
colonies on 7H11 plates were observed (5 references strains and 5 
clinical isolates) with respect to 0, 15, 30, 45 and 60 hrs time points. 
The appeared colonies over different time points were used to prepare 
the growth curve and determination of generation time from the curve.

Correlation of mycobacterial generation time with drug resistance 
pattern
The result showed that among INHR group, the value of MIC’s ranged 
between 0.4 and 5 μg/mL with preponderance of 0.4 to 1 μg/mL. 
However, two samples were found to be highly resistant to INH 
(5 μg/mL). In the case of RIFR group, the MICs ranged between 2 and 
32 μg/mL with the majority of 2 to 16 μg/mL and four samples were 
found to be exceedingly resistant to RIF (32 μg/mL). While, among 
MDR group, the MICs of INH ranged between 0.4 and 3 μg/mL with 
high resistance to INH was 3 μg/mL, whereas the MIC’s of RIF ranged 
between 2 and 32 μg/mL, with highly resistance to RIF was 32 μg/mL.

Interestingly, a significant correlation was observed only among the 
RIFR organisms of treatment failure group between their generation 
time and MICs of RIF in-vitro (Spearman’s rank correlation coefficient 
r2=0.3300, p=0.0092) (Fig. 2b and Table  1). However, the correlation 
between generation time and MIC among INHR and MDR groups by both 
the above said methods lacks sufficient statistical power (Fig. 2a, c, d 
and Table 1).

DISCUSSION

The determination of mycobacterial growth rate is a complex process 
due to its slow growing nature as well as the clump formation in the 
media. The generation/doubling time of M. tuberculosis has been 
studied by some investigators previously [20-23] and are mainly 
based on the reference strains of M. tuberculosis [24]. Moreover, no 
studies have been conducted till date on how the generation time of 
M. tuberculosis varies according to their drug resistance pattern.

In this work, we compared the generation time of H37Ra and H37Rv 
along with the various pulmonary clinical isolates of mycobacteria with 
their distinct drug resistance pattern (Fig. 1).

It was interesting to note that, among all the strains, the lowest in-vitro 
generation time was observed by H37Rv, i.e.  12.47 hrs. However, the 
study by Manca et al., in 1999, [25] showed 1.6 times higher generation 
time by this same strain in-vitro.

In our study, the overall in-vitro mean generation/doubling time of 
the clinical isolates was found to be 15.07 hrs. Among the individual 
group of clinical isolates, RIFR showed the least generation time, i.e., 
16.015 hrs. The reasons might be the experimental procedures adopted 
by us in our laboratory setting, i.e.  factors include culture and CFU 
counting of the appeared colonies, maintaining temperature of 37°C to 
the individual 7H11 agar plates at 5% CO2 in CO2 incubator, responsible 
for the better growth and hence better determination of the generation 
of individual organisms.

Interestingly, it has been found that the generation time of INHR from 
treatment failure cases was significantly higher compared to other 
groups. Some studies have found INHR strains having mutation in KatG 
gene which signifies loss of catalase-peroxidase activity. Moreover, INH 

failure mycobacterial isolates, (b) The generation time was 
calculated from the linear portion of the growth curve for each 

bacteria

a b

Fig. 1: Growth curve of the mycobacterial reference strains (TRC). 
(a) The generation time was calculated from the linear portion of 
the growth curve for each bacteria. Growth curve of the treatment 
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acts on cell wall mycolic acids and prevents the formation of envelope 
of the organism. Hence, INHR organisms might takes a longer time to 
synthesize envelope and cell wall structure which give rise to higher 
generation time [26].

The MIC, in our study, was found to be rationale with prior findings 
where highest resistance to INH and RIF, in our study, was found to be 
5 and 32 μg/mL, respectively [27,28]. Correlations of the concentration 
of individual drugs (INH and RIF) with the generation time of the 
organisms were found interesting (Fig. 2).

The correlation between mycobacterial generation time and drug 
resistance pattern revealed that there existed a statistically significant 
negative association between generation time and MIC for RIF while 
there seemed to be a similar negative association for INH also but 
result lacked power (Table  1). Data are unavailable in this context 
and none has demonstrated any correlation between generation time 
with the MIC of INH and RIF among the treatment failure group. We 
believe, as RIF has got late sterilizing activity on the bacterium [26] and 
this might help the bacteria to undergo in a stage of dormancy. Some 

metabolically active M. tuberculosis might escape the bactericidal effect 
of RIF. Furthermore, some bacteria might leave the dormant stage and 
starts multiplying between the time periods for next administration of 
the drug.

Moreover, increased size of inoculums accelerates growth [23] and this 
may shorten the doubling/generation time which corroborates our 
result. RIF might get no/less effect on increased bacterial population 
and this helps in developing resistance. Although only one partially 
comparable study has been done [29]. Our study revealed association 
between the in-vitro generation time and drug resistance pattern in the 
case of RIFR bacteria which showed significantly shorter generation 
time in-vitro.

CONCLUSIONS

It can be concluded that higher the resistance to RIF, lesser the generation 
time. There seemed to be a fairly strong negative association between 
mean generation time and MIC for commonly prescribed first line 
ATD among the treatment failure group. Keeping the current upsurge 

a

c d

b

Fig. 2: Correlation between in-vitro mycobacterial generation time and minimal inhibitory concentration (MIC) of isoniazid (INH) and 
rifampicin (RIF) drugs. The linear regression showing the relation between in-vitro mycobacterial generation time and minimal inhibitory 

concentration of INH and RIF drugs. (a) Non-significant correlation was observed among the generation time and MIC of INH R group 
with MIC’S of INH (n=18, Spearman’s rank correlation coefficient), (b) Significant correlation was observed among the generation time of 
RIFR group with MIC’S of RIF (n=18, Spearman’s rank correlation coefficient; r2=0.3300, p=0.0092). The solid line represents the linear 

regression curve of best fit, (c) Non-significant correlation was observed among the generation time of multi-drug resistant (MDR) group 
with MIC’S of INH (n=18, Spearman’s rank correlation coefficient), (d) non-significant correlation was observed among the generation 

time of MDR group with MIC’S of RIF (n=18, Spearman’s rank correlation coefficient)
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of the MDR-TB epidemic in India and the influence of generation time 
on dosing schedule and treatment strategy, necessary customization 
of dosing and therapeutic planning seemed urgent to minimize the 
operational and clinical potential for development of drug resistance 
among treatment failure PTB patients in this country.

ACKNOWLEDGMENT

Authors thank Department of Microbiology and Biochemistry, Institute 
of Postgraduate Medical Education & Research, Kolkata, India for kind 
support.

REFERENCES

1.	 World Health Organization, (WHO). Global Tuberculosis Report. 
Geneva, Switzerland: WHO; 2013. Available from: http://www.who.
int/tb/publications/global_report/en/. [Last accessed on 2014 May 15].

2.	 Sharma SK, Mohan A. Multidrug-resistant tuberculosis: a menace that 
threatens to destabilize tuberculosis control. Chest 2006;130(1):261-72.

3.	 Chowdhury IH, Sen A, Bahar B, Hazra A, Chakraborty U, Choudhuri S, 
et al. A molecular approach to identification and profiling of first-line-
drug-resistant mycobacteria from sputum of pulmonary tuberculosis 
patients. J Clin Microbiol 2012;50(6):2082-4.

4.	 Faustini A, Hall AJ, Perucci CA. Risk factors for multidrug resistant 
tuberculosis in Europe: a systematic review. Thorax 2006;61(2):158-63.

5.	 Paramasivan CN, Venkataraman P. Drug resistance in tuberculosis in 
India. Indian J Med Res 2004;120(4):377-86.

6.	 Snider DE Jr, Kelly GD, Cauthen GM, Thompson NJ, Kilburn JO. 
Infection and disease among contacts of tuberculosis cases with 
drug-resistant and drug-susceptible bacilli. Am Rev Respir Dis 
1985;132(1):125-32.

7.	 Goswami A, Chakraborty U, Mahapatra T, Mahapatra S, Mukherjee T, 
Das S, et al. Correlates of treatment outcomes and drug resistance 
among pulmonary tuberculosis patients attending tertiary care hospitals 
of Kolkata, India. PLoS One 2014;9(10):e109563.

8.	 Gill WP, Harik NS, Whiddon MR, Liao RP, Mittler JE, Sherman 
DR. A  replication clock for Mycobacterium tuberculosis. Nat Med 
2009;15(2):211-4.

9.	 Muñoz-Elías EJ, Timm J, Botha T, Chan WT, Gomez JE, McKinney JD. 

Replication dynamics of Mycobacterium tuberculosis in chronically 
infected mice. Infect Immun 2005;73(1):546-51.

10.	 Gomez JE, McKinney JD. M. Tuberculosis persistence, latency, and 
drug tolerance. Tuberculosis (Edinb) 2004;84(1-2):29-44.

11.	 Tomasz A, Albino A, Zanati E. Multiple antibiotic resistance 
in a bacterium with suppressed autolytic system. Nature 
1970;227(5254):138-40.

12.	 Mitchison DA, Coates AR. Predictive in vitro models of the 
sterilizing activity of anti-tuberculosis drugs. Curr Pharm Des 
2004;10(26):3285-95.

13.	 Baek SH, Li AH, Sassetti CM. Metabolic regulation of mycobacterial 
growth and antibiotic sensitivity. PLoS Biol 2011;9(5):e1001065.

14.	 Waddell SJ, Tudo G, Garton NJ, Waddell SJ, Sherratt AL. RNA 
profiling of Mycobacterium tuberculosis from patient samples and 
in vitro models informs and revises drug development strategies. Spring 
Meeting Harrogate 30 March – 2 April; 2009.

15.	 Brooks GF, Carroll KC. Mycobacteria. In: Brooks GF, Carroll KC, 
Butel JS, Morse SA, editors. Jawetz, Melnick & Adelberg’s Medical 
Microbiology. 24th  ed. United States of America: The McGraw-Hill 
Companies, Inc.; 2007. p. 320.

16.	 Balasubramanian R, Ramachandran R. Evolution of chemotherapeutic 
regimens in the treatment of tuberculosis and their scientific rationale. 
In: Sharma SK, Mohan A, editors. Tuberculosis. 2nd ed. New Delhi, 
India: Jaypee Brothers Medical Publishers (P) Ltd.; 2009. p. 734-8.

17.	 Chakraborty U, Goswami A, Saha S, Mukherjee T, Dey SK, 
Majumdar  S, et al. Tumour necrosis factor-alpha and nitric oxide 
response in different categories of tuberculosis patients. Int J Tuberc 
Lung Dis 2013;17(4):505-10.

18.	 Willey JM, Sherwood LM, Woolverton CJ, editors. Microbial growth. 
Prescott, Harley, and Klein’s Microbiology. 7th  ed. United States of 
America: The McGraw-Hill Companies, Inc.; 2008. p. 119-47.

19.	 Hanna BA. Laboratory diagnosis. In: William, Stuart & Barry’s 
Tuberculosis. 2nd ed. Philadelphia, USA: A Wolters Kluwer Company; 
2004. p. 172-3.

20.	 Wiygul WC, Rightsel WA. Growth of Mycobacterium lepraemurium in 
diffusion chambers containing human embryonic skin cells and in cell-
free chambers. J Gen Microbiol 1971;68(3):375-80.

21.	 von Groll A, Martin A, Portaels F, da Silva PE, Palomino JC. Growth 
kinetics of Mycobacterium tuberculosis measured by quantitative 
resazurin reduction assay: a tool for fitness studies. Braz J Microbiol 
2010;41(2):300-3.

22.	 Stahl DA, Urbance JW. The division between fast- and slow-growing 
species corresponds to natural relationships among the mycobacteria. 
J Bacteriol 1990;172(1):116-24.

23.	 Lambrecht RS, Carriere JF, Collins MT. A  model for analyzing 
growth kinetics of a slowly growing Mycobacterium sp. Appl Environ 
Microbiol 1988;54(4):910-6.

24.	 Paul S, Laochumroonvorapong P, Kaplan G. Comparable growth 
of virulent and avirulent Mycobacterium tuberculosis in human 
macrophages in vitro. J Infect Dis 1996;174(1):105-12.

25.	 Manca C, Paul S, Barry CE 3rd, Freedman VH, Kaplan G. 
Mycobacterium tuberculosis catalase and peroxidase activities and 
resistance to oxidative killing in human monocytes in vitro. Infect 
Immun 1999;67(1):74-9.

26.	 Somoskovi A, Parsons LM, Salfinger M. The molecular basis of 
resistance to isoniazid, rifampin, and pyrazinamide in Mycobacterium 
tuberculosis. Respir Res 2001;2(3):164-8.

27.	 Guo H, Seet Q, Denkin S, Parsons L, Zhang Y. Molecular characterization 
of isoniazid-resistant clinical isolates of Mycobacterium tuberculosis 
from the USA. J Med Microbiol 2006;55:1527-31.

28.	 Bobadilla-del-Valle M, Ponce-de-Leon A, Arenas-Huertero C, Vargas-
Alarcon G, Kato-Maeda M, Small PM, et al. rpoB Gene mutations 
in rifampin  -  Resistant Mycobacterium tuberculosis identified 
by polymerase chain reaction single-stranded conformational 
polymorphism. Emerg Infect Dis 2001;7(6):1010-3.

29.	 O’Sullivan DM, McHugh TD, Gillespie SH. Mapping the fitness 
of Mycobacterium tuberculosis strains: a complex picture. J  Med 
Microbiol 2010;59:1533-5.

Table 1: The correlation between in‑vitro MIC and the 
generation time of drug resistant M. tuberculosis

Mycobacterial 
isolate

Mean generation 
time (h)

Correlation 
between MIC and 
mean generation 
time

r2 p value
INH‑mono‑R 17.247 0.1643 0.0743
RIF‑mono‑R 16.015 0.3300 0.0092
Resistant to both 
INH and RIF

16.711 0.0973 0.1791
0.0969 0.1811

Drugs Regression between MIC and mean 
generation time

Coefficient (95% CI) SE p value
INH −0.197 (−0.409‑0.017) 0.107 0.0711
RIF −1.611 (−3.149‑−0.067) 0.769 0.0409
The regression analyses revealed that there existed a statistically 
significant (at α=0.05) negative association between generation time and MIC 
for RIF (β=−1.611, p=0.0409) while there seemed to be a similar negative 
association for INH also (β=−0.197, p=0.0711). M. tuberculosis: Mycobacterium 
tuberculosis, MIC: Minimal inhibitory concentration, CI: Confidence interval, 
SE:  Standard error, INH: Isoniazid resistant, RIF: Rifampicin resistant
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