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Abstract

Tuberculosis is caused by Mycobacterium tuberculosis (Mtb), a pathogen classified by the United Nations (UN) as a dangerous category B
biological substance. For the sake of the workers’ safety, handling of all samples presumed to carry Mtb must be conducted in a containment
level (CL) 3 laboratory. The TB molecular bacterial load assay (TB-MBLA) test is a reverse transcriptase quantitative polymerase chain reaction
(RT-qPCR) test that quantifies Mtb bacillary load using primers and dual-labelled probes for 16S rRNA. We describe the use of heat inactivation
to render TB samples noninfectious while preserving RNA for the TB-MBLA. A 1 mL aliquot of the sputum sample in tightly closed 15 mL
centrifuge tubes is boiled for 20 min at either 80 °C, 85 °C, or 95 °C to inactivate Mtb bacilli. Cultivation of the heat inactivated and control (live)
samples for 42 days confirmed the death of TB. The inactivated sample is then spiked with 100 µL of the extraction control and RNA is extracted
following the standard RNA isolation procedure. No growth was observed in the cultures of heat treated samples. The isolated RNA is subjected
to real-time RT-qPCR, which amplifies a specific target in the Mtb 16S rRNA gene, yielding results in the form of quantification cycles (Cq). A
standard curve is used to translate Cq into bacterial load, or estimated colony forming units per mL (eCFU/mL). There is an inverse relationship
between Cq and the bacterial load of a sample. The limitation is that heat inactivation lyses some cells, exposing the RNA to RNases that cause
a loss of <1 log10eCFU/mL (i.e., <10 CFU/mL). Further studies will determine the proportion of very low burden patients that cause false negative
results due to heat inactivation.

Video Link

The video component of this article can be found at https://www.jove.com/video/60460/

Introduction

Caused by Mycobacterium tuberculosis (Mtb), over 7 x 106 new cases of tuberculosis (TB) are reported globally of which over 1 x 106 die per
year1,2. To reverse the trend, the World Health Organization (WHO) launched a three-pillar approach including developing effective diagnostic
and treatment tools3. Classified as a dangerous biological substance B by the UN, working with samples presumed positive for Mtb requires a
containment level (CL) of 3. CL3 laboratories are expensive to build and maintain. Consequently, most countries have centralized TB culture
services at regional or national levels. This means that smear microscopy is the most available diagnostic tool in the peripheral healthcare
facilities.

There is WHO approval to implement rapid molecular tests like Xpert MTB/RIF at level 4 healthcare facilities, mostly situated at district levels4,5.
Some districts are quite large and less accessible to some people. While beneficial, Xpert MTB/RIF works by detecting the Mtb DNA. DNA
is a stable molecule that survives long after cells have died and thus is not a good standard for measuring viable cells critical for monitoring
treatment response5,6. RNA-based assays offer an alternative for accurate measurement of viable cells7,8,9,10,11,12,13. RNA exists in different
species of varying stability: ribosomal RNA (rRNA), transfer RNA (tRNA), and messenger RNA (mRNA). Messenger RNA is associated with
gene expression and thus the most closely associated with cell activity and viability14. It is important to note that absence of gene expression is
not equivalent to cell death because pathogens like Mtb are known to exist in inactive (dormant) but viable states15,16. Stable RNA species such
as rRNA are therefore better markers of both active and inactive states of viable cells.

Using Escherichia coli, Sheridan showed that 16S rRNA proportionally increased with bacterial growth measured by colony forming units (CFU)
counts17. There was a concurrent decline in CFU counts and 16S rRNA when E. coli bacteria were exposed to antibiotics. The fall in rRNA
following cell death was an indicator that it could be used as a marker for cell viability13,17. Drawing from this principle, the TB molecular bacterial
load assay (TB-MBLA) was developed for targeting M. tuberculosis 16S rRNA to measure viable TB bacillary load as a marker of treatment
response for patients on anti-TB therapy11,18,19. We have further developed and optimized the TB-MBLA to incorporate a cellular extraction
control that reflects lysis of M. tuberculosis bacilli and is robust in different environmental settings20. The TB-MBLA procedure requires the first
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steps of RNA isolation from Mtb to be conducted in a CL3 laboratory until Mtb cells are completely lysed to ensure the safety of the workers.
It also includes sample preservation for retrospective batched analysis to be maintained at -80 °C in guanidine thiocyanate, a level 4 toxic
substance. To this end, we have used heat to inactivate Mtb and render samples safe for TB-MBLA to be performed in smear microscopy level
laboratories.

Use of heat in laboratory and clinical applications has been around for centuries21,22. However, some microorganisms like Mtb are tough to kill,
and shorter exposure to heat is insufficient to kill all the cells23,24. A study revealed that 20 min heating of TB cultures at 80 °C killed all Mtb bacilli
without destroying the DNA needed for PCR25. Subsequently, a number of laboratory DNA extraction techniques currently heat to 95 °C. We
have applied the same principle to show that boiling TB samples at either 80 °C, 85 °C, or 95 °C inactivates Mtb while preserving sufficient RNA
for TB-MBLA to be performed. Inactivated culture or sputum can be maintained in tightly closed containers at room temperature or refrigerated
for 7 days without reducing the amount of quantifiable rRNA.

The TB-MBLA, currently used as a research use only (RUO) test is adaptable and has been applied to different sample types including
sputum, lung tissue, and cerebral spinal fluid. It is yet to be applied on bronchial alveolar fluid, blood, and other sample types. Using sputum
as the sample, results from multisite evaluation in Africa (unpublished data) and previous publications18,26 show that the sensitivity of MBLA is
consistent with mycobacterium growth indicator tube (MGIT) liquid culture. However, TB-MBLA is faster, giving results in hours as opposed to
days or weeks of culture, specific, not affected by non-TB microorganisms in the sample, and gives a quantitative measure of disease severity.
The WHO has recently recognized TB-MBLA as a candidate to replace smear microscopy and culture for monitoring TB treatment2.

In this article we describe in detail the heat inactivation and TB-MBLA protocol published in Sabiiti et al.27. This detailed protocol will provide a
one-stop visual resource for the TB-MBLA users across the globe.

Protocol

1. Sample Preparation

1. Culture
1. Working on a clean bench or class 1 cabin, harvest 1 mL aliquots of exponential phase Bacillus Calmette-Guérin (BCG) culture into 15

mL plastic centrifuge tubes. Tightly close the tubes.
 

NOTE: To process a whole 5 mL sample, five 15 mL centrifuge tubes are required.
 

CAUTION: A biosafety cabinet is required when working with any TB culture.

2. Patient sputum specimen
1. Working in a well-ventilated space and wearing a nasal mask, carefully open the specimen cup, pipette 1 mL aliquots into 15 mL plastic

centrifuge tubes and tightly close the tubes.
 

NOTE: A wide mouth tip is recommended to pipette sputum. Using a pair of scissors, clip off the fine part of the 1 mL tip mouth to
create a wider mouth.

2. Heat Inactivation

1. Prior to sample preparation, set the water bath to 95 °C.
 

NOTE: The 95 °C temperature increases the chance of reducing RNase activity and thus preserve more RNA for downstream TB-MBLA.
2. Transfer the sample tubes to a holding rack immersed in the water bath. Ensure that three-fourths of each sample tube is immersed in the

water.
3. Boil at 95 °C for 20 min, then transfer the tubes to the bench to cool at room temperature for 5 min before starting the RNA extraction.

 

NOTE: Complete heat inactivation of M. tuberculosis bacilli and BCG was verified by incubating heat inactivated samples and controls at 37
°C for 42 days to verify growth. An optical density measurement at 600 nm (OD600) was taken at baseline and then weekly for the 42 day
incubation period.

3. RNA Extraction

NOTE: The RNA extraction process described here is for the RNA kit listed in the Table of Materials. Other suitable RNA extraction kits by
different manufacturers can be used.

1. Extraction control (EC) addition
1. Transfer 1 mL aliquots of the heat inactivated samples to 1.5 mL tubes. Spike 100 µL of the EC into each sample, close the tube, and

mix by inverting the tube upside down 3x.
 

NOTE: The EC is supplied with the TB-MBLA vital bacteria kit (Table of Materials).

2. Cell sedimentation
1. Using a benchtop microcentrifuge, centrifuge the tubes at 20,000 x g for 10 min at room temperature. Pipette off the supernatant,

leaving 50 µL of sediment.
2. Suspend the sediment in 950 µL of lysis buffer by pipetting up and down, and transfer the whole suspension into the lysing matrix tube

supplied with the RNA extraction kit (Table of Materials). Ensure the tubes are tightly closed and label both the lid and the side of the
tube.

3. For cell lysis, transfer the tubes from step 3.2.2 to a homogenizer. Homogenize the samples for 40 s at 6,000 rpm.
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4. Nucleic acid purification
1. Centrifuge the lysate from step 3.3 at 12,000 x g for 5 min at room temperature.
2. Prepare fresh 1 mL tubes and add 300 µL of chloroform into each tube.
3. Using a 1 mL tip carefully pipette off the supernatant without touching the lysing matrix.
4. Transfer the supernatant to the chloroform containing tubes and vortex for 5 s. Leave the tube to settle for 5 min or longer until three

phases (upper, middle, and bottom) are clearly visible.
5. Centrifuge at 12,000 x g for 5 min at room temperature. Carefully pipette the upper phase and transfer into fresh 1.5 mL tubes.
6. To the tubes in step 3.4.5, add 500 µL of ice-cold 100% ethanol, close the tubes, and mix by gently inverting upside down 3x. Incubate

the tubes at -80 °C for 15 min or -20 °C for 30 min and continue the extraction, or leave at -20 °C overnight to complete the extraction
the following day.

7. Set the microcentrifuge to 4 °C and leave to chill to at least 12 °C before commencing centrifugation. Load the tubes into the
microcentrifuge and centrifuge for 20 min at 13,000 x g. Discard the supernatant, replace with 70% ice-cold ethanol, and centrifuge for
another 10 min at 13,000 x g.
 

NOTE: The 70% ethanol should be made with molecular grade nuclease free water.
8. Discard all the supernatant from step 3.4.7 and transfer the tubes to an incubator set at 50 °C. Incubate for 20 min to dry the RNA/DNA

pellet. Keep the tubes partially open to enable evaporation of all ethanol.
9. Add 100 µL of nuclease free water to the dry pellet and incubate for 5 min at room temperature. Vortex for 3 s to mix the contents.

 

NOTE: At this stage the extract may be stored 2−3 days in the fridge or longer at -80 °C until section 3.5 is performed.

5. DNA removal
 

NOTE: This step is crucial because the presence of DNA in the extract invalidates the MBLA result. This section is based on a DNA removal
kit (Table of Materials).

1. Prepare a mix of the enzyme DNase I 10x buffer and DNase I enzyme for the number of samples (10 µL of buffer and 1 µL of DNase
per sample) plus 10% extra to cover any loss from pipetting. Mix by vortexing and then pipette 11 µL into each tube containing the RNA
extract.

2. Mix by vortexing 3 s and then spin briefly (10 s at 13,000 x g) to remove any droplets on the walls. Incubate at 37 °C for 30 min in the
hot block or incubator. Add an additional 1 μL of DNase I enzyme directly into each tube, mix well by vortexing, and incubate for a
further 30 min at 37 °C.

3. Thaw the DNase inactivation reagent 10 min prior to the end of the DNase incubation. Vortex 20 s to ensure a homogenous, milky
suspension and then add 10 μL of DNase inactivation reagent into each RNA extract from step 3.5.2.

4. Incubate the mixture at room temperature for 5 min. Vortex 3x during the 5 min incubation step.
5. Centrifuge the mixture at 13,000 x g for 2 min. Carefully transfer the supernatant to 1.5 mL RNase free tubes without touching any of

the inactivation matrix.
6. Store the RNA extract in the fridge if running the RT-qPCR on the same day or at -80 °C for long-term storage.

4. Reverse Transcriptase qPCR

1. For unknown samples, dilute all RNA extracts to be used in a 1:10 ratio in RNase free water. Mix well by vortexing for 5 s and briefly spin
down to remove any droplets or air bubbles.

2. For standard samples for a standard curve, take the Mtb and EC RNA standards from the -80 °C freezer and thaw at room temperature.
Make seven and six 10-fold dilutions of Mtb and EC standard samples respectively. Change the tips before transferring the mixture from one
tube to another.
 

NOTE: Standard samples are supplied with the TB-MBLA kit.
3. Master mix preparation

 

NOTE: Master mix (MM) is a solution of PCR reagents sufficient to amplify all samples, standards, and water for a no template control (NTC).
The water used as NTC should be the same water used in the extraction and for preparing the MM. Ensure that the standards, each RNA
sample, and its decimal dilution are amplified 2x for the reverse transcriptase positive (RT+) reaction and 1x for the reverse transcriptase
negative (RT-) reaction. The RT- reaction is a control to determine the efficiency of DNA removal (Table 1).

1. Transfer 16 µL of MM into each PCR reaction tube.
2. Add 4 µL of RNA extract into each RT+ and RT- reaction tube and water into the NTC reaction tubes.
3. Load the reaction tubes into a real time PCR machine and set the PCR conditions as follows: 50 °C for 30 min, 95 °C for 15 min, 40x

cycles at 94 °C for 45 s, and 60 °C for 1 min with acquisition with fluorophores that absorb in green and yellow channels.
 

NOTE: The green channel is the Mtb detection fluorophore and the yellow is the extraction control detection fluorophore.

4. Result interpretation
 

NOTE: Ensure that the duplicate reactions of the same sample do not differ by more than 1 standard deviation. Mtb and EC Cq values higher
than 30 are considered negative. See further interpretation details in Table 2.

1. To interpret the treatment response, convert the Cq values into bacterial load (eCFU/mL) using the standard curve. Read the treatment
response as the change in bacterial load over the treatment follow-up period.
 

NOTE: The fall in bacterial load following treatment signifies a positive response (i.e., anti-TB drugs killing the TB bacteria) while no
change or rise in bacterial load implies a negative response, which may mean resistance of TB bacteria to anti-TB drugs or the patient
not appropriately adhering to their treatment dose. The fall in bacterial load measured by TB-MBLA correlates with the increase in
MGIT time to culture positivity (TTP).

5. Transmission Electron Microscopy

1. Transfer 2 mL aliquots of heat inactivated cultures and controls into 2 mL microcentrifuge tubes. Centrifuge for 10 min at 20,000 x g.
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2. Discard the supernatant and suspend the pellet in 700 µL of cell fixation buffer and incubate at room temperature for 5 min to fix the cells.
3. Centrifuge the suspension for 30 min at 16,000 x g to obtain a hard pellet. Discard the supernatant and replace with 1% sucrose in

phosphate-buffered saline (PBS). Store the pellets in sucrose at 4 °C until sectioning for electron microscopy.
4. Sectioning and TEM

 

NOTE: The protocol below is adapted from Griffiths et al.28.
1. Cryoprotect the cell pellet by embedding it in 2.1 M sucrose in PBS overnight at 4 °C. Wash 3x with ice-cold water.
2. Cool the cryoprotected cell pellets in liquid nitrogen and mount them cryomicrotomy stubs. Using the cryomicrotome, cut ultrathin

sections at 90 nm.
3. Retrieve the cut sections using the tungsten wire loops of 1:1 mixture of 2% methyl cellulose and 2.1 M sucrose in PBS.
4. Transfer the sections to pioloform coated 150 mesh hexagonal copper TEM supports (grids) and store at 4 °C or proceed to step 5.4.5.
5. Contrast the grids in uranyl acetate and air-dry in a film of methyl acetate. Wash the grids with ice-cold water followed by two drops of

PBS over 5 min and dry for 15−30 min. Examine the sections under TEM following the manufacturer’s guidelines.
 

NOTE: All labelling steps were performed at ice temperature (liquid temperature) except for the washing steps, which were performed
at ambient temperature.

Representative Results

Heat inactivates all M. tuberculosis bacilli
 

The optical density (OD) of controls (live cells) increased over time, (0.04OD–0.85OD) and no OD change was observed in the heat inactivated
samples, signifying growth and no growth respectively (Figure 1)27. Similarly, control clinical sputum grew positive by day 3 in MGIT while heat
inactivated clinical samples did not flag positive until the end of incubation. Growth of Mtb in MGIT was confirmed by Ziehl-Neelsen smear
microscopy and the antigen MPT6429.

RNA in inactivated samples is stable at 37 °C for 4 days
 

Heat inactivated samples were incubated at 37 °C to determine whether RNA degrades following heat inactivation of cells. No difference was
found between the RNA harvested at Day (D) 0 immediately after heat inactivation and the RNA isolated at D1, 2, 3, and 4 in both BCG cultures
(Figure 2A-C) and TB positive sputum (Figure 2D).

Exogenous RNase increases the rate of RNA degradation in the heat inactivated fractions
 

To determine why RNA was not degrading, RNase A enzyme was exogenously added at 1,000 U/mL before and/or after heat inactivation. This
caused RNA loss equivalent to bacterial load 1.5 ± 0.3 -, 1.8 ± 0.2 -, and 1.3 ± 0.1 – log10 eCFU/mL at 80 °C, 85 °C, and 95 °C respectively
across 4 days of incubation. There was a difference in the RNA degraded in samples where RNase was added before and/or after heat
inactivation (Figure 3A-C).

Sufficient RNA is preserved for TB-MBLA using 16S rRNA as reference marker
 

The effect of heat inactivation on rRNA was measured in BCG cultures and sputum from TB positive patients. The measured bacterial load
of control BCG culture, 5.3 ± 0.2 log10 eCFU/mL, was 0.2 ± 0.1 log10 eCFU/mL higher than the combined 5.1 ± 0.3 log10 eCFU/mL of heat
inactivated culture (ANOVA p < 0.0001) at 80 °C, 85 °C, and 95 °C (Figure 4A)27. Similarly, the bacterial load of control patient sputum, 7.1
log10 eCFU/mL, was 0.8 ± 0.1 log10 eCFU/mL higher than the combined 6.3 ± 0.41 log10eCFU/mL at 80 °C, 85 °C, and 95 °C (Figure 4B)27. The
bacterial load reduction was <1log in the two types of samples tested.

Sidak’s multiple comparisons test revealed a significant difference between the bacterial load at 95 °C versus that of 80 °C and 85 °C (p =
0.001). No difference was found in TB samples at all temperatures, p = 0.8.

Cell wall integrity is not destroyed by heat in the majority of Mtb cells
 

Using transmission electron microscopy (TEM) we investigated whether cells were lysed by heat inactivation. Thin sections of paraformaldehyde
fixed pellets of cells were made and embedded in an electron rich medium prior to examination by TEM. Inspection of the cells at lower and
higher magnification revealed intact cell wall and visible intracellular lipid bodies. Cells morphologically appeared elongated but not lysed. Figure
5 illustrates the morphology of mycobacterium cells at different magnifications. The top two panels reveal intracellular lipid bodies and the
unhampered rope-like cording, a morphological characteristic typical of mycobacterium species. The lower two panels are higher magnification
expanding the view of lipid bodies and revealing some micro-intracellular structures.

Bacterial load measured by TB-MBLA is inversely correlated to MGIT culture time to positivity
 

For patients responding to therapy, the bacterial load falls at an average 1 log10 eCFU/mL per week over the course of treatment. Fast
responders clear faster, converting to negative (zero bacterial load) by 2 weeks of treatment. The fall in bacterial load measured by TB-MBLA
corresponded to the rise in MGIT culture time to positivity (TTP). Figure 6 demonstrates the inverse correlation found between bacterial load and
MGIT TTP. The difference, however, is that the TB-MBLA results are available in 4 h and time-to-result is independent of the level of bacterial
load. This is in contrast with 5–25 days for MGIT culture tests. Contamination with non-TB bacteria further compromise the results from culture
tests.
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Figure 1: Verification of BCG inactivation at 80 °C (dot pattern curve), 85 °C (dot-dash pattern curve), and 95 °C (dash pattern curve).
The control (black curve) was live (unheated) BCG culture inoculated into same growth medium. Growth in the control was confirmed by the
increase in the OD of the culture over the incubation period. This figure was modified from Sabiiti et al.27. Please click here to view a larger
version of this figure.

 

Figure 2: Stability of quantifiable RNA in heat inactivated sample incubated at 37 °C for 4 days (D0–D4). (A), (B), and (C) show BCG
cultures inactivated at 80 °C, 85 °C, and 95 °C respectively. (D) shows the TB sputum inactivated at 80 °C. The control is the untreated (live)
fraction of the same sample. Error bars = standard deviation. Three repeats, nine replicates per run. Please click here to view a larger version of
this figure.
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Figure 3: Higher RNA degradation after exogenous addition of RNase A enzyme. (A) Heat inactivation (HI) at 80 °C, (B) HI at 85 °C, and
(C) HI 95 °C. Error bars = standard error of the mean. Please click here to view a larger version of this figure.

 

Figure 4: The preservation of sufficient RNA for TB-MBLA bacterial load measurement using 16S rRNA as a marker. (A) Bacterial load
estimated from in vitro BCG cultures. (B) Bacterial load estimated from tuberculosis positive sputum. Error bars = standard error of the mean (n
= 18 and 20 replicates for A and B respectively). This figure was modified from Sabiiti et al.27. Please click here to view a larger version of this
figure.
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Figure 5: Electron micrographs of intact Mtb bacilli after inactivation at 95 °C for 20 min. Clear intact cell wall and enumerable lipid
bodies were observed with TEM. Top: low magnification images of a group of cells revealing unhampered mycobacterial rope-like cording
morphology and intracellular lipid bodies. Bottom: high magnification of the top panels to expand the view of lipid bodies and revealing some
micro-intracellular structures. Please click here to view a larger version of this figure.

 

Figure 6: The 12 week treatment response curve of a patient on anti-TB therapy showing an inverse correlation of TB-MBLA measured
bacterial load and MGIT TTP. The bacterial load (blue curve) falls while TTP rises (red curve) as the patient responds to treatment. Please click
here to view a larger version of this figure.

RT positive reaction RT negative reactionMaster mix

Volume per reaction x no. of reactions + 5 Volume per reaction x no. of reactions + 5

Quantitect mix 10.0 μL 10.0 μL

Mtb16S primer mix (F + R) 0.4 μL 0.4 μL

Mtb16S probe 0.2 μL 0.2 μL

EC primer mix (F + R) 0.4 μL 0.4 μL

EC probe 0.2 μL 0.2 μL

RT enzyme 0.2 μL -------

RNase free water 4.6 μL 4.8 μL

Total volume 16 µL 16 μL
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Table 1: Master mix preparation guide for the TB-MBLA qPCR.

Type MTB channel EC channel Interpretation

Sample Positive Positive Valid

Sample Positive Negative Indeterminate

Sample Negative Positive Valid

Sample Negative Negative Invalid

MTB + Control Positive Negative Valid

Extraction Control (EC) Negative Positive Valid

DNA control Negative Negative Valid

Negative Control (NTC) Negative Negative Valid

Table 2: TB-MBLA results interpretation guide.

Discussion

This article shows that heat treatment for 20 min at 80 °C, 85 °C, and 95 °C inactivates tuberculosis specimens effectively, making it possible
for TB-MBLA to be performed in a non-CL3 facility without risk of infection to laboratory workers. The findings confirm observations made in
previous studies while contrasting with some on the effectiveness of heat inactivation of Mtb25,30. For instance, some reports indicate that heating
at 80 °C is not effective on high bacillary load samples25,31,32,33. The high-density inoculum effect was avoided in our study by ensuring that all
sputum and pure cultures were heated at a 1 mL volume per 15 mL centrifuge tube providing adequate space to expose every part of the sample
to boiling27.

RNA preservation following heat inactivation makes it possible for TB-MBLA to be performed. This finding concurs with two studies that
demonstrated RNA preservation after heat inactivation12,34. We showed that the RNA in heat inactivated samples is stable at 37 °C for 4 days,
implying that laboratories could batch tests by maintaining inactivated samples at room temperature for a week. By applying RNA extraction kits
that require refrigeration or freezing, the ability to maintain heat inactivated samples at room temperature obviates the need for both cold chain
and Category 3 laboratories to perform TB-MBLA in resource limited settings.

Less than 1log bacterial load was lost using the 16S rRNA as a marker. Although there was a difference between live and heat inactivated
sample, the amount lost to heat inactivation is too small to compromise downstream results. Increasing temperature did not increase the amount
of RNA lost, implying that the observed loss is independent of the heat treatment. Heat treatment at high temperatures most likely causes cell
lysis, exposing RNA to degradation by RNases. Indeed, exogenous addition of RNase A to the heat inactivated fraction increased the rate of
RNA degradation. Boiling did not reduce the activity of RNase, implying that it is a very resilient protein.

It is important to note that an average RNA degradation of 1.5 log10 eCFU/mL is not a large loss. To this end we hypothesize that heating lyses a
small proportion of Mtb bacilli, thus exposing a small amount of RNA to RNase. Using TEM we showed that Mtb cell morphology and integrity of
the cell walls is hardly affected by heating at 95 °C. This means that it may require various physiological factors and sufficient supply of RNases
such as in the host to significantly degrade RNA35,36. Furthermore, being a structural ribosome, 16S rRNA is potentially less susceptible to
RNase37,38. A single Mtb cell contains ~700 ribosomes/0.1 mm3 of cytoplasm37, implying that there are higher quantities of rRNA per cell. Thus,
smaller quantities of RNase may have a smaller impact38. The existence of high numbers of ribosomes gives an advantage to TB-MBLA in terms
of sensitivity and ability to detect low burden TB patients.

There was a strong correlation between bacterial load measured by TB-MBLA and MGIT culture TTP. This confirms bacterial load as the driver of
culture positivity to some extent. However, the advantage of TB-MBLA is that it directly quantifies bacillary load present in the sample and does
not require Mtb cell proliferation before detection. This contrasts with culture whose time to positivity depends on the level of bacterial load and
rate of Mtb cell proliferation. Future studies will evaluate the TB-MBLA workflow, including heat inactivation, in routine clinical settings. The study
will also explore samples with a range of bacterial loads to understand the number that might change from positive to negative (i.e., those with
fewer bacteria following heat inactivation).

The TB-MBLA protocol for molecular quantification of bacterial load is the first of its kind in bacteriology. The method directly quantifies Mtb
bacillary load from patient sputum and requires no culture to do so. This makes it faster and increases its potential to inform a clinical decision
about patient progress. The heat inactivation step reduces the risk of infection and increases applicability of TB-MBLA in settings that do
not have a category 3 laboratory. Following heat inactivation of the sample, there are three protocol steps to achieve TB-MBLA results: RNA
extraction, reverse transcriptase (RT)-qPCR, and qPCR results analysis.

The higher the efficiency of isolating Mtb RNA from a patient sample, the higher the quality of the results. It is important to note that the quality
of the sputum sample affects the amount of RNA isolated. For instance, salivary sputum is considered low quality and has been associated with
low bacillary load. This means that training the patient for quality sputum expectoration is important. To assess the efficiency of the extraction
process, an extraction control (i.e, the known number of non-Mtb cells) is spiked into the sample prior to RNA extraction. Retrieval of the
extraction control confirms the efficiency of the RNA extraction process. The RNA isolation process cannot be valid unless the extraction control
has been retrieved. Given the fact that Mtb is a resilient organism makes mechanical lysis a crucial part of the process. Homogenization of
the sample at high speed (600 rpm) in the presence of beads (i.e., lysing matrix) effectively lyses the cells. Purification of the lysate yields an
extract containing both RNA and DNA. Removal of DNA is a crucial last step of the RNA extraction. TB-MBLA aims to measure viable bacilli by
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quantifying RNA. Thus, failure to remove genomic DNA means that the results will have a signal from the DNA, which is not a good marker for
cell viability6.

The RT-qPCR is a duplex running dual labelled probes for Mtb and extraction control. It involves three steps: 30 min reverse transcription by
reverse transcriptase at 50 °C, 15 min denaturation at 95 °C, and 40 cycles of amplification at 94 °C and 60 °C. Acquisition of fluorescence from
the probes occurs at 60 °C (i.e., the fragment elongation stage). It is important to note that the TB-MBLA has been optimized using a particular
qPCR machine, so operators using other qPCR platforms should optimize the conditions for their equipment. The efficiency of DNA removal
is controlled for by running a single reaction per sample in the absence of RT. A positive result from this reaction signifies incomplete removal
of DNA. High burden samples that have high amounts of DNA may require double the amount of DNase enzyme to completely remove DNA.
Fortunately, in high bacillary load samples, the presence of small amounts of DNA is less likely to affect the result from the RNA. Ribosomal
RNA, the TB-MBLA target, naturally occurs in twice the amount of DNA37. In the PCR, a no template control (NTC), which is the water used
to dissolve the PCR reagents, controls for cross contamination with exogenous DNA or RNA. A positive signal in the NTC implies cross
contamination and the result considered invalid. This means all solutions constituted using this water have to be discarded and new ones made
using a fresh vial of water. It is advisable to keep PCR water in separate aliquots to avoid contamination of all the water. A positive control (Mtb
RNA) is used to control for the overall efficiency of PCR.

Result analysis involves the conversion of PCR Cqs into bacterial load (i.e., the estimated colony forming units per mL) using the standard curve.
Setting and optimising the standard curve is crucial for this step. A standard curve efficiency of 0.95–1 is recommended. Standard curves for
MTb and extraction control should be set up and optimized before patients or other test samples are run on the machine. Standard samples
are provided with the TB-MBLA kit. A ten-fold dilution of the RNA extract is recommended for PCR. This implies that the bacterial load result
has to be multiplied by a factor of 10 to obtain the final bacterial load result per mL. It is important to note that Cqs above 30 are considered
negative for TB-MBLA. A minimum of two prospective bacterial load results measured at different time points is required to make an inference
on treatment response. It is strongly recommended that one of the two results should be baseline, before initiation of treatment. However, if the
patient initiated bacterial load assessment occurs midway through treatment, there must be a second time point bacterial load measurement to
evaluate the treatment response. TB-MBLA can distinguish bacterial load in a space of 3 days on treatment but the ideal is two bacterial load
measurements taken 7 days apart.

While the protocol generates informative quantitative results for treatment response, it is still largely manual and demands substantial hands on
time for RNA extraction. Technicians in busy labs may not have this time. Arrangements are underway to automate the RNA extraction and PCR
processes.
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