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SUMMARY: 
This protocol shows bead-beating combined with DNA capture bead purification provides a fast and consistent method for extracting DNA from Mycobacterium tuberculosis samples, making it an effective choice for next-generation sequencing applications.

ABSTRACT: 
Tuberculosis is a deadly disease, and the emergence of antibiotic drug resistance in the causative agent bacterium, Mycobacterium tuberculosis, worsens treatment outcomes. Precise and rapid drug resistance identification through sequencing technologies is needed to improve tuberculosis patient outcomes through tailored therapeutic regimens. The DNA extraction method is critical for downstream molecular assays and is complicated by the tough cell wall of Mycobacterium, the low bacillary load of many clinical samples, and the complexity of the sputum matrix. There are numerous M. tuberculosis DNA extraction methods reported, but there is currently no gold standard. Furthermore, few of these methods are shown to work consistently, and many are not suitable for low-resource and high-burden tuberculosis settings. Consequently, laboratories frequently introduce their own procedure modifications, resulting in significant method variability. Here, we present a cost-effective, rapid, and standardized protocol for Mycobacterial DNA extraction from both clinical sputum and culture that produces DNA suitable for qPCR and which should be considered for use in clinical diagnostics laboratories.

INTRODUCTION: 
Extracting high-quality DNA from M. tuberculosis is necessary for the detection of drug-resistant tuberculosis (TB) using targeted next-generation sequencing (NGS) and whole genome sequencing (WGS) but is often overlooked. We developed a standardized protocol to provide consistent, high-quality DNA for clinical NGS applications, including targeted NGS approaches like Deeplex-MycTB (GenoScreen) and whole genome sequencing, which are now recommended by the World Health Organization (WHO) for the diagnosis of drug-resistant tuberculosis. Notably, while the WHO recommends these NGS-based diagnostic strategies, it does not specify the particular DNA extraction protocols to support them. Our method can be used with WHO-endorsed tests as well as with emerging technologies that require high-quality mycobacterial DNA.

The extraction challenge stems from M. tuberculosis's unique cell wall, comprised of mycolic acids and lipids that make it exceptionally difficult to break open. Current published extraction solutions have substantial variation in lysis (e.g., sonication, chemical, heat, and bead-beating) and DNA extraction methods (e.g., phenol-chloroform extraction, ethanol precipitation, CTAB-based and column and bead-based methods), which results in differences in DNA yield, purity, and quality1–16. In addition, research groups rarely use the same DNA extraction method and often measure success differently. This makes determining which method works best difficult since the optimal approach depends on the type of molecular application. For example, resolving M. tuberculosis structural variants in sputum using long-read sequencing requires higher-quality DNA and more accurate polymerase than running a paid diagnostic tool that only targets a small region of rpoB. Several factors further complicate DNA extraction success. The amount of DNA we can extract varies based on the sample type, how many bacteria are present, and whether there are substances (co-extracted non-mycobacterial DNA and PCR inhibitors) that interfere with the process. Even technical aspects like how precisely a lab technician pipettes can affect the results. Current methods often fall short when processing samples with low bacterial loads or high levels of contaminating DNA, which are commonly encountered in clinical settings..	Comment by Author: Citations.	Comment by Author: The measures of success are covered by the previous citation 1-16. Documenting cases where the same research groups use different methodologies would require citing numerous publications where these methods might only appear in supplementary materials rather than in the main text. Additionally, this approach would inadvertently highlight specific research teams, which we prefer to avoid for a more balanced presentation.	Comment by Author: Citations.	Comment by Author: Thank you. We have added citations that support the challenges associated with processing samples with low bacterial load.

The bead-beating in custom buffer, followed by a bead clean-up protocol, offers key advantages over other methods. It is a simple and rapid workflow, reduces the opportunity for operator-dependent variation, and maintains DNA integrity for downstream NGS applications. This standardized approach particularly suits clinical laboratories seeking reliable, reproducible results using WHO-recommended NGS drug resistance assays and all WGS applications.

PROTOCOL: 
This study was conducted at the University of California San Francisco (UCSF) under Institutional Biosafety Committee approval (BUA #BU198320-01GBUA/BABB) and follows UCSF research ethics guidelines. We obtained remnant sputum samples collected by Discovery Life Sciences under IRB-approved Waiver of Consent protocol from individuals with non-TB respiratory conditions.


1. Preparation of buffers
1.1. 1.1	Custom Triton buffer: (Table 1): To prepare 100 mL of custom Triton buffer, start by combining 2 mL of 5 M NaCl, 1 mL of 1 M Tris-HCl (pH 8), 1 mL of Triton X-100, and 0.2 mL of 0.5 M EDTA.ethylenediaminetetraacetic acid (EDTA). Add ultrapure water to bring the total volume to 100 mL. Filter sterilize before use. The final buffer contains 100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, and 1% Triton X-100. 	Comment by Author: Full form.

1.2. 1.2	Low EDTA TE (1xTable 2): To prepare 100 mL of Low EDTA TE Buffer, combine 1 mL of 1M Tris-HCl (pH 8) and 0.02 mL of 0.5 M EDTA. Add ultrapure water to bring the total volume to 100 mL. The final buffer contains 10 mM Tris-HCl and 0.1 mM EDTA. 

2. Preparation of lysis tubes

2.1. Using a scalpel blade carefully cut the bottom off a 1.5 mL screw cap tube just below the inflection point.

2.2. Cut the tip off a P1000 tip, cut a V shaped wedge near the end, and wedge the prepared bottom of the screw cap tube in it. Refer to Figure 1 for a diagram of the scoop. 

[Place Figure 1 here]

2.3. Fill a sterile container (e.g., a reservoir or Petri dish) with 0.1 mm Zirconia-Silicate Beads and use the prepared scoop to distribute them one scoopful of beads (~200mg) into 1.5 mL screw cap tubes.	Comment by Author: How many per tube?

3. Preparation of input

NOTE: All sample preparation should be conducted according to your facility's biosafety protocols. We strongly recommend handling infectious materials inside a Class II Biosafety Cabinet (BSC) to minimize the risk of aerosol exposure.

3.1. Bacterial cell culture

3.1.1. Centrifuge ~ 5 mL of M. tuberculosis culture (either MGIT or turbid liquid culture) in a 15 mL conical centrifuge tube at max speed (≥ 3,000 x g) for 10 min.

3.1.2. Using a 10 mL serological pipette, carefully remove all but ~ 500 µL of the supernatant without disturbing the pellet. Remove the remaining supernatant with a P1000 pipette without disturbing the pellet.

3.1.3. Resuspend the pellet in 350 µL of custom Triton buffer by pipetting up and down. If required (i.e., to remove samples for processing outside a BSL-3), inactivate the sample according to the standard operating procedures.

3.2. Sputum preparation

3.2.1 Transfer 1-5 mL of sputum sample (spontaneous or induced) into a sterile 50 mL centrifuge tube.	Comment by Author: How were these samples collected? Please include an ethics statement before the numbered protocol steps, indicating that the protocol follows the guidelines of your institution’s human research ethics committee. Please include that informed consent was obtained from volunteers for these samples.	Comment by Author: Thank you. We have appended the origin of the samples to the end of the ethics statement, line 84.

3.3. DTT liquefaction

3.3.1. Add four volumes of 100 mM dithiothreitol to the sputum sample (volume may vary). If using commercial reagent, follow the manufacturer's dilution instructions.

3.3.2. Vortex thoroughly for 30 s. Incubate at room temperature (20-25 °C) for 7 min. Vortex again for 30 s.

3.3.3. Repeat steps 3.3.1. and 3.3.2. 1x, for very viscous samples, perform up to 5 incubation-vortex cycles.

3.3.4. Centrifuge at maximum speed (≥ 3,000 x g) for 10 min. Using a 10 mL serological pipette, carefully discard all but ~ 500 µL of the supernatant. Remove the remaining supernatant with a P1000 pipette without disturbing the pellet.

3.3.5. Resuspend the pellet in 350 µL of custom Triton buffer.

3.4. NALC-NaOH liquefaction

3.4.1. To prepare the NALC-NaOH solution, follow the manufacturer’s instructions for preparation and dilution.

3.4.2. Add four volumes of NALC-NaOH solution to the sputum sample (spontaneous or induced, volume may vary).

3.4.3. Vortex for 30 s. Incubate at room temperature (20-25 °C) for 7 min. Repeat steps 3.4.1. and 3.4.2. 1x, for very viscous samples, perform up to 5 incubation-vortex cycles.

3.4.4. Add PBS to the 50 mL mark. Vortex briefly to mix. Centrifuge at maximum speed (≥ 3,000 x g) for 10 min.

3.4.5. Using a 50 mL serological pipette, carefully discard all but ~ 500 µL of the supernatant. Remove the remaining supernatant with a P1000 pipette without disturbing the pellet.

3.4.6. Resuspend the pellet in 350 µL of custom Triton buffer. If required (i.e., to remove samples for processing outside a BSL-3), inactivate the sample according to the standard operating procedures.

4. Extraction of DNA

4.1. Transfer the inactivated bacterial suspension (350 µL from step 3) to a new well-labeled 1.5 mL screw cap tube containing ~250 µL of 0.1 mm Zirconia-Silicate Beads.

4.2. Bead beat the lysate at 6.5 m/s for 45 s with 2 min rest between runs. Repeat for a total of three bead-beating cycles.

4.3. Centrifuge at max speed (≥ 12,000 x g) for 2 min and transfer 150 µL of the supernatant to a new well-labeled tube. Take care not to transfer beads or cell debris.

4.4. Allow cleanup magnetic beads to equilibrate to room temperature for 30 min and vortex thoroughly to ensure complete resuspension before use.

4.5. Add 180 µL (1.2x volume) of cleanup magnetic beads and mix by pipetting up and down 10x. Incubate at room temperature for 2 min.

4.6. Place on a magnetic rack and wait for the solution to clear for ~ 2 min. Using a P200 pipette, carefully discard the supernatant without disturbing the magnetic beads. 

4.7. With the tube still on the magnetic rack, add 500 µL of freshly prepared 70 % (v/v) ethanol, dispensing along the opposite tube wall to the magnetic beads. Wait for 30 s.

4.8. Repeat steps 4.5. - 4.7. for a total of two washes. At the end of the last wash, remove residual ethanol with a P10 pipette. Dry the beads briefly for ~ 2 min.
 
4.9. Immediately after the bead pellet becomes opaque, remove the tube from the magnetic rack and resuspend in 20 µL of Low EDTA Tris Buffer. Do not allow the beads to become dry and cracked.

4.10. Mix by pipetting or vortexing to ensure all the beads are in solution. Incubate at room temperature for 5 min.

4.11. Place on a magnetic rack and wait for the solution to become clear for ~ 2 min. Transfer the eluted DNA to a new well-labeled tube for downstream analysis. Aspirate <20 µL of extracted DNA to avoid magnetic bead carry-over.

5. qPCR enumeration of mycobacterial DNA

5.1. To quantify mycobacterial DNA using a quantitative PCR targeting 99 nucleotides of the mycobacterial atpE (Rv1305), assemble a 10 µL reaction mixture per sample on ice containing 5 µL of universal probe master mix (2x), 0.4 µL each of forward primer (5'-AATTCCTGGTGTAGCGGTGG-3', 10 µM), and reverse primer (5'-GTTTACGGCGTGGACTACCA-3', 10 µM), 0.2 µL of TaqMan probe (5'-VIC-AGGAGGAACACCGGTGGCGA-MGB-3', 10 µM), 2 µL of DNA template, and 2 µL of nuclease-free water. (Table 3). 

5.2. Run the reaction using the following thermal cycling conditions: initial denaturation at 95 °C for 60 s, followed by 35 cycles of 95 °C for 10 s and 60 °C for 30 s (with a capture here, using a ramp rate of 2.11 °C/s; Table 4). 

NOTE: In this case, qPCR was performed using a TaqMan assay with VIC-labeled probe on a QuantStudio 3 Real-Time PCR System,

5.3. Run all samples, standards, and controls in technical triplicates. Generate standard curves using serial dilutions of purified M. tuberculosis DNA. Perform relative quantification analysis using analysis Software. 

5.4. Export the resulting relative quantification values to CSV format and visualize using R Studio (version 2024.09.1+394) to generate box plots comparing DNA yields across extraction methods.

RESULTS:
We tested the DNA extraction protocol on both cultured M. tuberculosis and M. tuberculosis spiked sputum samples (n = 3 for each condition). Using cultured M. tuberculosis H37Rv mc² 7901, we standardized the input to 8.4 x 10⁶ cells per 50 μL, equivalent to 1 mL of a MGIT culture at 200 GU. For sputum experiments, we spiked 1 mL of sputum pooled from individuals with non-TB respiratory conditions (obtained commercially) with two different bacterial concentrations (50,000, roughly a 1+ sputum smear grade, and 10,000 bacilli, roughly a scanty sputum smear grade) to evaluate the method's performance across varying bacterial loads.

We evaluated the DNA yields using a custom TaqMan qPCR targeting a single-copy gene (Figure 2). We detected M. tuberculosis DNA in all samples, including pure culture and spiked sputum, with little variation between replicates; however, we observed a large variation in the quantification of sputum spiked with only 10,000 cells.

The quality of extracted DNA was assessed by Illumina whole-genome sequencing. All three culture-derived samples tested had > 100x coverage across ≥ 99% of the M. tuberculosis H37Rv genome. However, sequencing of spiked sputum samples revealed a key limitation - despite successful DNA extraction (confirmed by qPCR), most sequencing reads aligned to the human genome rather than M. tuberculosis. This indicates that while the method effectively extracts DNA from both sources, additional steps may be needed to enrich mycobacterial DNA when processing clinical samples.

[Place Figure 2 here].

FIGURE AND TABLE LEGENDS: 
Figure 1: In-house bead distribution scoop diagram.designed for the easy transfer of ~200mg of 0.1mm zirconium beads into processing tubes.	Comment by Author: Please describe here what the figure shows.	Comment by Author: Thank you. We have added the Figure 1 description. 

Figure 2: Total DNA yields (y-axis) from M. tuberculosis culture and spiked sputum samples (x-axis). TaqMan qPCR quantification of M. tuberculosis DNA extracted using the bead-beating protocol (n = 3 per condition). Pure cultures yielded the highest DNA concentrations, while spiked sputum samples showed progressively lower yields and larger variation with decreasing bacterial input. Box plot elements represent: the interquartile range (box), median value (line within box), minimum and maximum values within 1.5 times the interquartile range (whiskers), and outlier values (individual points).

Table 1: Custom Triton Buffer recipe.	Comment by Author: Please refer to these tables, where applicable, in the text.	Comment by Author: Thank you. We have mentioned each table in the pertinent section of the protocol.

Table 2: Low EDTA TE (1x) recipe.

Table 3: qPCR reagent setup.

Table 4: qPCR cycling protocol.

DISCUSSION:
In this work, we present a robust, validated protocol for extracting high-quality M. tuberculosis DNA using bead-beating with magnetic bead cleanup for downstream molecular and NGS applications.

The method offers several advantages over existing M. tuberculosis DNA extraction protocols. While traditional phenol-chloroform extraction typically takes several days and introduces hazardous chemicals, this method is completed in under 60 min with minimal hazardous waste. This approach provides flexibility in reagent sourcing - the buffers can be purchased from multiple vendors or prepared in-house, reducing dependency on a single supplier. Even the magnetic beads themselves can be synthesized in a moderate complexity laboratoryThough commercially available beads may provide higher yields, the method is highly adaptable, allowing laboratories to optimize costs while maintaining performance. Overall, this approach is rapid, reproducible, and performs consistently across multiple experiments and different batches of samples. It should thus be considered for targeted NGS assays directly from sputum and for WGS of culture isolates.

Critical steps and troubleshooting require careful attention. The uniform distribution of silica-zirconia beads is essential - we recommend using a custom spoon made from a modified microcentrifuge tube to ensure consistency (alternatively, prefilled tubes can be purchased). Low DNA yields often result from insufficient bead-beating or improper magnetic bead handling. If yields are low, verify the bead-beater is maintaining 6.5 m/s speed and confirm the magnetic beads are at room temperature, fully resuspended before use, and are not overdried before the final elution. When processing clinical samples, the method accommodates various common laboratory practices. For culture samples, both MGIT cultures and turbid liquid cultures can serve as starting material. While we typically use 5 mL of heat-inactivated culture, the volume can be adjusted based on culture density without significantly impacting DNA yield. Heat inactivation protocols vary between laboratories - we found that variations in temperature (80-95 °C) and duration (15-45 min) do not substantially affect DNA recovery. For sputum processing, this method is compatible with both spontaneous and induced sputum samples of varying volumes. The bacterial pellet can be prepared using either DTT or the widely used NALC-NaOH decontamination method. For culture samples, starting material volume can be adjusted between 2-10 mL without significantly impacting protocol performance, though yields scale approximately linearly with input.

Several limitations should be considered. The method requires specialized equipment, including a high-speed bead-beater, limiting its use to well-equipped laboratories. There are, however, low-cost (< $40) alternatives that perform similarly to these for M. tuberculosis lysis. While effective for culture isolates, sputum samples present challenges due to high human DNA composition - our sequencing results show this can interfere with downstream applications like WGS. The current protocol processes up to 24 samples per batch, which may be insufficient for high-throughput settings. We also do not include a specific step to remove potential PCR inhibitors, which could interfere with downstream analysis. While most inhibitors will be removed during the bead cleanup, some may carry over, particularly in clinical settings. The effects of any remaining PCR inhibitors may be mitigated by adding bovine serum albumin (BSA) at a final concentration of 0.5-2.0 mg/mL to downstream PCR reactions.

The rapid processing time of the protocol makes it suitable for integration into automated liquid handling systems, potentially increasing throughput and reducing operator variability. The method could be adapted for other mycobacterial species with similar cell wall characteristics, or fungi and yeast. For clinical applications, incorporating downstream selective DNA capture steps could enrich mycobacterial DNA from sputum samples and possibly improve multiplex PCRs or allow for WGS.

Overall, we provide a rapid DNA extraction alternative for Mycobacterial DNA isolation from both clinical sputum and culture isolates which should be considered for use with all downstream molecular diagnostics applications.
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