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Abstract
Latent tuberculosis infection is mainly characterized by the 

existence of M. tuberculosis within the nutrient starved environment 
of caseous lung granulomas. Little is known about the survival niche 
of M. tuberculosis and its non-replicating nature which mimics the 
state of latent infection. The presence of 11 serine/threonine protein 
kinases and a similar number of two-component systems signifies 
the importance of the two signal transduction mechanisms in the 
adaptation of this bacterial pathogen to its environment. PknL, a 
serine/threonine kinase is well known for its role in the adaptation 
of M. tuberculosis. In this study we have investigated the role of 
PknL in starvation response by comparing the growth of previously 
constructed knockdown (PknL-AS) and over expressed (PknL-S) 
strains of PknL along with the Wild type strain (H37Rv) in different 
nutrient starved conditions and also monitored the revival ability 
of these strains upon transferring them again into enriched media. 
We have also assessed the intracellular growth and cytokine profile 
of these strains in THP-1 cell line. Irrespective of the medium of 
starvation, we observed a significant decrease in the growth and 
viability of PknL-AS. The intracellular growth of PknL-AS in THP-1 cell 
significantly decreased compared to the other strains. Taken together 
our data conclusively point to the fact that PknL is required for the 
persistence of Mycobacterium tuberculosis in the host. 
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Importance
Latency is associated with a state where the bacilli can neither 

die nor replicate but can only survive inside the granulomas until 
it encounters a favorable condition. This study has employed 
different type of starvation models to show that a serine/
threonine kinase PknL is responsible for both nutrient acquisition 
and also for the reactivation of Mycobacterium tuberculosis after 
starvation. Further we also assessed the intracellular survival 
of the pathogen in THP-1 macrophages and found that PknL is 
essential for the growth of the pathogen. Hence we claim that 
PknL is required for the persistence of Mycobacterium tuberculosis 
inside the host.

Introduction
Almost one-third of the world’s population is affected with 

latent M. tuberculosis infection providing a large reservoir for the 
disease to reactivate and 2-10% of latently infected individuals 
are estimated to reactivate the disease with an increase of >20 
folds in case of HIV co-infection [1]. It is a scenario where the host 
immune system arrests the infection of mycobacteria transmitted 
via respiratory route by forming a granuloma. It is in this 
granuloma, M. tuberculosis is encountered with conditions like 
hypoxia, nutrient starvation, pH change and free radicals which 
in turn induce the mycobacteria to shift to a non-replicative state. 
This state of dormancy in a bacilli are usually characterized by its 
slow in vitro growth, a downshift of metabolic pathways, altered 
staining features, an inability to be cultivated on solid media, 
and resistance to anti-mycobacterial agents. In vitro models 
using conditions of reduced oxygen, nutrient deprivation and 
stationary phase survival have demonstrated that M. tuberculosis 
is able to survive for extended periods in a non-replicating state.

Wayne’s model of oxygen deprivation mimics the ‘dormant’ 
state in vitro [2]. This model is vastly used to identify genes and 
protein induced in M. tuberculosis and M. bovis BCG during oxygen 
limitation [3,4]. Many evidences pertain to the fact that persistent 
bacilli in lung lesions suffer nutrient deprivation. Altered 
colony morphology and staining properties were observed in 
M. tuberculosis isolated from the lung lesions compared with 
bacilli grown in vitro. The growth and acid fast staining property 
of M. tuberculosis were restored when they were transferred to 
nutrient-rich medium in-spite of being starved for almost 2 years 
in distilled water [5]. Another type of nutrient starvation model 
was designed by Loeble, which involves transfer of cultures from 
nutrient-rich medium into Phosphate-Buffered Saline (PBS) 
and the respiration rates were measured using a manometer. A 
gradual shutdown of respiration and growth to minimal levels 
were observed, but the bacilli remained viable and were able 
to recover when returned to rich medium [6]. Modified 7H9 
media lacking phosphate, carbon and nitrogen have also been 
extensively used to study the stringent response of the bacilli and 
also to characterize genes influenced by these nutrients [7-9].

The virulence of M. tuberculosis is generally assessed by 
their intracellular survival within macrophages or using suitable 
animal model. Various studies in the past have demonstrated 
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the rapid growth of virulent strains compared to it’s a virulent 
counterpart [10]. The recognition of M. tuberculosis by 
macrophages leads to cellular activation and rapid production 
of pro-and anti-inflammatory cytokines. The successful outcome 
of mycobacterial infections depends upon the cytokine networks 
established and maintained by macrophages.

We have previously generated mutant strains of PknL by 
antisense strategy in an IPTG inducible system and have also 
reported that this gene is involved in the adaptive response of 
Mycobacterium tuberculosis [11]. In this study, we have used 
the same constructs to determine its role in starvation survival 
response of the pathogen along with the wild type H37Rv. For 
this we developed different models of starvation which include 
Complete Nutrient Starvation (CNS), Carbon Starvation (CS), 
Phosphate Starvation (PS) and Nitrogen Starvation (NS) for 
evaluating the growth and survival of PknL-S, PknL-AS along 
with Wild type (H37Rv) strains. The viability of all the strains 
were assessed by transferring these nutrient deprived and non-
replicating strains to nutrient rich medium at various time points. 
Intracellular viability of these strains were also determined by 
infecting them in macrophages and determining the survival rate. 
We have also explored the expression pattern of cytokines such 
as IL-6 and IL-12p40 among these strains.

Materials and Methods
Bacterial strains and Culture conditions

All the strains Wild type H37Rv, PknL-S and PknL-AS were 
grown in 7H9 (Middlebrooks) medium supplemented with 10% 
ADS (Albumin Dextrose Saline) and 0.05% Tween80. Hygromycin 
(50 mg/ml) and IPTG (10mM) was added when required. 1XPBS 
was used for Complete Nutrient Starvation (CNS). Middlebrooks 
7H9 supplemented with dextrose free ADS and 0.025% of 
Tylaxopol lacking glycerol was used as Carbon Starvation (CS) 
model [12]. For Phosphate Starvation (PS), modified 7H9 medium 
(Sodium Citrate, pyridoxine, biotin, ferric ammonium citrate, 
magnesium sulfate, calcium chloride, zinc sulfate and copper 
sulfate) lacking phosphate buffering components was prepared 
and the pH was adjusted to 6.6 with MOPS [7]. In case of Nitrogen 
Starvation (NS) modified 7H9 medium was supplemented with 
either glutamic acid (NSG) or ammonium sulfate (NSA) as the 
nitrogen source. In addition to these starvation models, Middle 
brooks 7H9 media supplemented with Methionine Sulfoximine 
(MetSox), a potent glutamine inhibitor was also used as one of 
the nitrogen starvation model (NSMetSox). 

In-vitro growth and survival determinations in completely 
starved (CNS) medium

All the strains Wild type, PknL-S and PknL-AS were initially 
grown in Middlebrooks 7H9 broth supplemented with 0.5 % 
glycerol, 0.05 % Tween 80, and 10 % albumin, dextrose along 
with 50µg/ml of Hygromycin and 10mM IPTG for induction. The 
log phase cultures were washed twice with 1XPBS (CNS) and 
diluted to an OD600 of 0.2 with the same along with 50µg/ml of 
hygromycin and 10mM IPTG. Diluted cultures were then grown 
in the shaker incubator at 200 rpm and at 37°C. Aliquots of the 

cultures were withdrawn at regular intervals on day 0, 2, 5, 7, 
10, 14 and 21 and the growth was monitored by measuring the 
culture OD at 600nm using SpectraMax 250 microplate reader 
(Molecular Devices). Simultaneously, the survival or viability of 
all the strains were analyzed by plating serially diluted cultures 
from the starved medium on the 7H10-ADS enriched plates at 
every time point. CFU measurements were made after incubation 
of the plates at 37°C for 4-5 weeks. 

In-vitro growth and survival determinations in 
Phosphate (PS) & Carbon (CS) starved medium

All the strains Wild type, PknL-S and PknL-AS were initially 
grown in Middle brooks 7H9 broth supplemented with 0.5 % 
glycerol, 0.05 % Tween 80, and 10 % albumin, dextrose along 
with 50 µg/ml of Hygromycin and 10mM IPTG for induction. The 
log phase cultures were washed twice with either Phosphate 
Starved (PS) or carbon deprived (CS) medium and diluted to an 
OD600 of 0.2 with the respective medium along with 50µg/ml of 
hygromycin and 10mM IPTG. Diluted cultures were then grown 
in the shaker incubator at 200 rpm and at 37°C. Aliquots of the 
cultures were withdrawn at regular intervals on day 0, 2, 5, 7, 
10, 14 and 21 and the growth was monitored by measuring the 
culture OD at 600nm using SpectraMax 250 microplate reader 
(Molecular Devices). Simultaneously, the survival or viability of 
all the strains were analyzed by plating serially diluted cultures 
from the respective starved medium on the 7H10-ADS enriched 
plates at every time point. CFU measurements were made after 
incubation of the plates at 37°C for 4-5 weeks.

In-vitro growth and survival determinations in 
different sources of Nitrogen starved medium

All the strains Wild type, PknL-S and PknL-AS were initially 
grown in Middlebrooks 7H9 broth supplemented with 0.5 % 
glycerol, 0.05 % Tween 80, and 10 % albumin, dextrose along 
with 50 µg/ml of Hygromycin and 10mM IPTG for induction. The 
log phase cultures were washed twice with respective nitrogen 
deficient medium NSG and NSA and diluted to an OD600 of 0.2 with 
same medium along with 50µg/ml of hygromycin and 10mM 
IPTG. Diluted cultures were then grown in the shaker incubator 
at 200 rpm and at 37°C. Aliquots of the cultures were withdrawn 
at regular intervals on day 0, 2, 5, 7, 10, 14 and 21 and the 
growth was monitored by measuring the culture OD at 600nm 
using SpectraMax 250 microplate reader (Molecular Devices). 
Simultaneously, the survival or viability of all the strains were 
analyzed by plating serially diluted cultures from the starved 
medium on the 7H10-ADS enriched plates at every time point. 
CFU measurements were made after incubation of the plates at 
37°C for 4-5 weeks. 

In-vitro growth and survival determinations in 
Nitrogen starved medium by inhibiting Glutamine 
Synthetase (GS)

All the strains Wild type, PknL-S and PknL-AS were grown 
in enriched Middle brooks 7H9 broth supplemented with 0.5 % 
glycerol, 0.05 % Tween 80, and 10 % albumin, dextrose along with 
50 µg/ml of Hygromycin until log phase (OD600 0.4 -0.5). 10mM 
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IPTG was used as inducer. At this stage 200µM of L-Methionine 
Sulfoximine (MetSox) was added to these cultures [13]. This was 
considered as day 0 time point. Aliquots of the cultures were 
withdrawn and the growth was measured and simultaneously 
the serially diluted cultures were placed on 7H10-ADS plates and 
in 7H10-ADS-MetSox plates. The cultures were then grown in the 
shaker incubator at 200 rpm and at 37°C. Aliquots of the cultures 
were withdrawn at regular intervals on consecutive days 2, 5, 7, 
10, 14 and 21 and the growth was monitored by measuring the 
culture OD at 600nm using Spectra Max 250 microplate reader 
(Molecular Devices). The viability of all the strains were checked 
by plating serially diluted cultures from the starved medium on 
the 7H10-ADS and 7H10-ADS-MetSox plates at every time point. 
CFU measurements were enumerated after incubation of the 
plates at 37°C for 4-5 weeks.

Intracellular viability of PknL-AS, PknL-S and Wildtype 
strains in THP-1 macrophage

Intracellular viability of the Wild type and the mutant strains 
were determined using macrophage infection studies. THP-1 
cells (National center for cell sciences, Pune, India) were grown 
in RPMI -1640 (Gibco, Invitrogen) supplemented with 10% fetal 
bovine serum (FBS) and antimicrobials and anti-mycotic agents 
(Gibco, Invitrogen). THP-1 cells were differentiated with 50 nM 
phorbol 12-myristate13-acetate for 72 hours and allowed to 
recover for 24 hours prior to infection. Macrophages were then 
infected in triplicates with PknL-AS, PknL-S and Wild type strain 
at an MOI of 1:10 and three wells of uninfected control was also 
included in each time point of the experiment. IPTG was added in 
0mM, 1mM and 10mM for induction. Phagocytosis was allowed 
to take place for 4 hrs. After which mono layers were washed 
with RPMI to remove non-phagocytosed or non-adherent bacilli. 
The infected macrophages were then incubated with fresh RPMI-
1640 supplemented with 10% FBS at 37°C in the presence of 
5% CO2. Intracellular bacilli were recovered by lysing infected 

macrophages and monocytes with 1% ice cold trypsin on day 
0 (after 4hrs of infection) and 1, 3, 5& 7 days post infection. 
Bacterial load was then estimated by plating serial dilutions of 
the lysates onto Middle brooks 7H10 plates with 10% OADC and 
supplemented with 0mM, 1mM and 10mM concentration of IPTG. 
The viable counts were determined after 4-6 weeks of incubation 
at 37°C. Simultaneously, the cell free culture supernatants were 
collected and stored at -80°C for cytokine analysis.

Cytokine analysis by ELISA

Cell-free culture supernatants collected from the infected cell 
lines (THP-1 macrophage) with the Wild type and mutant strains 
at different time points were analyzed for the levels of IL-6 and 
IL-12p40 cytokines by sandwich ELISA using BP optEIA ELISA kit 
(BD pharmingen, USA) as per manufacturer’s protocol. 

Statistical Analysis

Two-way ANOVA with repeated measures using Bonferroni 
post-test was done for all the experiments including growth and 
survival kinetics, intracellular growth and cytokine analysis. 
GraphPad Prism 5.0 Software was used for all the tests and 
p-value <0.05 were considered significant.

Results
In vitro growth kinetics and survival pattern in 
completely starved medium

To determine the effect of antisense inhibition of PknL on 
rate of growth and viability of the strains in the absence of all 
nutrients, the growth profile of Wild type, PknL-S and PknL-AS 
were compared by monitoring the OD600 in starved media (CNS) 
and the viability of the strains were assessed by comparing 
the Colony Forming Units (CFU) in nutrient rich 7H10 agar 
supplemented with OADC at 0, 2,5,7,10,14 and 21 days. There was 
a clear lysis observed in all the three strains in CNS media (Figure 
1 a). After day 10 there was a slight increase in growth in case 

Figure 1: In vitro growth and survival kinetics in completely starved medium (CNS)
Growth and viability of the strains Wild type, PknL-S and PknL-AS in CNS media were monitored by measuring the OD600 and CFU obtained from serial 
dilutions from enriched 7H10 Agar plates with 10mM IPTG on 0,2,5,7,10,14 & 21 days. The data is representative of three independent experiments. 
Error bars represent the standard error of the means. The graph represents the 
a) OD600 plotted against the respective time points in CNS media and 
b) Log10 (CFU/ml) of the strains grown in enriched 7H10 agar plates. 
There was a significant decrease (p< 0.05 to p<0.001) in the viability of PknL-AS from day 10 onwards compared to PknL-S and wild type.
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of Wild type and PknL-S whereas PknL-AS was unable to grow 
in the absence of nutrients. The viability of the strains exhibit 
the in vivo phenomenon in reactivation of the Mycobacteria 
when it encounters a favorable environment (nutrient rich). 
The reactivating capacity of the strains also exhibited a similar 
pattern wherein all the strains were able to revive its growth in 
nutrient rich medium except PknL-AS which was unable to revive 
its growth after day 10 and the difference was significant (p<0.05 
to p<0.001). There was no colony growth observed on agar plates 
for PknL-AS on day 21, hence for calculation purpose the colony 
growth was considered as 1 (Figure 1b).

In vitro growth kinetics and survival pattern in phosphate 
depleted medium

To determine the effect of antisense inhibition of PknL 

on rate of growth and viability of the strains in the absence of 
phosphate, the growth profile of Wild type, PknL-S and PknL- AS 
was compared by monitoring the OD600 in PS and the viability 
of the strains were assessed by comparing the CFU in nutrient 
rich 7H10 agar supplemented with OADC at 0, 2,5,7,10,14 and 
21 days. In the absence of phosphate all the strains showed a 
sustained growth until day 5 followed by a steep decline on day 
7 and again an increase in growth was noticed for all the three 
strains. Compared with Wild type and PknL-AS, PknL-S showed 
a significant increase (p<0.05) in growth after day 10 (Figure 
2a). The reactivation ability of all the strains in the presence of 
nutrient rich 7H10 Agar were viable until day 5, but PknL-AS 
showed a significant decrease (p<0.01 to p<0.001) compared to  
PknL-S and Wild type on day 10 & 21 (Figure 2b).

Figure 2: In vitro growth and survival kinetics in Phosphate starved medium (PS)
Growth and viability of the strains Wild type, PknL-S and PknL-AS in PS media were monitored by measuring the OD600 and CFU obtained from serial 
dilutions from enriched 7H10 Agar plates with 10mM IPTG on 0,2,5,7,10,14 & 21 days. The data is representative of three independent experiments. 
Error bars represent the standard error of the means. The graph represents the 
a) OD600 plotted against the respective time points in PS media and 
b) Log10 (CFU/ml) of the strains grown in enriched 7H10 agar plates. 
There was a significant increase (p<0.05) in the growth of PknL-S compared to Wild type and PknL-AS day 21. The viability of PknL-AS in nutrient rich 
7H10 solid medium showed a significant decrease (p<0.01 to p<0.001) compared to PknL-S and Wild type on day 10 & 21. 

In vitro growth kinetics and survival pattern in carbon 
starved medium

In order to assess the growth and viability of the strains in 
the absence of carbon, the growth profile of Wild type, PknL-S 
and PknL- AS was compared by monitoring the OD600 in carbon 
starved media (CS) and the viability of the strains were assessed 
by comparing the CFU in nutrient rich 7H10 agar supplemented 
with OADC at 0, 2,5,7,10,14 and 21 days. All the strains were able 
to grow in the absence of carbon, but growth of PknL-AS was a 
little retarded when compared to Wild type and PknL-S (Figure 
3a). Although, the retarded growth of PknL-AS was not significant, 
it did have an effect on the viability of the strain, as PknL-AS was 
not able to revive back its growth rate as Wild type and PknL-S 
and significantly (P<0.05) lagged behind in reactivation (Figure 
3b). 

In vitro growth kinetics and survival pattern in Nitrogen 
starved medium (NSA)

In order to assess the growth and viability of the strains in 
the presence of Ammonia as the sole nitrogen source, the growth 
profile of Wild type, PknL-S and PknL- AS was compared by 
monitoring the OD600 in modified 7H9 medium, containing only 
an inorganic source of nitrogen i.e. Ammonium Sulfate (NSA) and 
the viability of the strains were assessed by comparing the CFU 
obtained after transferring the serially diluted cultures of starved 
medium in nutrient rich 7H10 agar supplemented with OADC 
at 0,2,5,7,10,14 and 21 days. All the strains showed a similar 
growth profile in the presence of Ammonium sulfate, but PknL-
AS showed a slightly enhanced (not significant) growth after day 
10 compared to Wild type and PknL-S (Figure 4a). Similarly, the 
viability of the strains was also very similar, as all the strains Wild 
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Figure 3: In vitro growth and survival kinetics in Carbon starved medium (CS)
Growth and viability of the strains Wild type, PknL-S and PknL-AS in CS media were monitored by measuring the OD600 and CFU obtained from serial 
dilutions from enriched 7H10 Agar plates with 10mM IPTG on 0,2,5,7,10,14 & 21 days. The data is representative of three independent experiments. 
Error bars represent the standard error of the means. The graph represents the 
a) OD600 plotted against the respective time points in CS media and 
b) Log10 (CFU/ml) of the strains grown in enriched 7H10 agar plates. 
There was no significant difference between the strains in growth but the  viability of  PknL-AS in nutrient rich 7H10  solid medium showed a signifi-
cant decrease (p<0.01 to p<0.001) compared to PknL-S and  Wild type on day 14 & 21.

Figure 4: In vitro growth and survival kinetics in Nitrogen starved medium supplemented with ammonia (NSA)
Growth and viability of the strains Wild type, PknL-S and PknL-AS in NSA media were monitored by measuring the OD600 and CFU obtained from serial 
dilutions from enriched 7H10 Agar plates with 10mM IPTG on 0,2,5,7,10,14 & 21 days. The data is representative of three independent experiments. 
Error bars represent the standard error of the means. The graph represents the 
a) OD600 plotted against the respective time points in NSA media and 
b) Log10 (CFU/ml) of the strains grown in enriched 7H10 agar plates. 
There was no significant difference between the growth in starvation medium and viability of the strains in nutrient rich 7H10 solid medium. 

type, PknL-S and PknL-AS were able to revive its growth following 
starvation. When closely observed, the survival pattern of Wild 
type and PknL-AS were same whereas PknL-S seemed slightly 
retarded in growth which was not significant (Figure 4b).

In vitro growth kinetics and survival pattern in 
Nitrogen starved medium (NSG)

In order to assess the growth and viability of the strains in the 
presence of glutamic acid as the sole nitrogen source, the growth 
profile of Wild type, PknL-S and PknL- AS was compared by 

monitoring the OD600 in modified 7H9 medium, containing only 
an organic source of nitrogen (NSG) and the viability of the strains 
were assessed by comparing the CFU obtained after transferring 
the serially diluted cultures of starved medium in nutrient rich 
7H10 agar supplemented with OADC at 0,2,5,7,10,14 and 21 days. 
Here again, all the strains showed a similar growth profile in the 
presence of glutamic acid, but PknL-S showed a slightly enhanced 
(not significant) growth after day 5 compared to Wild type and 
PknL-AS (Figure 5a). This observation is quite controversial 
to the one seen in 7H9NSA. The viability of the strains PknL-S 
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Figure 5: In vitro growth and survival kinetics in Nitrogen starved medium supplemented with glutamic acid (NSG)
Growth and viability of the strains Wild type, PknL-S and PknL-AS in NSG media were monitored by measuring the OD600 and CFU obtained from serial 
dilutions from enriched 7H10 Agar plates with 10mM IPTG on 0,2,5,7,10,14 & 21 days. The data is representative of three independent experiments. 
Error bars represent the standard error of the means. The graph represents the 
a) OD600 plotted against the respective time points in NSG media and 
b) Log10 (CFU/ml) of the strains grown in enriched 7H10 agar plates. 
There was no significant difference between the strains in growth but the  viability of  PknL-AS in nutrient rich 7H10  solid medium showed a signifi-
cant decrease (p<0.05 to p<0.001) compared to PknL-S and  Wild type from day 10 onwards.

showed an increased survival capacity followed by Wild type 
and then PknL-AS. There was a significant (p<0.01) difference 
observed between the viability of PknL-S and PknL-AS on day 14 
& 21 (Figure 5b). 

In vitro growth kinetics and survival pattern in 7H9 
inhibited with glutamine inhibitor L-Methionine 
Sulfoximine (NSMSX)

To decipher the growth and viability of the strains in the 
presence of a Glutamine inhibitor, L-Methionine Sulfoximine 

(MetSox), the growth profile of Wild type, PknL-S and PknL-
AS was compared by monitoring the OD600 in 7H9 medium 
containing 200uM of MetSox (NSMSX) and the viability of the 
strains were assessed by comparing the CFU in nutrient rich 
7H10 agar supplemented with OADC at 0, 2,5,7,10,14 and 21 
days. A comparative reduction in the growth of PknL-S to Wild 
type and PknL-AS was observed. It was also interesting to note 
that PknL-AS though did not show any significant difference, 
was able to survive in the nitrogen starved medium induced by 
the addition of MetSox comparatively better than the other two 

Figure 6: In vitro growth and survival kinetics in 7H9 medium with MSX (NSMSX)
Growth and viability of the strains Wild type, PknL-S and PknL-AS in NSMSX media were monitored by measuring the OD600 and CFU obtained from 
serial dilutions from enriched 7H10 Agar plates with 10mM IPTG on 0,2,5,7,10,14 & 21 days. The data is representative of three independent experi-
ments. Error bars represent the standard error of the means. The graph represents the 
a) OD600 plotted against the respective time points in NSMSX media and 
b) Log10 (CFU/ml) of the strains grown in enriched 7H10 agar plates. 
There was no significant difference between the strains in growth but the viability of PknL-S in nutrient rich 7H10 solid medium showed a significant 
increase (p<0.01 to p<0.001) compared to PknL-AS and (p<0.05) compared to Wild type from day 10 onwards. 
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strains (Figure 6a). However, the viability of strains depicted a 
different scenario. Although PknL-AS survived better in starved 
conditions, the viability of PknL-AS in nutrient rich 7H10 agar 
was not able to match the survival pattern of PknL-S which was 
much enhanced than the other two strains (Figure 6b). But, the 
CFU performed on 7H10 Agar with MetSox, completely inhibited 

the growth of PknL-S from day 7, followed by Wild type and then 
PknL-AS until day 14. Since there were no colonies observed in 
PknL-S, after day 7, and for Wild type on day 10 onwards, the 
graph was done by assuming the colony count as 1 for PknL-S and 
Wild type for the respective time points. There were no colonies 
observed for PknL-AS after day 14, the graph is shown only up to 
day 14 instead of day 21 (Figure 7). 

Figure 7: In vitro survival kinetics in 7H10 Agar with MSX (7H10MSX)
Viability of the strains Wild type, PknL-S and PknL-AS were enumerated with CFU obtained from serial dilutions from enriched 7H10 Agar plates with 
MSX and 10mM IPTG on 0,2,5,7,10 &14 days. The data is representative of three independent experiments. Error bars represent the standard error 
of the means. The graph represents the Log10 (CFU/ml) of the strains grown in enriched 7H10MSX agar plates. There was a significant difference 
(p<0.01 to p<0.001) observed between the viability of PknL-AS and the other two strains from day 10 onwards.

Assessment of intracellular growth in infected THP-1 
macrophages

To determine whether the inhibition of PknL has any effect on 
the intracellular growth of the strains in THP-1 macrophages, the 
growth of all the strains PknL-AS, PknL-S along with the wild type 
strain were assessed by comparing the CFU in 7H10 Agar plates 
with 10% OADC and supplemented with different concentrations 
of IPTG (0-10mM) on days 0,1,3,5 & 7. The intracellular growth 
of all the strains were similar in the absence of the inducer (0mM 
IPTG), but the growth of PknL-AS decreased considerably in the 
presence of 1mM and 10mM IPTG concentration. The decrease 
in the viability of PknL-AS was much more significant (p<0.001) 
on days 3 and 7 in the presence of 10mM IPTG compared to Wild 
type and PknL-S which signifies the fact that loss of PknL has led 
to reduction in the intracellular survival of the strain (Figure 8).

Kinetics of IL-6 cytokine expression in differentiated 
THP-1 cells

All the strains showed a significant increase in the expression 
of IL-6 starting at 4 and 24hrs post infection than the uninfected 
control at all concentration of IPTG. Although a slight increase in 
the level of IL-6 expression was observed on days 3, 5 & 7 in the 
absence of the inducer (0mM IPTG), it was still significantly less 
than the expression induced by Wild type, PknL-S and PknL-AS. 
We did not observe any significant difference in the expression 
level of IL-6 induced by these strains. The expression levels of 
IL-6 was at the highest on day 1 and considerably reduced in the 
following days irrespective of the nature of the infected strain 
(Figure 9). 

Kinetics of IL-12p40 cytokine expression in 
differentiated THP-1 cells

The expression of IL-12p40 was observed in all the strains 
including the uninfected control irrespective of the presence 
or absence of the inducer. However, we observed a significant 
increase in the cytokine levels induced in THP-1 induced by PknL-
AS at 10mM IPTG concentration compared to PknL-S on day 3 and 
day 7. Similar to IL-6, the expression level of IL-12p40 was also at 
the highest on day 1 and showed a subsequent reduction in the 
following days (Figure 10). 

Discussion
There exists a controversy regarding the location of M. 

tuberculosis in the absence of clinical disease leading to 
persistence and it is believed that the viable bacilli reside within 
fibrotic granulomatous lesions in the lungs which are maintained 
in a dormant state through conditions such as low oxygen tension 
and nutrient limitation. Hence many in vitro models and studies 
using conditions of reduced oxygen, nutrient deprivation and 
stationary phase survival have demonstrated that M. tuberculosis 
is able to survive for extended periods in a non-replicating state. 

Serine/threonine kinases are generally involved in detecting 
and responding to the immediate changes in the environment 
through phosphorylation/dephosphorylation activity and we 
have already reported the role of PknL in the adaptive response 
of M. tuberculosis under the influence of environmental stress 
[11]. We extended our study in investigating the role of PknL 
in starvation survival response which may contribute to the 
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Figure 8: Intracellular growth rate in differentiated THP-1 macrophages
To visualize the viability of the intracellular bacteria PMA - differentiated THP-1 cells (1X106) were infected with Wild type, PknL-S and PknL-AS along 
with different concentrations of IPTG. Surviving intracellular bacteria were enumerated with CFU obtained from serial dilutions from cell lysates col-
lected post infection at different time points. The graph represents the log10 (CFU/ml) of the strains at 
a) 0 mM IPTG, 
b) 1 mM IPTG and 
c) 10 mM IPTG on 0,1,3,5 & 7 days post infection. 
The data is representative of three independent experiments. Error bars represent the standard error of the means. There was a significant difference 
(p<0.01 to p<0.001) observed between the viability of PknL-AS and the other two strains on day 3 and 7 in the presence of 10 mM IPTG.

Figure 9: Kinetics of IL-6 production following infection
Level of IL-6 expression was quantified by ELISA from the supernatants collected from THP-1 cells infected with Wild type, PknL-S and PknL-AS at 
different time points following infection. The graph represents the cytokine level (pg/ml) induced by these strains at 
a) 0 mM IPTG, 
b) 1 mM IPTG and 
c) 10 mM IPTG on 0,1,3,5 & 7 days post infection. 
The data is representative of three independent experiments. Error bars represent the standard error of the means. There was no significant differ-
ence in the cytokine level induced by these strains.

persistence of the mycobacteria inside the host. We have 
employed different starvation models which probably mimics 
the in vivo starvation conditions to elucidate the growth and 
survival kinetics of the PknL knockdown strain (PknL-AS), an 
over-expressed strain (PknL-S) and Wild type (H37Rv) which 
were previously generated. All the strains were initially grown in 
enriched 7H9 media supplemented with tween and ADS before 
transferring them to the respective starvation mediums and the 
growth was monitored by measuring the OD at 600nm. After 

starvation, the strains were again transferred to enriched 7H10 
solid media and CFUs were enumerated to decipher their viability 
and reactivating capacity. All the strains Wild type, PknL-S and 
PknL-AS showed a reduction in their growth under Complete 
Nutrient Starvation (CNS media). But, the reactivation capacity 
of the Wild type and PknL-S was restored when transferred to 
nutrient rich Agar and a significant decrease in the viability of 
PknL-AS was observed. 
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Figure 10: Kinetics of IL-12p40 production following infection
Level of IL-12p40 expression was quantified by ELISA from the supernatants collected from THP-1 cells infected with Wild type, PknL-S and PknL-AS 
at different time points following infection. The graph represents the cytokine level (pg/ml) induced by these strains at 
a) 0 mM IPTG, 
b) 1 mM IPTG and 
c) 10 mM IPTG on 0,1,3,5 & 7 days post infection. 
The data is representative of three independent experiments. Error bars represent the standard error of the means. There was a significant increase 
in the level of cytokine induced by PknL-AS compared to PknL-S and Wild type on day 3 and 7 in the presence of 10mM IPTG.

Intraphagosomal M. tuberculosis may encounter inorganic 
phosphate (Pi) depletion in addition to reactive oxygen and 
nitrogen intermediates and acid shock [14]. The Phosphate 
(pho) regulon, responsible for Pi management in bacteria is 
expressed during Pi starvation in E. coli and B. subtilis following 
a phospho- relay events between the sensor histidine kinase and 
response regulator pair of a 2-component regulatory system. 
This regulatory system is negatively regulated under high Pi 
conditions by the repressor PhoU [15]. Pi starvation is shown to 
induce the stringent response in E. coli, leading to RelA-mediated 
synthesis of the alarm one hyperphosphorylated guanosine, 
abbreviated (p) ppGpp [16]. The synthesis of (p) ppGpp in M. 
smegmatis and MTB is regulated by polyP via the mprA-SigE-relA 
pathway through transcriptional control of relA [17]. Pi starvation 
induced marked changes in bacillary morphology and acid-fast 
staining properties in MTB and the expression of SenX3-RegX3 
was induced in Pi limiting conditions [7,18]. The growth of all 
the strains Wild type, PknL-S and PknL-AS in phosphate depleted 
(PS) media was almost similar until day 5 and plummeted down 
below 0.2 OD600 on day 7.  After which, PknL-S showed a steep 
increase in growth compared to PknL-AS and Wild type. Similarly, 
the viability of PknL-S showed a better response followed by Wild 
type in nutrient rich 7H10 Agar. Here again, we observed that 
PknL-AS was not able to match the reactivation pattern of Wild 
type and PknL-S.

Carbon plays a prominent role in the adaptation of M. 
tuberculosis. Many evidences exist to indicate that MTB strains 
which lack the components involved in the central carbon 
metabolism such as pyruvate dehydrogenase complex, glyoxylate 
shunt, or the gluconeogenic enzyme phosphoenolpyruvate 
carboxykinase were found to be attenuated and failed to replicate 
during the chronic phase of infection in a mouse model of 

pulmonary TB [19-22]. These studies reveal that M. tuberculosis 
has the capacity to derive carbon source from carbohydrates and 
lipids. However, the corresponding uptake protein for both the 
carbon sources inside the human host remains unknown for M. 
tuberculosis. The existing knowledge of carbon metabolism was 
derived from E. coli, which supports the fact that most bacteria 
consume each carbon source in a sequential order based on the 
rate at which it supports growth [23]. This phenomenon of diauxic 
growth is mediated by Carbon Catabolite Repression (CCR) [24]. 
Information based on the evidences pertaining to the growth 
of M. tuberculosis in different carbon sources has established a 
fact that MTB grows fastest in glycerol, followed by dextrose and 
acetate [21,25,26]. In this study, we assessed the growth of all 
the strains in the complete carbon depletion lacking all three key 
ingredients of carbon i.e. dextrose, glycerol and acetate. There was 
no significant difference between the growth profile of Wild type, 
PknL-S and PknL-AS in CS media. This observation might imply 
that PknL does not have a role in carbon starvation conditions. 
Tylaxopol was used instead of Tween 80 in the medium as it 
might compensate for the carbon deficiency as de-esterification 
of Tween 80 furnishes MTB with oleic acid serving as a carbon 
source [27]. These starved Mycobacterial strains were assessed 
for their viability by performing CFU in nutrient rich 7H10 Agar. 
PknL-S showed a better survival capacity compared to Wild type 
and PknL-AS and the viability of PknL-S was significantly higher 
compared to PknL-AS. Although, the experimental setup was not 
conducive enough to draw any conclusive role for PknL in carbon 
acquisition, the reactivation capacity of PknL-S was definitely 
better that Wild type and PknL-AS indicating the role of PknL in 
nutrient acquisition. 

M. tuberculosis is a prototrophic bacterium which can 
assimilate inorganic compounds preferentially Ammonium as 
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nitrogen sources for the synthesis of all of its nitrogen-containing 
constituents [28]. Ammonium is mainly transported into the cell 
by the Amt gene, located in an operon with GlnD and PII-encoding 
GlnK gene suggesting the involvement of all the three in the 
same process [29]. The function of this putative transporter, its 
virulence and physiology still remains to be determined although 
expression of Amt is found to be increased during nitrogen 
limitation [8].

Amino acids (organic source) also serve as the best organic 
source of nitrogen and have been recognized to support the 
in vitro growth of M. tuberculosis, especially glutamate and 
aspargine [30]. In order to be absorbed as a nitrogen source, 
amino acids undergo de-amination reactions leading to the 
release of ammonium [31,32]. Aspartate, glutamate, asparagine 
and glutamine are shown to be the most efficient in supporting 
M. tuberculosis growth in vitro and in acidic conditions when they 
are provided as sole nitrogen sources [33].

In order to assess the growth and viability of the strains, we 
initially grew the strains in normal 7H9 enriched media and then 
transferred to nitrogen starved media which consisted of all the 
composition of 7H9 media except for Ammonium Sulfate and 
L-glutamic acid and by replacing Ferric ammonium citrate with 
Ferric citrate. The initial OD600 was kept at 0.2, as done for other 
starvation experiments but all the strains failed to grow following 
its transfer to nitrogen starved media and by day 21, the OD600 
was reduced to 0.04 which is very minimal (data not shown). 
All the strains were not able to revive and lost its viability even 
after it was transferred back to 7H10 nutrient rich Agar, due 
to which, the viability count following the nitrogen starvation 
became impossible. Hence, we performed another experiment 
by supplementing either Ammonium sulfate or L-glutamic acid 
as the sole nitrogen source and also to identify the preferential 
source of nitrogen acquisition of PknL. Here we observed that all 
the strains Wild type, PknL-S and PknL-AS were able to grow in 
either of the medium containing Ammonium sulfate or L-glutamic 
acid as the sole source of nitrogen. 

This phenomenon indicates that M. tuberculosis has the 
capacity to exploit both ammonia (inorganic compound) 
and glutamine (organic compound) as nitrogen sources. By 
comparing the growth of Wild type, PknL-S and PknL-AS in 
presence of different nitrogen sources, it was observed that 
PknL-AS grew better in presence of ammonium sulfate and 
PknL-S grew better in the presence of L-glutamic acid. But a close 
observation shows that PknL-AS retained its growth between 0.5 
to 0.8 OD600 approximately in both the medium, whereas PknL-S 
grew well reaching up to approximately 1 OD600 in the presence 
of L-glutamic acid. Although there was no significant difference 
in the growth between both the strains, the fact that PknL 
prefers glutamine over ammonia cannot be neglected. The same 
phenomenon was observed in PknL over expressed strain in M. 
smegmatis [34]. The presence of GlnD-Uridylyl transferase motif 
on the C-terminal of the gene could also contribute to the choice 
of nitrogen acquisition. 

Another method of nitrogen starvation is inhibiting the activity 
of Glutamine Synthetase (GS) essential for nitrogen metabolism. 
L-methionine sulfoximine (MetSox) is a potent inhibitor of GS 
[35]. MetSox is phosphorylated by GS in the presence of ATP, 
which irreversibly binds to the active site preventing the entry of 
glutamate for nitrogen acquisition of bacteria. MetSox by itself is 
shown to prevent the growth of several Mycobacterial species and 
is capacitated to inhibit all the four GS present in M. tuberculosis 
[36, 37]. 

Since M. tuberculosis strains were not able to grow in media 
without any of the nitrogen sources, all the strains were allowed 
to grow in 7H9 enriched media until log phase to an OD600 of ~0.5 
to which 200 µM of MetSox was added. As expected the growth 
of the strains were observed to decrease following the addition 
of MetSox. But the strains were able to revive its growth when 
transferred to enriched 7H10 Agar. In order to confirm that the 
reduction in growth was mainly due to addition of MetSox, the 
viability count was performed on both 7H10 enriched agar plates 
with and without 200 µM of MetSox. It was observed that PknL-S 
which showed a much decrease in growth in the presence of 
MetSox, but grew well in enriched media. At the same time PknL-
AS which showed a comparatively better survival in presence 
of MetSox showed a comparatively lesser viability pattern in 
enriched 7H10 media which is more intriguing. However, all the 
strains were unable to grow in 7H10 plates containing MetSox 
as there was no growth observed for PknL-S after day 7, but 
there were 1 to 2 colonies observed for PknL-AS till day 14. Wild 
type strain showed growth until day 10. Hence the CFUs were 
enumerated only until and day 14. 

Irrespective of the mode of starvation, we observed that 
the growth of PknL-AS decreased when compared to PknL-S 
and Wild type. Similarly, the viability of PknL-AS was much less 
comparatively even upon transferring the strains to enriched 
media. Taken together these observations clearly indicate the 
importance of nitrogen for the growth of M. tuberculosis and it 
has the capacity to obtain nitrogen from either of the source. 
These results, albeit inconclusive point towards the role of PknL 
in nutrient acquisition.

Macrophages are routinely used to study the virulence of 
mycobacterial strains as the ability to grow inside macrophages 
indicates its virulence trait. We infected THP-1 differentiated 
macrophages with all these strains to observe their ability to 
survive inside macrophages. We observed that the growth of 
the knockdown strain PknL-AS was considerably reduced when 
compared to Wild type and PknL-S in the presence of both 
1mM and 10mM concentration of IPTG indicating its impaired 
replication and persistence within the macrophages. This further 
supports the fact that PknL is required for the persistence of the 
pathogen inside the host.

Cytokine milieu secreted by macrophages are very important 
in orchestrating the immune response against M. tuberculosis. 
Subsequent to the intracellular growth rate we also investigated 
the expression of cytokines stimulated by these three different 
strains in THP-1 cell line.
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M.tb generally exploits IL-6 induction to interfere with host 
signaling pathways activated by IFN-γ for its survival. It exploits 
IL 6 induction as one of the mechanisms to inhibit IFN-γ [38]. 
The kinetics of IL-6 secretion by these strains showed a very high 
level of expression on 1st day of infection followed by a significant 
reduction in subsequent days. Almost all the strains showed a 
similar trend in the secretion of IL-6 and there was no difference 
in the cytokine expression induced by these strains at any time 
point.

The significantly high level of IL-12p40 expression was 
observed in THP-1 cells infected with PknL-AS when compared 
to PknL-S and Wild type. The high level of IL-12 induction is 
generally associated with loss in infectivity or lack of virulence 
of the infecting strain according to an earlier report which 
substantiates the fact that THP-1 macrophages infected with 
M. tuberculosis and M. bovis showed a similar reduction in 
the percentage of IL-12-producing cells when compared with 
attenuated BCG strain [39]. The low levels of IL-12p40 induction 
are associated with differential mode of infection strategy by 
strains for the establishment in the host environment. This 
speculation is supported by Manca, et al who have shown that 
highly pathogenic strains induce significantly lower levels of 
IL-12 in human monocytes when compared to less pathogenic 
strains [40].

In conclusion, our results demonstrate that PknL is required 
for growth under nutrient limiting conditions and is also required 
for the reactivating capacity of M. tuberculosis in enriched 
conditions. Further PknL is also essential of the intracellular 
survival of the pathogen and assists the pathogen in establishing 
a successful infection by persisting within the host. Unraveling 
the key pathways that are involved in nutrient acquisition during 
infection might provide new clues for designing innovative 
therapies. Identifying proteins that are involved in the transport 
of these respective nutrients will also constitute novel drug 
targets. 
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