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ABSTRACT

لقياس   )ELISA( املرتبط لإلنزمي  املناعية  االمتصاص  مقايسة  األهداف: حتسني 
الدهنية  األجسام  بتراكم  ارتباطه  وتقييم   )α-crystallin( بروتني  مستويات 
األكسجني  نقص  أثناء   )Mycobacterium bovis )M. bovis( في 

والتعرض ألكسيد النيتريك.

العسكرية،  الطبية  املدينة  سلطان  األمير  مبدينة  الدراسة  هذه  أجريت  املنهجية: 
أواًل  2016م و2017م. قمنا  الفترة من  السعودية خالل  العربية  اململكة  الرياض، 
على  تركز  املعايرة  بروتوكول   .HspX عن  للكشف   ELISA ومعايرة  بتحسني 
تقليل تركيزات األجسام املضادة امللتقطة والكشف عن األجسام املضادة الثانوية، 
وحتديد احلد األدنى للكشف عن املستضد HspX. ومن ثم تنمية البكتيريا في 
اُستخدم  األكسجني.  نقص  بيئات  فيها  حتاكي  قوارير  في  وثابتة  اهتزازية  بيئتني 
بروتوكول باستخدام  اكتشف   HspXالكلي و البروتني  لتحديد  برادفورد  اختبار 
ELISA احملسن. كما مت تقييم تأثير بيئة نقص األكسجني وأكسيد النيتريك على 

مستويات HspX واألجسام الدهنية، عن طريق تلطيخها باللون األحمر النيلي.

من   HspX عن  للكشف  األمثل   ELISA بروتوكول  أسسنا  النتائج: 
إلى  النيتريك وظروف نقص األكسجة أدت  التعرض ألكسيد  أن   .M. bovis
أكسيد  بعالج  املرتبطة   HspX في  الزيادة   .HspX بروتني  مستويات  في  زيادة 
النيتريك ونقص األكسجة ارتبطت بإرتفاع مستويات األجسام الدهنية التي توجد 

بشكل رئيسي في املتفطرات املسببة لألمراض.

عن  الكشف  في  الدراسة  هذه  في  األمثل   ELISA بروتوكول  يتيح  اخلالصة: 
األوكسجني  ناقصة  بيئات  في  النامية   M.bovis في   HspX بروتني  مستويات 
بروتني  عن  التعبير  حتسني  إلى  األكسجة  نقص  أدى  ذلك،  من  األهم  وطبيعية. 
HspX الذي يرتبط مع البروتني احملسن إلنتاج األجسام الدهنية. حيث يعتبر إنتاج 
اجلسم الدهني استراتيجية البقاء على قيد احلياة لدى املتفطرات املسببة لألمراض.

Objectives: To optimize an enzyme-linked 
immunosorbent assay (ELISA) for measuring the 
HspX protein (α-crystallin) levels and then evaluate 
its correlation with the accumulation of lipid bodies 
in Mycobacterium bovis (M. bovis) during hypoxia and 
exposure to nitric oxide.

Methods: This study was conducted at Prince Sultan 
Military Medical City, Riyadh, Saudi Arabia between 
2016 and 2017.  We first optimized ELISA conditions 
for the detection of HspX. The optimization protocol 
focused on minimizing concentrations of the capture 
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antibody, detection antibody, and conjugated secondary 
antibody, and determining the minimum detection 
limit of the antigen, HspX. Bacteria were grown either 
in shaking culture or in stationary flasks mimicking 
hypoxic environments. A standard Bradford assay was 
used to determine the total protein and HspX was 
detected using the optimized ELISA protocol. The effect 
of hypoxic environment and nitric oxide on the levels of 
HspX and lipid bodies, detected by staining with Nile 
red, was also evaluated.

Results: An optimized ELISA protocol was established 
for the detection of HspX from M. bovis. Exposure to 
nitric oxide and hypoxic conditions led to an increase 
in the levels of HspX protein. The increase in HspX 
associated with nitric oxide treatment and hypoxic 
conditions correlated with higher levels of lipid bodies 
mainly found in pathogenic mycobacteria. 

Conclusions: The optimized ELISA protocol in this 
study can detect HspX protein levels in M. bovis growing 
in normal and hypoxic environments. Importantly, 
hypoxia led to enhanced expression of HspX protein, 
which correlated with the enhanced production of lipid 
bodies. Lipid body production is a survival strategy of 
pathogenic mycobacteria.
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Mycobacterium tuberculosis (Mtb) is an obligate 
pathogen that can infect diverse human body 

sites, especially the lungs.1 Like Mtb, Mycobacterium 
bovis and Mycobacterium africanus can also cause 
tuberculosis (TB) in humans.2 Mycobacteria are the 
most dangerous bacterial pathogens, killing more people 
annually than any other infectious disease. It has been 
previously estimated that Mtb infects approximately 
one-third of the global population, and 10% of infected 
patients where the bacteria remain in the latent and 
not infectious phase will go on to develop active TB.3  
However, with effective management, Mtb infection 
is being curtailed, and in 2016 it was estimated that 
one-quarter of the world’s population continues to 
suffer from Mtb infection.4

The Mycobacteriaceae family consists of more than 
170 recognized species.5 Among these, a group of 
bacteria pathogenic in humans and other animals called 
the Mycobacterium tuberculosis complex (MtbC) 
contains at least 9 species: M. mungi, M. microti, M. 
pinnipedii, M. bovis, M. canetti, M. africanum, M. 
tuberculosis sensu stricto, M. caprae, and M. orygis.6   The 
MtbC members have the same 16s rRNA sequence but 
vary pathogenetically and phenotypically.7 

Mycobacterium tuberculosis colonizes the human 
lower respiratory tract. The mechanism of infection 
begins with the inhalation of droplet containing the 
bacteria. Once the host inhales these droplets, they 
reach the pulmonary alveoli. An alveolar macrophage 
then ingests the bacterium, and it can survive without 
growth within the macrophage.8 This provides the 
pathogenic bacterium with a shield from the host 
immune system. The pathogen remains in this latent 
phase in healthy individuals until the host becomes 
immunocompromised, resulting in the organism’s 
activation and appearance (secondary infection).9 

An infectious microorganism, including bacteria, is 
challenged by the body’s immune system and internal 
environment. For their survival, bacteria have evolved 
to produce specific biochemical changes in their cellular 
system in response to stress or host responses. Among 
these, excessive production of lipids is considered 
as the most effective strategy. It has been reported 
to play an essential role in developing resistance in 
pathogens like mycobacteria and several other species.10  

The accumulation of lipid bodies in pathogenic 
mycobacteria and factors triggering this is an active area 
of investigation. 

The HspX protein (also known as α-crystallin, Acr1) 
is predominantly found in mycobacteria and is involved 
in the survival of mycobacteria.

Our study aimed to develop most reliable and 
easy-to-use detection method for HspX and the 
association of HspX with the accumulation of lipid 
bodies involved in the survival strategies of these 
pathogens. We also investigated the production of lipid 
bodies necessary for mycobacterial survival.

Methods. Various experiments performed in this 
study were conducted at the Prince Sultan Military 
Medical City, Riyadh, KSA between 2016 and 2017. 
The study design is prospective and analytical. The 
Acr1 antibody catalog no. orb334091 from Biorbyt, 
UK; Goat anti-mouse IgG conjugated with horseradish 
peroxidase (HRP), the secondary antibody from Sigma 
Aldrich; TMB substrate from Fisher Scientific, New 
Hampshire, USA were procured.

This study does not involve human subjects or 
animals and is exempt from ethical approval.

For the development of the ELISA to detect 
HspX, an in-house procedure was optimized by 
following a previously described method with 
minor modifications.11 During the optimization, 
non-specific binding was ruled out by eliminating 
various components individually. Experiments were 
also conducted to optimize the concentration of the 
monoclonal primary detection antibody (anti-Acr1) 
and the HRP-conjugated detection antibody. The 
incubation time and temperature were also optimized. 

Cultivation of Mycobacterium bovis BCG Glaxo 
strain. Mycobacterium bovis was grown in Middlebrook 
7H9 broth, prepared by adding 1.25 g of glycerol and 
2.35 g of 7H9 powder to 450 mL of distilled water. 
After filter sterilization, 25 mL of the Middlebrook 
7H9 broth base was supplemented with 10% oleic acid-
albumin-dextrose-catalase (OADC) and 0.05% Tween 
80. The rest of the procedure for developing a growth 
medium were described previously.12 For determining 
the exponential growth, the bacteria were allowed 
to grow, and optical density (OD) was measured 
spectrophotometrically. 

The total bacterial protein from bacteria growing 
under different conditions was determined by Bradford 
assay, as previously described.13

Comparing Mycobacterium bovis growth in hypoxic 
and non-hypoxic environments. After incubation for 7 
days, 25 mL of the culture was split equally into two 
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work was not supported or funded by any drug company.

http://www.smj.org.sa/index.php/smj/index
https://smj.org.sa


723 https://smj.org.sa    Saudi Med J 2021; Vol. 42 (7)

Pathogenic mycobateria ... Alhusain

30 mL tubes (12.5 mL in each). The first tube was 
incubated in a static incubator in a standing position 
(hypoxic cells) at 37°C for 4 hours. The other tube was 
incubated in a shaking incubator (130 rpm) at 37°C 
for 4 hours. In the settled (standing) tube, the oxygen 
level had reduced, potentially causing the DosR regulon 
to mimic the in vivo environment. Bacterial culturing 
and all tasks were performed aseptically using a Bunsen 
burner, and the working bench area was decontaminated 
using 70% ethanol. 

Detection of HspX protein in cell culture exposed 
to nitric oxide. The total protein concentration of 
the M. bovis BCG Glaxo lysate was determined 
following exposure to spermine-nitric oxide (Sp.NO) 
and spermine hydrochloride (Sp.HCl) at a series of 
exposure times using Bradford assay and the total 
protein concentration was normalized. It is essential to 
mention here that Sp.NO is considered a potent nitric 
oxide donor besides its anti-tumor effect.14 The capture 
antibody concentration used had been optimized 
against the HspX protein standard (recombinant HspX 
protein). First, 100 μL of the anti-Acr1 polyclonal 
antibody (orb334091, Biorbyt, UK) was dispensed 
onto a NUNC Maxisorp 96-well microplate at a 
concentration of 2.5 μg/mL diluted in a coating buffer. 
The plate was incubated at 4°C overnight. The next 
day, the wells were washed 3 times in wash buffer, and 
100 μL of the recombinant HspX protein (antigen 
standard) was added in triplicate with serial dilution 
(15.62, 31.25, 62.5, 125, 250, 500, 1000 pg/mL). In 
addition, 100 μL of the lysate from the Sp.NO and 
Sp.HCl exposed samples (separate wells, in triplicate) 
was added at different concentrations (0.77, 0.83, 0.86, 
and 0.88 mg/mL) diluted in phosphate buffered saline 
(PBS), followed by incubation for one hour at room 
temperature (approximately 25°C). After incubation, 
the wells were washed 3 times in wash buffer, and 
100 μL of the monoclonal detection antibody was 
added at a concentration of 5 μg/mL in blocking 
buffer, followed by incubation for one hour at room 
temperature (approximately 25°C). Then, the wells 
were washed 3 times in wash buffer, and 100 μL of the 
goat anti-mouse HRP-conjugated secondary antibody 
(Sigma Aldrich) diluted in blocking buffer at 1:2000 
was added. After incubation, the solution was removed 
by washing the wells 6 times with the wash buffer, and 
100 μL of the TMB substrate (Fisher Scientific, USA) 
was added to each well, followed by incubation for 15 
minutes at room temperature (approximately 25°C), the 
reaction was stopped by adding 100 μL of sulfuric acid 
to each well, changing the solution to yellow. Finally, 
the plate was read using a plate reader at an absorbance 
of 450 nm.

Lipid body analysis of M. bovis. The cell cultures 
in the standing and shaking tubes were incubated 
separately (static and shaking incubators) for 4 hours 
at 37°C. Tubes containing bacterial culture were then 
prepared for cell lysis and lipid body analysis. After 
incubation, 8 mL samples were taken from each culture 
(standing and shaking), transferred into 2 separates 
labeled 15 mL tubes, and centrifuged at 500 x g for 
10 minutes. The supernatant was removed, and the 
bacterial pellets in the tubes were stored at -20°C in a 
freezer. Lipid body analyses were performed using Nile 
red staining, as described previously.15

Effects of nitric oxide on M. bovis. Mycobacterium 
bovis was cultured on petri plates for 7 days, until the 
appearance of a bacterial lawn. Bacteria were harvested 
using a loop and suspended in 45 mL of Middlebrook 
7H9 and then split into 8 of 5 mL aliquots into 30 mL 
tubes. To induce hypoxia, 4 tubes were exposed to nitric 
oxide (the donor was Sp.NO), and 4 tubes were exposed 
to Sp.HCl (control). A 10 mM stock was prepared 
for Sp.NO and Sp.HCl and diluted to 100-fold to a 
final concentration of 100 μM. Bacteria were exposed 
to Sp.NO or Sp.HCl for 0, 1, 2, or 4 hours. For the 
time course, Sp.NO was added immediately to the cell 
suspension. All the 30 mL tubes were then sealed and 
incubated in a shaking incubator (130 rpm) at 37°C 
for the required exposure time. After completion of the 
exposure time for Sp.NO and Sp.HCl, 3 mL was taken 
from each tube (2 mL for cell lysis and 1 mL for lipid 
body analysis) into a Lysing Matrix (Q-Biogene) tube, 
centrifuged for 1 minute at 250 x g, and washed 3 times 
with PBS.

Statistical analysis. Data presented are the average 
of 3 replicates. 

 
Results. The optimization for the concentration of 
capture, detection antibodies, and anti-alpha crystallin 
and recombinant HspX protein samples allowed 
us to develop a highly reliable in-house detection 
of this protein. A concentration of 2.5 μg/mL of 
rabbit polyclonal antibody (capture antibody) was 
the minimum concentration that yielded positive 
results and was used as the working concentration in 
100 μL volume for the optimized ELISA. The mouse 
monoclonal detection antibody worked over a broad 
range (0.31-5.0 μg/mL). The goat anti-mouse IgG 
conjugated with HRP was highly sensitive and worked 
even at 1:6000. The minimum detection threshold 
for HspX was 62.5 pg/mL in the optimized ELISA 
protocol in this study. The time of incubation that 
showed maximal results was 3 hours.
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The M. bovis BCG Glaxo strain used in this study 
reached the exponential phase of growth in shaking 
culture after 7 days with an OD of 0.7 (Figure 1). 

After establishing bacterial growth conditions, 
exponentially growing M. bovis were subjected to nitric 
oxide treatment using Sp.NO, which releases nitric oxide 
in the solution.  Spermine hydrochloride was used as a 
control in this experiment. Treatment with the Sp.NO 
led to an increase in the total protein concentration of 
the exponentially growing M. bovis (Figure 2).

A Maxisorp 96-well microplate was set up with 
the optimized concentrations of the antibodies. 
Recombinant HspX protein was used as the antigen 
standard with serial dilutions, with standing and 
shaking samples at a concentration of 0.22 mg/mL.  

The total protein increase under nitric oxide 
treatment correlated with elevated levels of HspX 
protein in hypoxic samples in a standing culture, 
compared to a shaking culture, as detected by the 
optimized ELISA (Figure 3) and in samples exposed 
to nitric oxide from Sp.NO compared to the control 
cells exposed to Sp.HCl (Table 1). Moreover, the HspX 
protein concentration increased with the increase in 
exposure time (Table 1). These results indicated that 
the ELISA protocol developed in our laboratory can 
accurately detect the levels of HspX protein. 

The role of lipid bodies in the pathogenesis of 
mycobacteria is an active area of investigation. It has 
been observed that Mycobacterium lipid bodies play 
an essential role in their survival and contribute to 
the development of resistance against conventional 
antibacterial medications.10,16 Staining of bacterial 
culture from the standing (hypoxic) and shaking culture 
with Nile red revealed an increase in the level of lipid 
bodies,15 as shown in Figure 4.

We also evaluated the effect of nitric oxide on the 
levels of intracellular lipid bodies in M. bovis culture 
treated with Sp.NO and Sp.HCl samples and stained 
with 10 μg/mL of Nile red for 10 minutes, dried and 
mounted on 10% glycerol in PBS, and sealed with 
glass coverslips. Fluorescence images were recorded at 
wavelengths of excitation of 460 nm and emission of 
550 nm, using a Nikon Diaphot 300 inverted microscope 
with a 100-W mercury lamp as a fluorescence source. 
Figure 5 illustrates that the increase in the lipid bodies 
in the Sp.NO sample depends on the exposure time. 

Discussion. This study aimed to establish a highly 
sensitive and specific test for the detection of alpha-
crystallin (HspX) protein in the in vitro environments. 
It is crucial to mention here that this protein is also 
associated with latent mycobacterial infections. The 

Figure 1 - Growth curve for Mycobacterium bovis Bacillus Calmette-
Gurin Glaxo strain.

Figure 2 - Total protein concentration of Mycobacterium bovis on exposure 
to spermine-nitric oxide and spermine hydrochloride. Sp.NO: 
spermine-nitric oxide, Sp.HCl: spermine hydrochloride

Figure 3 - The absorbance of standing and shaking sample concentrations 
of Mycobacterium bovis for the HspX protein.
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HspX protein in pathogenic mycobacteria provides a 
survival advantage, and its relative proportion increases 
during latency and under stressed conditions. It has 
been reported that almost 25% of the total protein 
expressed under hypoxic environments in these 
pathogens is HspX.17 Based on its ubiquitous presence 
in mycobacteria, it is believed that HspX contributes 
toward Mycobacterium bacilli survival through inhibiting 
degradative pathways under stress conditions that can 
potentially weaken this pathogenic microorganism. Due 
to the critical role of HspX in Mycobacteria, it has been 
suggested as the most promising target for developing 
a vaccine against mycobacterial infections in humans. 
M. bovis was used in the present study, and functional 
HspX has been reported in this bacterial species as in 
Mtb.18 

Detection of HspX protein in the sera of TB 
patients or bacterial culture or intracellularly within the 
pathogen in vitro has been challenging. In this study, we 
established an in-house ELISA method for the detection 
of HspX, and optimized by varying concentrations of 
each component, (capture and detection antibodies, 

antigen) and the detection system. This method avoids 
potential variation between experiments due to the 
degradation of the components.

Mycobacterium species are among the very few 
pathogenic bacteria that produce lipids bodies. Limited 
information is available on the association of the lipids 
with bacterial survival is concerned. Our findings 
corroborated previous studies that showed elevated levels 
of HspX under hypoxic and stress environments. Here, 
we describe a novel association of elevated HspX levels 
with lipid bodies. Actively-growing M. bovis culture has 
relatively lower amounts of lipid bodies than a culture 
without shaking (mimicking a hypoxic environment). 
Importantly, treatment of the bacterial solution with 
nitric oxide was also associated with the increased lipid 
bodies in M. bovis. This suggests an essential link between 
HspX and lipid body synthesis in the Mycobacterium 
species under stressed environments. The pathways 

Table 1 - HspX protein concentration upon exposure to nitric oxide.

Time course (hours) 0 1 2 4

Sp.NO concentration (pg/mL) 386.24 598.41 678.48 715.61

Sp.HCl concentration (pg/mL) 294.84 471.871 502.85 517.77

Sp.NO: spermine-nitric oxide, Sp.HCl: spermine hydrochloride

Figure 4 - Fluorescence intensity of Mycobacterium bovis Bacillus 
Calmette-Gurin Glaxo lipid bodies using 2 different 
incubation methods.

Figure 5 - Analysis of the fluorescence intensity of Mycobacterium bovis 
Bacillus Calmette-Gurin Glaxo lipid bodies on exposure to 
nitric oxide. The production of lipid bodies in the cell culture 
treated with spermine-nitric oxide (black bar) increased 
compared with the slight increase in lipid bodies in the cell 
culture treated with spermine hydrochloride (gray bar).
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involved are yet to be deciphered; however, this finding 
strongly links HspX elevation with enhanced lipid 
bodies inside mycobacteria. 

In stress environments, higher levels of lipids bodies 
may be an essential source of energy and carbon. The 
increased amount of lipids in the cell envelope gives 
cells the ability to resist the antibiotics, acids, and 
innate immune responses via the initial replication 
within the host macrophage.19 This affects the 
permeability required to transfer the necessary elements 
for cell growth. As a result, mycobacteria have a slow 
growth rate and undergo division every 15-20 hours.20 
Additionally, owing to the abundance of the lipids in 
the cellular envelope, cells stick together, forming long 
cords similar to biofilm formation.21

Moreover, these lipid bodies mainly comprise 
triacylglycerol (TAG), which is an essential factor during 
infection. The triacylglycerol synthase 1 (Tgs1) protein 
plays a vital role in the production of TAG. The Tgs1/
Rv3130c gene is one of the DosR regulon members. 
Triacylglycerol synthase 1 (50.720 kDa) is integrated 
into the cell wall and cell membrane. Mycobacterium 
tuberculosis may use Tgs1 to inhibit growth metabolism 
by altering the acetyl CoA pathway. The exposure to a 
non-toxic concentration of nitric oxide can reduce the 
respiration reversibly. Moreover, reduction of oxygen 
levels or exposure to nitric oxide activates the DosR 
regulon followed by induction of Tgs1, resulting in 
an increased production of lipid bodies and antibiotic 
tolerance.22 

Additionally, one of the genes induced by hypoxia 
in Mtb is the heat shock protein gene (HspX/acr/ 
Rv2031c), which encodes a heat shock protein in the 
inner membrane. The HspX protein is dependent on 
the activation of the DosR regulon during the reduction 
of oxygen. The induction of the DosR regulon follows 
the production of HspX protein. However, it can be 
induced independently.23 

The findings of this study open new avenues to 
understand Mycobacterium survival strategies. This will 
help in the future to devise a strategy for controlling 
mycobacterial infections among animals and humans.

Mycobacterial infections are highly prevalent 
in Asia, and HspX is considered the most reliable 
biomarker. Imported kits always have an issue with 
the deterioration of temperature-sensitive reagents. 
Previously, homemade ELISA kits for bacterial infection 
detection have shown an advantage over commercially 
imported kits.24 Thus, our study describes the 
optimization of procedure for detecting HspX protein 
that has significant implications in understanding the 
pathogenesis of mycobacterial infections.

Of importance, it is crucial to mention the advantage 
of the in-house ELISA protocol for the detection of HspX 
outlined and optimized in this study. Besides significant 
cost benefits, there is an advantage of accurate detection 
of this protein linked with mycobacterial pathogenesis. 
In general, the relative sensitivity and specificity of 
freshly prepared kits are better than the commercial 
ones. Sometimes storage conditions may compromise 
the integrity of temperature-sensitive ingredients. As 
such, the procedure developed and described in this 
study offers a unique advantage.

Particular limitations in our study exist that need 
to be addressed in future studies that include utilizing 
clinical samples. However, this study provides a 
fundamental paradigm for further refinements in the 
procedure established.

 In conclusions, our study indicates that in stress 
environments, such as hypoxia, the elevation of 
HspX protein is associated with increased lipid body 
production in M. bovis Bacillus Calmette-Gurin (BCG) 
Glaxo. These results are consistent with previous 
studies, which have found that the DosR regulon is 
induced under hypoxic conditions, resulting in the 
bacteria entering the dormant state. The dormancy 
stage is marked by an increase in lipid body production 
via the simulation of TGS1, which is mainly responsible 
for producing triacylglycerol. The exposure to NO, as 
in our study, reduces the oxygen level and induces the 
DosR regulon, resulting in the production of both lipid 
bodies and HspX .

Acknowledgment. The author gratefully acknowledges Prince 
Sultan Military Medical City, Riyadh, Kingdom of Saudi Arabia for 
the tremendous support. The author would also like to acknowledge 
Cambridge Proofreading LLC for English language editing.

References
  
  1. Gagneux S, DeRiemer K, Van T, Kato-Maeda M, de Jong BC, 

Narayanan S, et al. Variable host-pathogen compatibility in 
Mycobacterium tuberculosis. Proc Natl Acad Sci U S A 2006; 
103: 2869-2873.

  2. Centers for Disease Control and Prevention. Transmission 
and pathogenesis of tuberculosis. [cited 2020]. Available from: 
https://wwwcdcgov/tb/education/corecurr/pdf/chapter2pdf. 

  3. Sudre P, ten Dam G, Kochi A. Tuberculosis: a global overview 
of the situation today. Bull World Health Organ 1992; 70: 
149-159.

  4. Houben RM, Dodd PJ. The Global Burden of Latent 
Tuberculosis Infection: A re-estimation using mathematical 
modelling. PLoS Med 2016; 13: e1002152.

  5. Gupta RS, Lo B, Son J. Phylogenomics and Comparative 
Genomic Studies Robustly Support Division of the Genus 
Mycobacterium into an Emended Genus Mycobacterium and 
Four Novel Genera. Front Microbiol 2018; 9: 67.

http://www.smj.org.sa/index.php/smj/index
https://smj.org.sa
https://doi.org/10.1073/pnas.0511240103
https://doi.org/10.1073/pnas.0511240103
https://doi.org/10.1073/pnas.0511240103
https://doi.org/10.1073/pnas.0511240103
https://wwwcdcgov/tb/education/corecurr/pdf/chapter2pdf. 
https://wwwcdcgov/tb/education/corecurr/pdf/chapter2pdf. 
https://wwwcdcgov/tb/education/corecurr/pdf/chapter2pdf. 
https://pubmed.ncbi.nlm.nih.gov/1600578/
https://pubmed.ncbi.nlm.nih.gov/1600578/
https://pubmed.ncbi.nlm.nih.gov/1600578/
https://doi.org/10.1371/journal.pmed.1002152
https://doi.org/10.1371/journal.pmed.1002152
https://doi.org/10.1371/journal.pmed.1002152
https://doi.org/10.3389/fmicb.2018.00067
https://doi.org/10.3389/fmicb.2018.00067
https://doi.org/10.3389/fmicb.2018.00067
https://doi.org/10.3389/fmicb.2018.00067


727 https://smj.org.sa    Saudi Med J 2021; Vol. 42 (7)

Pathogenic mycobateria ... Alhusain

  6. Sinha P, Gupta A, Prakash P, Anupurba S, Tripathi R, Srivastava 
GN. Differentiation of Mycobacterium tuberculosis complex 
from non-tubercular mycobacteria by nested multiplex PCR 
targeting IS6110, MTP40 and 32kD alpha antigen encoding 
gene fragments. BMC Infect Dis 2016; 16: 123.

  7. Choi Y, Hong SR, Jeon BY, Wang HY, Lee GS, Cho SN, et al. 
Conventional and real-time PCR targeting 16S ribosomal RNA 
for the detection of Mycobacterium tuberculosis complex. Int J 
Tuberc Lung Dis 2015; 19: 1102-1108, i-ii.

  8. Delogu G, Sali M, Fadda G. The biology of mycobacterium 
tuberculosis infection. Mediterr J Hematol Infect Dis 2013; 5: 
e2013070.

  9. Ahmad S. Pathogenesis, immunology, and diagnosis of latent 
Mycobacterium tuberculosis infection. Clin Dev Immunol 
2011; 2011: 814943.

10. Barer MR, Garton NJ. (2010) Mycobacterial lipid bodies 
and the chemosensitivity and transmission of tuberculosis. 
In: Timmis KN, editor. Handbook of hydrocarbon and lipid 
microbiology. Berlin (DE): Springer; 2010. 

11. Singh G, Koerner T, Gelinas JM, Abbott M, Brady B, Huet 
AC, et al. Design and characterization of a direct ELISA for 
the detection and quantification of leucomalachite green. Food 
Addit Contam Part A Chem Anal Control Expo Risk Assess 
2011; 28: 731-739.

12. Flournoy D, Twilley J. Modified Middlebrook 7H9 broth for 
the rapid detection of mycobacteria. Clin Lab Sci 2001; 14: 
85-88.

13. Kruger NJ. The Bradford Method For Protein Quantitation. 
In: Walker JM (eds) The Protein Protocols Handbook Springer 
Protocols Handbooks Humana Press, Totowa, NJ https://
doiorg/101007/978-1-59745-198-7_4. 2009.

14. Kielbik M, Klink M, Brzezinska M, Szulc I, Sulowska Z. Nitric 
oxide donors: spermine/NO and diethylenetriamine/NO 
induce ovarian cancer cell death and affect STAT3 and AKT 
signaling proteins. Nitric Oxide 2013; 35: 93-109.

15. Greenspan P, Mayer EP, Fowler SD. Nile red: a selective 
fluorescent stain for intracellular lipid droplets. J Cell Biol 
1985; 100: 965-973.

16. Sloan DJ, Mwandumba HC, Garton NJ, Khoo SH, Butterworth 
AE, Allain TJ, et al. Pharmacodynamic Modeling of Bacillary 
Elimination Rates and Detection of Bacterial Lipid Bodies in 
Sputum to Predict and Understand Outcomes in Treatment of 
Pulmonary Tuberculosis. Clin Infect Dis 2015; 61: 1-8.

17. Taylor JL, Wieczorek A, Keyser AR, Grover A, Flinkstrom R, 
Karls RK, et al. HspX-mediated protection against tuberculosis 
depends on its chaperoning of a mycobacterial molecule. 
Immunol Cell Biol 2012; 90: 945-954.

18. Cunningham AF, Spreadbury CL. Mycobacterial stationary 
phase induced by low oxygen tension: cell wall thickening and 
localization of the 16-kilodalton alpha-crystallin homolog. J 
Bacteriol 1998; 180: 801-808.

19. Rao V, Fujiwara N, Porcelli SA, Glickman MS. Mycobacterium 
tuberculosis controls host innate immune activation through 
cyclopropane modification of a glycolipid effector molecule. J 
Exp Med 2005; 201: 535-543.

20. Koh GC, Hawthorne G, Turner AM, Kunst H, Dedicoat M. 
Tuberculosis incidence correlates with sunshine: an ecological 
28-year time series study. PLoS One 2013; 8: e57752.

21. Julian E, Roldan M, Sanchez-Chardi A, Astola O, Agusti 
G, Luquin M. Microscopic cords, a virulence-related 
characteristic of Mycobacterium tuberculosis, are also present 
in nonpathogenic mycobacteria. J Bacteriol 2010; 192: 
1751-1760.

22. Voskuil MI, Schnappinger D, Visconti KC, Harrell MI, 
Dolganov GM, Sherman DR, et al. Inhibition of respiration by 
nitric oxide induces a Mycobacterium tuberculosis dormancy 
program. J Exp Med 2003; 198: 705-713.

23.  Kendall SL, Movahedzadeh F, Rison SC, Wernisch L, Parish T, 
Duncan K, et al. The Mycobacterium tuberculosis dosRS two-
component system is induced by multiple stresses. Tuberculosis 
(Edinb) 2004; 84: 247-255.

24. Mohammadi M, Talebkhan Y, Khalili G, Mahboudi F, Massarrat 
S, Zamaninia L, et al. Advantage of using a home-made 
ELISA kit for detection of Helicobacter pylori infection over 
commercially imported kits. Indian J Med Microbiol 2008; 26: 
127-131.  

http://www.smj.org.sa/index.php/smj/index
https://smj.org.sa
 https://doi.org/10.1186/s12879-016-1450-1
 https://doi.org/10.1186/s12879-016-1450-1
 https://doi.org/10.1186/s12879-016-1450-1
 https://doi.org/10.1186/s12879-016-1450-1
 https://doi.org/10.1186/s12879-016-1450-1
https://doi.org/10.5588/ijtld.14.0472
https://doi.org/10.5588/ijtld.14.0472
https://doi.org/10.5588/ijtld.14.0472
https://doi.org/10.5588/ijtld.14.0472
https://doi.org/10.4084/mjhid.2013.070
https://doi.org/10.4084/mjhid.2013.070
https://doi.org/10.4084/mjhid.2013.070
https://doi.org/10.1155/2011/814943
https://doi.org/10.1155/2011/814943
https://doi.org/10.1155/2011/814943
https://doi.org/10.1007/978-3-540-77587-4_241
https://doi.org/10.1007/978-3-540-77587-4_241
https://doi.org/10.1007/978-3-540-77587-4_241
https://doi.org/10.1007/978-3-540-77587-4_241
https://doi.org/10.1080/19440049.2011.567360
https://doi.org/10.1080/19440049.2011.567360
https://doi.org/10.1080/19440049.2011.567360
https://doi.org/10.1080/19440049.2011.567360
https://doi.org/10.1080/19440049.2011.567360
https://doi.org/10.1016/j.niox.2013.09.001
https://doi.org/10.1016/j.niox.2013.09.001
https://doi.org/10.1016/j.niox.2013.09.001
https://doi.org/10.1016/j.niox.2013.09.001
https://doi.org/10.1083/jcb.100.3.965
https://doi.org/10.1083/jcb.100.3.965
https://doi.org/10.1083/jcb.100.3.965
https://doi.org/10.1093/cid/civ195
https://doi.org/10.1093/cid/civ195
https://doi.org/10.1093/cid/civ195
https://doi.org/10.1093/cid/civ195
https://doi.org/10.1093/cid/civ195
https://doi.org/10.1038/icb.2012.34
https://doi.org/10.1038/icb.2012.34
https://doi.org/10.1038/icb.2012.34
https://doi.org/10.1038/icb.2012.34
https://doi.org/10.1128/JB.180.4.801-808.1998
https://doi.org/10.1128/JB.180.4.801-808.1998
https://doi.org/10.1128/JB.180.4.801-808.1998
https://doi.org/10.1128/JB.180.4.801-808.1998
https://doi.org/10.1084/jem.20041668
https://doi.org/10.1084/jem.20041668
https://doi.org/10.1084/jem.20041668
https://doi.org/10.1084/jem.20041668
https://doi.org/10.1371/journal.pone.0057752
https://doi.org/10.1371/journal.pone.0057752
https://doi.org/10.1371/journal.pone.0057752
https://doi.org/10.1128/JB.01485-09
https://doi.org/10.1128/JB.01485-09
https://doi.org/10.1128/JB.01485-09
https://doi.org/10.1128/JB.01485-09
https://doi.org/10.1128/JB.01485-09
https://doi.org/10.1084/jem.20030205
https://doi.org/10.1084/jem.20030205
https://doi.org/10.1084/jem.20030205
https://doi.org/10.1084/jem.20030205
https://doi.org/10.1016/j.tube.2003.12.007
https://doi.org/10.1016/j.tube.2003.12.007
https://doi.org/10.1016/j.tube.2003.12.007
https://doi.org/10.1016/j.tube.2003.12.007
https://doi.org/10.1016/S0255-0857(21)01927-7
https://doi.org/10.1016/S0255-0857(21)01927-7
https://doi.org/10.1016/S0255-0857(21)01927-7
https://doi.org/10.1016/S0255-0857(21)01927-7
https://doi.org/10.1016/S0255-0857(21)01927-7

	Title
	Authors
	Affiliation
	ABSTRACT
	Methods
	Results
	Discussion
	References
	Acknowledgment

