
 

 

Introduction 
 
Mycobacterium tuberculosis (MTB), the causa-
tive agent of human tuberculosis (TB), is respon-
sible for more deaths in the world than any 
other infectious agent. This organism is esti-
mated to infect about one- third of the world 
population [1]. The extraordinarily high numbers 
of morbidity and mortality are due to the ability 
of the pathogen to evade an effective immune 
response and to persist within the host by pass-
ing into a latent or persistent state [2]. Such 
latent TB infections are difficult to diagnose and 
treat; moreover in adults they can reactivate at 
any time and are often accompanied by serve 
destruction of lung tissue [3]. In the last two 
decades, significant efforts have been invested 

to develop several in vitro models of Mycobacte-
rium dormancy. However, there is no direct ex-
perimental evidence to suggest that how per-
sisting M. tuberculosis cells survive in such a 
state within lesions. The most widely accepted 
in vitro model for the transition of M. tuberculo-
sis to an apparently dormant state is Wayne’s 
model [4, 5]. In this model, upon gradual deple-
tion of oxygen from culture, the bacillus exits 
the cell cycle and develops into a defined dor-
mant form that is adapted to hypoxic and main-
tains viability for extended periods of time [6]. 
Growth under such conditions leads to two non-
replicating, persistent (NRP) states: a mi-
croaerophilic (NRP1) and a later anaerobic state 
(NRP2) [6]. Wayne model was among the best in 
vitro model of latency, but his hypothesis did not 
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Abstract: Mycobacterium tuberculosis (MTB) can persist within the human host for years without causing disease, in 
a syndrome known as latent tuberculosis. The mechanisms by which M. tuberculosis establishes a latent metabolic 
state is unknown, but it is hypothesized that reduced oxygen tension may trigger the bacillus to enter a state of la-
tency. Therefore, we are studying anaerobic culture of M. tuberculosis (H37RV) as a model of latency. For the first 
time, the sequential adaptation of latent bacilli (every 90 days for 48 months) viewed under Atomic Force Microscopy 
(AFM). Two types of adaptation were observed and are described here. First, cells are undergoing temporary adapta-
tion (from 1 to 18 months of latency) that includes; thickening of cell wall (20.5±1.8 nm versus 15.2±1.8 nm, 
P<0.05), formation of ovoid cells by “folding phenomena“(65-70%), size reduction (0.8±0.1 µm versus 2.5±0.5 µm), 
and budding type of cell division (20-25%).A second feature include changes that accompany development of special-
ized cells i.e., production of spore like cells (0.5±0.2 µm) and their progeny (filterable non -acid fast forms; 150 to 
300 µm in size). Although, these cells were not real spore because they fail to form a heat resistant colony forming 
units, after incubation for 35-40 min at 650C. The filterable non-acid fast forms of bacilli are metabolically active and 
increased their number by symmetrical type of cell-division. Therefore, survival strategies that developed by M. tuber-
culosis under oxygen limited condition are linked to its shape, size and conspicuous loss of acid fastness.  
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solve the problem on how bacilli may survive 
the stress generated by activated macrophages, 
a low PH and a high concentration of radical 
oxygen and nitrogen intermediates [3, 7]. Fur-
ther studies have proposed the existence of 
acid fast, but transiently “non-culturable” bacte-
ria in closed pulmonary lesions [8, 9]. It is per-
haps surprising that most available data studied 
the bacillus from 1 to 12 months of latency, 
beyond this time the information was limited [3, 
5, 10, 11, 12]. In an effort to understand how 
tubercle bacilli survive in hypoxic environment, 
we cultured M. tuberculosis under anaerobic 
conditions. Thereafter, every 90 days for 48 
months latent cells were examined by Atomic 
Force Microscopy (AFM). To our knowledge this 
is the first sequential study that demonstrates 
morphological adaptation and life –cycle of TB 
bacilli under prolong latency periods. 
 
Materials and methods 
 
Strains of M. tuberculosis 
 
All experiments were conducted with M. tuber-
culosis, H37RV (gifted by van Soolingen D, Na-
tional Reference TB Laboratory, The Nether-
lands). Small aliquots of seed stocks were main-
tained at -700C and sub-cultured once in liquid 
medium before inoculation to an experimental 
culture. 
 
Cultivation in liquid medium 
 
All liquid culture experiments were conducted in 
Dubos Tween-albumin broth prepared according 
to the manufacturer’s instructions from Dubos 
broth base (Difco Laboratories Ltd., West Mole-
sey, UK), and Dubos medium albumin (Difco), at 
a final PH 6.6±0.2. The medium was aseptically 
dispensed in a appropriate amounts to sterile 
tubes. Thereafter, strains of H37RV were sub-
cultured in this medium until they reached an 
early exponential growth phase OD600=0.05 (5 X 
106 cfu/ml). To produce dormant bacilli, pre-
culture were diluted to OD600=0.005 (5 X 105 
cfu/ml) and then transferred into series of 
screw-cap test tubes (20mm by 125mm) with a 
total volume of 25.5ml [5, 13]. Magnetic stirrers 
were added; the cultures were sealed by tightly 
screwing down solid caps with latex liners and 
stirred gently at 100-120 rpm on magnetic stir-
ring platforms at 370C. After 20-25 days under 
this oxygen–limited condition the bacilli were in 
their dormant state. 

Estimation of oxygen consumption 
 
Oxygen depletion was monitored via decoloriza-
tion of the redox indicator methylene blue 
(1.5µg/ml) in control tubes. The blue dye fades 
and finally disappears as oxygen is depleted [5, 
6]. Therefore, reduction and decolorization of 
this dye served as a visual indication of hypoxia. 
Overall, 10 parallel sets of sealed cultures (17 
tubes in each sets) were included in this study. 
Each 90 days one culture tube from sequential 
series was taken for further investigations. 
Growth and survival were measured with spec-
trophotometer (OD600), and by cell counting [5, 
6]. Total cell numbers were counted microscopi-
cally with a hemocytometer slide to determine 
the number of cells in a known volume of me-
dium. 
 
Atomic force microscopy (AFM) 
 
AFM images were recorded in contact mode 
using an optical lever microscope equipped with 
a liquid cell (Nanoscope IV Multimode AFM; 
Veeco  Metrology Group LLC, Santa Barbara, 
CA). To image Mycobacteria, the bacteria were 
immobilized by mechanical trapping onto 
Isopore Polycarbonate membrane (Millipore), 
with pore size similar to the cell size. After filter-
ing a concentrated cell suspension, the filter 
was gently rinsed with deionized water, carefully 
cut (1X1 cm), attached to a steel sample puck 
(Veeco Metrology Group LLC) using a small 
piece of adhesive tape and the mounted sam-
ple was transferred into the AFM liquid cell. 
Both height and deflection images were re-
corded, using oxide-sharpened microfabricated 
Si3N4 cantilevers (Microlevers; Veeco Metrology 
LLC) with spring constant of 0.01 Nm-1 [14]. 
 
Reading methodology 
 
Overall for AFM 15-20, steel sample pack was 
observed. The expected and observed frequen-
cies of cell shape and cell size in different tube 
cultures were compared and analyzed by Fisher 
Exact test. AP value < 0.05 was considered sta-
tistically significant. The data presented here 
are the result of average observation. 
 
Results and discussion 
 
Under AFM, the sequential adaptation in an-
aerobic culture of M. tuberculosis was docu-
mented. In the first three months of oxygen re-
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duction, M. tuberculosis developed a thickened 
cell wall. In these isolates average thickness of 
cell wall was 21.5±1.8 nm compared to 
15.2±1.3 nm in the aerobically grown M. tuber-
culosis (P <0.05) (Figures 1 and 2). The thick-
ened wall described in this report may act as a 
protective coat and may offer protection against 
hostile environments by restricting the ex-

change of metabolic activity. 
Similar changes was reported 
in anaerobic cultures of M. tu-
berculosis by other investiga-
tors [15, 16]. In addition to cell 
wall thickening, the latent ba-
cilli (10-15%) reduced their size 
(0.8±0.1 nm versus 2.5±0.5 
nm) (P <0.05) and terminates 
their symmetrical type of cell-
division. Although, sometimes 
budding was seen (20-25%), in 
initial phase of dormancy 
(Figure 3). Recently, we found a 
co relation between susceptibil-
ity patterns and the type of cell 
division [14, 17]. Therefore, the 
latent forms of the bacterium 
might be resistant to anti-
tuberculosis drugs [18]. 
 

After 3 months of anaerobic conditions “folding 
phenomena” was observed in latent cells. As 
shown in Figure 4, rod shape bacteria folded 
from centre in such way that the two ends of 
bacillus (i.e. head and tail) approached each 
other. These cells appeared as an irregular 
round or oval in shape. Folding phenomena was 
initially observed in low number of bacilli (10-

Figures 1. It shows M. tuberculosis at exponential phase. 

Figures 2. M. tuberculosis under anaerobic cultures developed a dense 
and homogenous layer that covers the bacilli. The thickness of cell wall 
reaches to 20.5±1.8 nm. 
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15%), but their frequencies were progressively 
increased. In fact, after 9 to 10 months of an-
aerobic culture majority of M. tuberculosis (65-
70%) appeared round or oval in shape. At this 
stage, only small proportion of cells has their 
original shape (10-15%). The average size for 
isolates was 0.9±1 µm. The shape variations in 

culture of M. tuberculosis un-
der limited conditions such 
oxygen depletion, exposure to 
nitric oxide or nutritional defi-
ciency have been reported by 
many investigators, but their 
production remained poorly 
understood[10, 11, 12]. Here, 
we suggested two different 
mechanisms for ovoid or 
round cells production; folding 
phenomena (65-70%) and 
budding type of cell division 
(20-25%). These cells (1 to 18 
months of latency) resuscitate 
by inoculation into fresh media 
(7H9-ADC-glycerol broth). 
 
Figures 5 to 9, shows the 
changes in representative an-
aerobic culture of M. tubercu-
losis from 18 to 48 months of 

latency; alteration in bacilli accompany develop-
ment of specialized cells i.e., production of 
spore like cells and their progeny. Spore like 
cells (0.7 to 0.5 µm in size) was seen from 18 to 
22 months of latency (Figure 5a and 5b). The 
hypothesis of spore production in Mycobacte-
rium was first proposed by Robert Koch in 

Figures 3 It shows budding type of cell division in M. tuberculosis. This type of division was present till 3 months post 
latency .Thereafter, no divisions were observed.  

Figures 4. From 4 to 10 months of dormancy” Folding phenomena” ob-
served in latent TB bacilli.  
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1882, but his idea was refuted by further inves-
tigators [19, 20]. Recent molecular develop-
ment, identified sigma factor in M. tuberculosis 
which is similar to SigF sporulation sigma factor 
from Streptomyces coelicolor [21]. This led to 
the suggestion that M. tuberculosis may enter a 
spore –like state during persistent infection 
[21]. In the same regards, few researchers 
showed spore like formation in old culture of 
Mycobacterium species [22]. In our study, spore 
like cells could not withstand the temp above 

650C and they fail to form a heat resistant col-
ony forming units. Furthermore, these cells were 
metabolically active (Figure 6), hence, they are 
not real spore [23]. As it shown in Figure 6, 
spore like cells ruptured and produced a 
smaller progeny (Figure 6). These filterable 
forms (150 to 300 µm in size) are non-acid fast 
(Figures 7 and 8) and increased their number 
by symmetrical type of division (Figure 9). Cul-

Figures 5. A. Spore- like cells at 18 months of  dor-
mancy. These cells could not withstand the temp at 
65 ºC, therefore, they are not real spore. B. Spore –
like cells at 24 months of dormancy  

Figures 6. Spore-like cells ruptured and produced a 
smaller progeny.  

Figures 7. Non acid fast cell wall defective forms of 
TB bacilli; at 36 months of dormancy. 

Figures 8. These Nonacid-fast cells induced active 
tuberculosis in mice model.  

Figure 9. Nonacid fast cells increased their number 
by symmetrical type of cell –division.  
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ture of these cells did not resuscitated by inocu-
lation into fresh media (7H9-ADC-glycerol broth). 
Although, inoculation of these cells (1X105/ml)
into peritoneal cavity of mice induced active 
tuberculosis after 12 weeks (results not shown). 
During the last decades, non acid fast, cell wall
–defective variants forms of tubercle bacilli was 
subjected of heated controversies [3, 9, 24, 
25]. While few investigators isolated them from 
clinical specimens, others refuse to accept their 
presence. Even till date it is not clear why ho-
mogenized pulmonary lesions of latent TB pa-
tients with negative smear microscopy, could 
induce active tuberculosis in animal models 
[25, 26]. In the present study, AFM could reveal 
the first picture of nonacid fast, cell wall defec-
tive forms (Figures 7 and 8). These forms were 
metabolically active and they could recover their 
original biological properties when transferred 
into favorable environment (mice model). 
Thereby, the efforts to eradicate tuberculosis 
must not solely rely on attacking the actively 
growing tubercle bacilli but must also include 
bacilli in the latent stages. In conclusions, two 
type of alterations was observed in latent TB 
bacilli; temporary changes in which cell remain 
acid fast, but developed differences in shape, 
size and thickness of cell. A second alteration 
includes development of specialized cells with 
conspicuous loss of cell wall. This remarkable 
resistance to adverse conditions along with re-
versibility is of fundamental importance for the 
bacteriology, pathology and treatment of tuber-
culosis. Last but not the least, the sequential 
adaptation that we demonstrated here may help 
to improve our understanding on life cycle of 
latent bacilli and may help scientists to identify 
targets for novel therapies. 
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