
 

 

Introduction 
 
One hundred twenty eight years after Robert 
Koch’s discovery of tubercle bacillus, this organ-
ism is still affecting mankind and will continue 
to do so in the near future [1]. Today, the ap-
pearance of extensively drug- resistant tubercu-
losis (XDR-TB) in addition to multidrug- resistant 
TB (MDR-TB) has further complicated TB control 
at the global level [2,3]. Equally alarming is the 
emergence of a new form of virtually incurable 

drug-resistant isolates, known as extremely drug 
resistant TB (XXDR-TB) [2,4]. XXDR-TB isolates 
showed in-vitro resistance to all first- and sec-
ond-line drugs tested [2]. Such strains brought 
us back to the pre-antibiotic era and underlined 
the need to develop urgently new drugs and 
apply correctly the existing policies and strate-
gies of TB control programmes [5]. In recent 
years, significant progress has been achieved in 
characterizing resistant isolates [6]. Unfortu-
nately, our understanding of these bacilli at the 
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Abstract:  The ultra-structure of Mycobacterium tuberculosis (MTB) was examined by transmission electronic (TEM)) 
and atomic force microscopy (AFM). The study was performed to describe the morphology of susceptible, multidrug-
resistant (MDR), extensively drug-resistant (XDR) and extremely drug-resistant tuberculosis isolates (XXDR-TB) during 
their exponential growth phase. Four types of cell division were observed and described. While three of them 
(symmetrical, asymmetrical and branching type) occurred in all isolates studied, the fourth one (adapted type) was 
seen only in XDR and XXDR-TB bacilli. In the fourth type of cell division, a rod shaped mother cell produced a small 
round shape bacillus (0.3-0.5 µm). These round cells were different from buds or polar division, but similar to termi-
nal endospores without showing the typing heat resistance. Based on the present observation, we suggest that XDR- 
and XXDR-TB bacilli accommodate changes helping them to overcome the hostile environment. Viewed under AFM, 
the other frequently detected shapes in MTB isolates were oval, V, Y and multi-branching filaments. These shape 
variation confirmed pleomorphic phenomena in MTB populations and the specific features of pan-resistant strains. 
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ultra-structural level is still very limited for sev-
eral reasons, including professional risk and 
available technology. We recently documented 
the morphological changes occurring in resis-
tant and susceptible TB strains [7]. Further-
more, we showed cell shape alterations in expo-
nential phase of XDR-TB strains [8]. These 
populations were clearly different: one showed 
ordinary pattern (70-80%), a second exhibited 
round or oval shape (15-20%) and the third 
showed extra-ordinary thick cell wall (21-26 nm) 
with features similar to stationary or anaerobic 
dormant bacilli (5-7%) [8].  Indeed, cell shape  
alteration in Mycobacterium tuberculosis has 
been reported by many researchers, e.g., in acti-
vated macrophages, tubercle bacilli elongate or 
enter in non-replicating persistence (NRP) state 
[9].  The literature described that when a pa-
tient is defined cured, he is cured of the prolif-
eration cells only (and not necessarily of filter-
able or dormant bacilli) [10]. Therefore, the 
shape of bacilli can be seen as a marker of viru-
lence, of biological defense against specific im-
mune responses or of cell-division.  Dahl dem-
onstrated the existence of V and Y forms of cells 
at mid-log phase (OD 600 1.1) of Mycobacterium 
tuberculosis [11].  Later on Thanky et al [12], re
-confirmed the unusual features of the cell cycle 
in Mycobacterium tuberculosis. The present 
study was aimed at demonstrating the cell-
division morphological patterns (i.e., symmetri-
cal, asymmetrical and branching) in resistant 
(MDR-, XDR- and XXDR-TB) and susceptible iso-
lates.  
 
Materials and methods  
 
Bacterial strains 
 
Primary isolation and culturing of Mycobacte-
rium tuberculosis isolates from sputum speci-
men were conducted in accordance to proce-
dures manual [13]. Susceptible, MDR-, XDR- 
and XXDR-TB strains were isolated from pa-
tients diagnosed at National Research Institute 
of TB and Lung Diseases (NRITLD) in Tehran.  
Drug susceptibility test against isoniazid (INH), 
rifampicin (RF), streptomycin (SM) and etham-
butol (ETB) were performed by the proportional 
method on Löwenstein-Jensen media at a con-
centration of 0.2, 40, 4.0 and 2.0µg/ml, respec-
tively. Drug-susceptibility test against second-
line drugs (kanamycin, amikacin, capreomycin, 
ciprofloxacin, cycloserine, ethionamide and para
-aminosalicylic acid) was performed using two 

critical proportions of 1% and 10% [14]. Se-
lected isolates were identified as M. tuberculo-
sis by biochemical tests, including niacin pro-
duction, catalase activity, nitrate reduction, pig-
ment production and growth rate [14].  Thereaf-
ter, a loop of bacterial from Löwenstein-Jensen 
culture media was inoculated into Middle brook 
7H9 broth supplemented with 0.2% glycerol and 
10% Middle brook OAT enrichment. Ten batches 
of isolates from each class (drug susceptible, 
MDR-, XDR- and XXDR-TB) belonging to different 
patients were included in this study. Cells at an 
optical density (OD) of 0.6 at 600 nm were used 
for further experiments. These cells were first 
centrifuged at 800 rpm for 5 min, then the su-
pernatant was adjusted to an OD of 580nm, 
corresponding to 6.3 X 107 colony–forming 
units of Mycobacterium tuberculosis per ml. Ten 
micro liter of this supernatant were stained ac-
cording to the Z-N and Gram methods [13]. In 
another set up, 100 µL of the above suspension 
were exposed to 650C heat for 35 minutes and  
plated on 7H10 agar plates, the growth was 
monitored  in different intervals for 2 months. 
 
Transmission electron microscopy (TEM)  
 
Both negative staining and ultrathin section 
were used to study the general morphology of 
M. tuberculosis. For ultrathin section: bacterial 
suspension was prefixed in 4% glutaraldehyde 
in 0.1 M sodium cacodylate buffer. Five hun-
dred micro litter of horse serum was then added 
to the decanted sample following centrifugation 
for 10 minutes at 3,000 rpm. Solidified samples 
were diced and thereafter processed according 
to standard protocol for TEM [15]. Briefly, the 
sample were washed  in 0.1 M sodium cacody-
late buffer  (pH= 7.2), post fixed in 1% osmium 
tetraoxide for 1 h at 4°C and dehydrated in as-
cending grades of ethanol (35%,50%,75%,95% 
and 100%). Samples were embedded in Spur 
resin and following overnight polymerization, 
ultrathin sections were obtained using ultra mi-
crotome. Ultra thin sections on copper grids 
were stained with urinal acetate and lead cit-
rate, washed in double distilled water and 
viewed under transmission electron microscope 
(Hitachi, H7100). Negative staining was per-
formed using 0.5% uranyl acetate. 
 
Atomic force microscopy (AFM)  
 
AFM images were recorded in contact mode 
using an optical lever microscope equipped with 
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a liquid cell (Nanoscope IV Multimode AFM; 
Veeco Metrology Group, Santa Barbara, CA [16]. 
To image mycobacteria, the bacteria were im-
mobilized by mechanical trapping onto Isopore 
Polycarbonate membrane (Millipore), with pore 
size similar to the cell size. After filtering a con-
centrated cell suspension, the filter was gently 
rinsed with deionized water, carefully cut (1 x 1 
cm), attached to a steel sample puck (Veeco 
Metrology Group LLC) using a small piece of 
adhesive tape and the mounted sample was 
transferred into the AFM liquid cell. Both height 
and deflection images were recorded, using 
oxide-sharpened micro fabricated Si3N4 cantile-
vers (Microlevers; Veeco Metrology LLC) with 

spring constant of 0.01 Nm-1 [17). 
 
Statistical analysis 
 
Expected and observed frequencies of cell divi-
sion types in drug susceptible and MDR- versus 
XDR- and XXDR-TB cases were compared by 
Fisher Exact test. A P value ≤0.05 was consid-
ered statistically significant.  
 
Reading methodology 
 
Overall, for each strain 25 ultra-thin sections 
were observed under TEM, while AFM was per-
formed on 20 steel sample packs.  
 
Results and discussion  
 
Cell division of various strains of M. tuberculosis 
(Susceptible, MDR-, XDR- and XXDR-TB Bacilli) 
 
As shown in Figures 1-4, four types of cell divi-
sion (symmetrical, asymmetrical, branching and 
adapted) were observed in Mycobacterium tu-
berculosis. While in drug susceptible (73.3%) 
and MDR–TB strains (71%) symmetrical division 
was observed more frequently, in XDR- and 
XXDR-TB cases, asymmetrical (42.2%; 44%) 
branching (20%; 24.4%) and adapted cell –
division (11.1%; 13.3%) were the commonest 

Figure 1. Symmetrical type of cell division using 
AFM (1.a) and TEM (1.b). 

Figure 2. Asymmertical type of cell division  under AFM (2.a) and TEM(2.b). 

Figure 3. Different types of branching in Mycobacterium tuberculosis. Multi-branching (3.a, 3.b and 3.d) was frequent 
in  XDR and XXDR-TB cells. 
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findings (Table 1). In fact, symmetrical division 
was lower to average of 20% in highly resistant 
strains (P=0.0005). Symmetrical division oc-
curred in both rod and round shape bacilli 
(Figures 1 and 5). To our knowledge this is the 
first report showing round shape bacilli are di-
viding into two equal daughter cells (Figure 5). 
Round shape bacilli are frequently seen among 
XDR and XXDR-TB cell populations. They are 
very small with average size of 0.3µm to 0.5µm. 
These round XDR- or XXDR-TB bacilli are differ-
ent from morphological transition that occurred 
in the stationary phase of M. tuberculosis [18].  
In this phase the bacilli will return to rod shape 
in a high-nutrient medium, but in these resistant 
strains, the round shape cell remained round 
even in next generations. Generally, when the 
bacterial cells acquire the cocci form, they at-
tach firmly to the surface; since environmental 
challenges are then distributed over more indi-
viduals, they have more possibility to survive 
[19]. In addition, round form bacilli may spread 
and transmit faster than rod shape bacilli (1-

3µm). In asymmetrical division (as shown in 
Figure 2), unlike the symmetrical division the 
inner layer is not dividing the cells into equal 
parts. Therefore, after rupturing the outer cell 
wall, one of the daughter cells is bigger than the 
other one [11,20]. Sometimes during last stage 
of cell-division the outer layers are still inter-

Figure 4. Different stages (4a- d) of adapted type of cell division in XDR and XXDR-TB cells. The round cells formed 
inside the rod–like mother cells(4.d).  

Table 1. Summary of the TEM and AFM findings on the number and ratio of each cell type division in vari-
ous strains of M. Tubuculosis. (* P is significant ) 

 

Type of Cell 
division 

Type of strains 

  
  
Symmetrical 

A  a)Drug-susceptible B b)MDR-TB   
c)XDR-TB 

  
d)XXDR-TB 

P value 
(a+b) vs (c+d) 

  33/45 section(73.3%) 32/45 section (71 %) 12/45 section (26.6%) 8/45(17.7%) 65/20  
P=0.0005* 

Asymmetrical   9 /45 section(20%) 9/45 section (20%) 19/45 section(42.2%) 20/45(44.4%) 18/39 
P=0.0012* 

Branching   4/45 section(6.6%) 4/45 section (8.8. %) 9/45 section( 20%) 11/45(24.4%) 8/20 P=0.022* 

Adapted   0/45 section(0%) 0/45 section(0%) 5/45(11.1%) 6/45 (13.3%) 0/ 11  
p=0.0007* 

Figure 5. The round XXDR-TB cells under AFM  in 
height (5.a) and deflection mode (5.b): they are divid-
ing  into two equal daughter cells . The size of the 
cells is about 0.3µm. 
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twined together whereas, the inner layer has 
been ruptured. This results in V-shape bacteria 
and is referred as a snapping post-fission move-
ment (Figure 2).  In susceptible and MDR-TB 
isolates, The average of cells showing asymmet-
rical type of divisions is 18% in susceptible and 
MDR-TB isolates, and 39% in XDR- and XXDR-TB 
isolates (P=0.0012). Another type of division is 
the “branching” type of cell division is also more 
common in XDR- and XXDR-TB isolates (Figure 
3); sometimes branching resulting in Y-shape, 
oval and multi-branching bacilli (Figures 3 and 
6). Previous study has shown that Mycobacte-
rium tuberculosis grows from the ends of cell 
and not along the length of the cylinder as seen 
in other well-characterized rod-shape bacteria 
[12]. This might be true for susceptible isolates 
but in highly resistant strains we observed 
branches along the cylinder (Figure 3c). Re-
cently Dahl has observed V and Y forms of cells 
at mid-log phase (OD600 1.1) of Mycobacterium 
tuberculosis. He described two features of cell 
division for these shapes; snapping and tran-
sient branching. Later on Thanky et al [12], sug-
gested that the deposition of newly synthesized 
peptidoglycon in mycobacteria is restricted to 
the poles of cell.  In our study, the susceptible 
and MDR-TB isolates follow the same rule 
(Figure 1), but this may not be fully applicable in 
XDR- and XXDR-TB bacilli. Generally, Mycobacte-
rium tuberculosis faces two major challenges 
when dividing; they must maintain their normal 
rod-shape and they need to regulate cell divi-
sion in response to environmental stimuli. In 
XDR- and XXDR-TB bacilli, about 11% has a new 
form of division which we named “adapted type 
of division” (Figure 4). During what appear to be 
an early stage of division, the enlargement of 
electron transparent zone (outer layer) towards 
head region occurred (Figure 4a). Then elon-
gated layer derived from outer electron dense 
(peptidoglycon) and outer plasma membrane 
extended towards moderately dense sub-
stances. This extension folds into tubular shape 
in one side (Figure 4b). Finally, there was forma-
tion of round bodies inside the XDR- and XXDR-
TB bacilli (Figure 4c) that were detached de-
tached from mother cells (Figure 4d). These 
structures are different from buds or polar divi-
sion. Recently, a group of researcher in Sweden 
suggested sporulation as a lifecycle adapted by 
MTB under dormant condition [21]. But other 
studies cast doubt on spore formation by MTB 
[22]. The round shape bacilli very much resem-
bled the spore, although these cells could not 

withstand the temperature above 650C, and 
they also fail to form heat resistant forming 
colonies. Therefore, they were not spore. In ad-
dition, these bacilli increased their number by 
symmetrical type of cell-division. At present we 
have no explanation for these types of cell-
division, and suggest further molecular studies 
to investigate their life-cycle.  
 
Shape and size of various strains of M. tubercu-
losis (Susceptible, MDR and XDR and XXDR-TB 
Bacilli) 
 
Under AFM and TEM, five different types of cell 
shapes were observed. They were rod, round, 
oval, V and Y-shape (Figures 1, 2, 6 and 7). They 
are present in exponential phase of all studied 

isolates. However, their ratio in a population is 
different among strains with various drug sus-
ceptibility. In susceptible and MDR-TB strains, 
rod shapes bacilli were more frequent  (85%), 
whereas in XDR- and XXDR-TB, the round (35%), 
oval (15%) or sometimes even multiple branch-
ing (15%) could be seen. These shape varia-
tions may confirm plemorphism phenomena in 

Figure 6. The Y-shape XDR-TB bacilli under TEM ( 6.a 
& 6.b both are  Y-shape TB bacilli).   

Figure 7. The round shape XXDR-TB bacilli under 
AFM  in height (7.a) and deflection mode (7.b).  
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Mycobacterium tuberculosis. Plemorphism has 
been described in other rod-like actinobacteria 
such as Rhodococcus, Arthobacter, Cornebacte-
rium and Nocardia species [23]. Generally, pleo-
morphic bacteria can and do change shape and 
some display a morphological progression dur-
ing life cycles. These morphological changes 
might accommodate changes in uptake and 
metabolic flux in response to altered environ-
ments. The pleomorphic phenomenon has been 
reported in Mycobacterium smegmatis [24]. 
Even in Mycobacterium tuberculosis it has been 
shown their morphological changes during per-
sistence in lungs as well as starvation in-vitro 
[10]. Recently, the importance of morphology in 
determining the host immune responses was 
highlighted in experiments by Champion and 
Mitragotri [25]. These authors found that 
shapes and not size was the dominant factor in 
determining whether particles were phago-
cytized. In this context Chauhan et al [26], 
showed that TB bacilli elongatesafter being 
phagocytized. Here, we found that the majority 
of XDR- and XXDR-TB is round and small in size. 
These changes may enhance the ability of bacilli 
to escape specific immune responses and to 
better accommodate changes in response to 
altered environment. Taken together, the XDR- 
and XXDR-TB bacilli appear to be morphologi-
cally different from drug-susceptible and MDR-
TB ones. These morphological changes may 
help them escape the immune response and /
or overcome the inhibitory effect of most antibi-
otics. The work presented here may help to im-
prove our understanding of the adaptation and 
life-cycle of resistant bacilli, and help scientists 
to identify targets for novel therapies.  
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