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SUMMARY: 
To study Mycobacterium tuberculosis mutations for gene function and drug resistance, two targeted site-directed mutagenesis techniques for introducing changes into an isogenic background, two-step allelic exchange (AE) with a suicide vector, or recombineering with ssDNA oligonucleotides, are described and compared. Mutagenesis is confirmed via PCR and sequencing of the amplicon. 

ABSTRACT:
Precise manipulation of the mycobacterial genome is required to study the effect of specific mutations without confounding influences from the diverse genetic backgrounds in clinical isolates. This is particularly important for interrogating gene function and drug resistance mechanisms, where background mutations may enhance or suppress the effects of a mutation of interest. Here, two targeted site-directed mutagenesis approaches, two-step allelic exchange using a suicide vector and oligonucleotide-mediated recombineering, are described and compared for introducing defined mutations into an isogenic Mycobacterium tuberculosis background.

Two-step allelic exchange uses a suicide vector lacking a mycobacterial origin of replication and carrying a mutated DNA fragment, selectable markers such as sacB for sucrose sensitivity and lacZ for blue-white screening, and antibiotic resistance genes (kan or hyg). The process involves generating the mutated fragment via a multi-step polymerase chain reaction (PCR) or synthesis, cloning it into the vector, electroporating it into M. tuberculosis, and selecting single-crossover (SCO) integration events using antibiotic resistance and blue-white colony screening. This is followed by counter-selection with sucrose and X-gal to eliminate bacteria carrying the wild-type sequence. This method ensures stable, unmarked mutations but is time-consuming and labor-intensive.

Recombineering uses a recombinase-expressing plasmid, such as pJV75amber expressing Che9c gp61 recombinase under an inducible acetamidase promoter, together with a single-stranded DNA (ssDNA) oligonucleotide to introduce precise mutations. Transformants are selected on appropriate antibiotics and confirmed by PCR and Sanger sequencing. This approach is simpler, faster, and more cost-effective, but may be limited by low transformation efficiency, the need for fresh competent cells, and variable efficiency depending on the genomic region and oligonucleotide design.

Together, two-step allelic exchange and recombineering offer complementary strategies for introducing defined mutations into M. tuberculosis. Both methods enable experimental validation of mutations, such as variants associated with gene function and drug resistance.

INTRODUCTION: 
The study of genomic mutations enables interrogation of gene function and drug resistance using a variety of methods. However, the complex genetic background of clinical isolates harboring a mutation of interest often complicates the interpretation of results, as numerous other mutations may interact, leading to synergistic or antagonistic effects1. Although artificial intelligence (AI)-based approaches can predict resistance, they cannot conclusively prove it or determine downstream effects2,3.

Fluctuation assays, which rely on spontaneous mutations, can effectively select for resistance under known stressors such as antimycobacterial drugs4,5. However, this untargeted strategy requires extensive screening and offers no guarantee of recovering a specific mutation, e.g., novel mutations in drug-resistance-associated genes observed in clinical isolates.

Several targeted approaches have been developed, among which site-directed mutagenesis encompasses a suite of molecular techniques used to introduce precise single-nucleotide substitutions (point mutations) into a gene of interest6. The general workflow involves: (1) generating a donor DNA fragment or plasmid containing the gene of interest with the desired point mutation(s), (2) introducing this DNA into the bacterium, (3) delivering the mutated sequence to the chromosomal target locus, (4) promoting incorporation of the mutation via recombination, and (5) screening for recombinant mutants.

In this publication, two distinct site-directed mutagenesis strategies for targeted manipulation of M. tuberculosis genes are described, their workflows compared, and the advantages and disadvantages of each discussed. The methods exploit either the mycobacterium's natural homologous recombination (HR) repair pathway, also referred to here as two-step Allelic Exchange (AE) with a suicide vector7, or a plasmid-encoded phage-derived recombineering system8. 

The two-step allelic exchange (AE) method incorporates a suicide delivery vector into the chromosomal DNA of an organism by HR. This suicide delivery vector contains a flexible cassette which forms part of the pNIL/pGOAL vector series and has been well discussed systems7. It provides high precision and stable integration for complex edits, including gene knockouts and large insertions. The core principles of AE using suicide vectors and recombineering have been established in prior protocols for mycobacteria9,10, including HR-based gene knockouts and introducing point mutations7. Limitations of AE include potential in vitro antibiotic stress from multiple selection markers, risk of spontaneous mutations during serial passages, labor-intensive cloning steps, and a two-step selection process that can span 8–12 weeks.  

In contrast, recombineering leverages the Che9c gp61 recombinase from pJV75amber and single-stranded DNA (ssDNA) oligonucleotides8,11, to facilitate site-directed mutagenesis and screening. The episomal plasmid pJV75amber expresses the Che9c gp61 recombinase (a single-stranded DNA annealing protein homologous to E. coli RecT) under the control of an inducible acetamidase promoter8. The recombinase protein mediates ssDNA recognition, annealing, and allelic exchange between an exogenously synthesized ssDNA oligonucleotide template containing a point mutation and the endogenous homologous DNA strands8. 

Recombineering eliminates cloning steps, reducing the timeline to 4–6 weeks, making it ideal for rapid validation of drug resistance variants in clinical isolates. However, recombineering may exhibit variable efficiency in certain genomic regions or result in off-target (illegitimate) recombination due to the use of short homology arms, requiring repeated rounds of experimentation. It may further require extensive screening of colonies in the absence of built-in counter-selection.

Presenting both methods side-by-side enables researchers to select one or the other based on project needs: AE for robust, unmarked edits in essential genes versus recombineering for speed and simplicity in high-throughput mutagenesis. Ultimately, these approaches facilitate studies on gene function, epistasis, and resistance mechanisms without confounding genetic backgrounds. We highlight the suitability of AE for complex edits, the speed of recombineering, and the labor intensity of AE. Further, recombineering shows genomic region dependency, which is not emphasized in prior single-method protocols8. Here, targeted adaptations and improvements are provided for site-directed mutagenesis in M. tuberculosis. 

All experiments involving the manipulation of live M. tuberculosis must be conducted by trained personnel in a BSL3 facility, following institutional biosafety protocols and risk assessments. The facility should be equipped with controlled access, negative-pressure airflow, and a HEPA-filtered exhaust system, and work should be conducted in certified biological safety cabinets (Class II). Additionally, personal protective equipment (PPE), such as a powered air-purifying respirator (PAPR) or N95 respirators, gloves, coveralls or gowns, and eye protection, should always be worn while inside a BSL-3 facility. All waste, including culture media and disposables, must be autoclaved or chemically decontaminated before removal from the BSL3. 

Downstream analyses, such as PCR and sequencing, including materials such as bacterial pellets, are heat-inactivated at 80 °C for 60 min in the BSL3 before transfer. Inactivated samples are then double-bagged, surface-decontaminated with a suitable detergent and 70% ethanol, and transported to a BSL2 for molecular work. These safety measures are important to minimize the risk of aerosol formation during procedures such as centrifugation or pipetting, which may result in accidental exposure. 

UV-protective goggles or a face shield, and gloves should be worn during UV exposure; exposures should only be conducted in a closed UV irradiator system to prevent skin and eye damage.

PROTOCOL: 
1. Two-step allelic exchange (AE)

NOTE: Homologous recombination provides an effective method for introducing point mutations into the M. tuberculosis gene of interest. The technique consists of five phases: 1) generating and amplifying an insert sequence; 2) constructing a suicide delivery vector; 3) delivering the mutant DNA to the mycobacterial genome; 4) transformation of the plasmid carrying the mutant allele to generate a co-integrant; and 5) counter-selecting for the resolution of the co-integrant. While this method can be applied to construct deletion mutants, the focus here is on generating single-nucleotide variant strains.

1.1. Generation of a dsDNA fragment for homologous recombination

NOTE: When investigating the effect of a single-nucleotide change using AE, three options exist to generate the fragment or gene of interest harboring the single-nucleotide variant (SNV). (1) Amplify a genomic region containing an SNV of interest from a clinical strain by polymerase chain reaction (PCR) and clone it into a suitable vector. (2) Purchase a custom-designed oligonucleotide synthesized to carry the point mutation of interest. (3) Use a three-step PCR method (described below) to introduce the point mutation into the fragment or gene of interest. This overlap PCR introduces a single nucleotide change precisely at the targeted position in a genomic sequence. It requires two primer sets and involves three steps: 1) PCR amplification of the upstream and downstream regions separately, 2) annealing the two overlapping fragments, and 3) amplifying the full-length DNA fragment using the outer primers.

1.1.1. Design the outer primers to bind at the 5' and 3' ends of the upstream and downstream regions of the gene, respectively. Include in these outer primers a 20-base-pair (bp) homology region to the gene, restriction enzyme sites, and an additional 6-bp non-coding sequence overhang at each primer end to allow direct restriction enzyme digestion during cloning experiments. Ensure the restriction sites are present in the vector but not in the gene of interest (Table of Materials). 

1.1.2. Design the central primers to be complementary and carry the SNV of interest. Allow the complementary forward and reverse primers to overlap in the middle of the upstream and downstream regions, incorporating the nucleotide base change into the center of the dsDNA fragment.

1.1.3. Use genomic dsDNA from M. tuberculosis H37Rv as template DNA in a 25 μL PCR reaction mix (Figure 1) using a high-mismatch proofreading Taq polymerase. 

1.1.3.1. Set up the separate reactions as follows: Add 5 μL of GC Buffer (final 1, recommended for GC-rich M. tuberculosis DNA), 0.5 μL of 10 mM dNTPs (final 200 μM each), 1.25 μL of 10 μM forward primer (final 0.5 μM), 1.25 μL of 10 μM reverse primer (final 0.5 μM), 0.25 μL of Polymerase (final 1 U), 1 μL of template DNA (50–100 ng), 0.75 μL of 100% DMSO (final 3% for GC-rich templates), and nuclease-free water to 25 μL final volume. Use primers A and B in one reaction, and C and D in the other (Figure 1A).

1.1.4. Amplify two DNA fragments separately: the upstream region with primers A and B, and the downstream region with primers C and D (Figure 1A). Optimize the cycling conditions according to the primers used and length of the amplicon, starting with initial denaturation at 98 °C for 30 s; 30 cycles of denaturation at 98 °C for 10 s, annealing at Tm (typically 55–65 °C for these primers) for 30 s, extension at 72 °C for 30 s per kilobase (kb); final extension at 72 °C for 5 min. Hold at 4 °C. 

1.1.5. Anneal and extend the upstream and downstream regions by combining 5 μL of each generated PCR product (from step 1.1.4) into a new 25 μL reaction (adjust component proportions proportionally, omitting addition of primers) (Figure 1B). Use the same cycling conditions but reduce the number of cycles to 10–15. 

1.1.6. To remove excess primers from the first-step PCR products before the third step, dilution (1:10 to 1:50) is often sufficient, but for higher purity, use commercial column-based cleanup kits or gel extraction if non-specific bands are present.

1.1.7. In the last amplification step, add 2 μL from the overlapping PCR product (from step 1.1.5) to a new 25 μL reaction with primers A and D (final 0.5 μM each) (Figure 1C). Use the same cycling conditions as the first step. 

1.1.8. Verify amplification by agarose gel electrophoresis; expect a single band of the predicted size, with no smears.

[bookmark: _Toc221890955] [Place Figure 1 here]

1.2. Vector construction for sequencing SNV-containing dsDNA fragment 

NOTE: This section describes the second step of AE. The generated fragment of interest is cloned into a sequencing vector to enable plasmid propagation and obtain multiple copies for more efficient cloning in subsequent steps.

1.2.1. Prepare chemically competent E. coli cells according to the method of Green and Rogers12.

1.2.2. Excise the PCR-amplified dsDNA fragment containing the SNV of interest from step 1.1.8 from the gel using a clean scalpel blade and purify using a commercial gel and PCR cleanup kit according to the manufacturer's protocol. Measure the DNA concentration using spectrophotometry; aim for 50–100 ng/μL. Observe a clear solution post-purification.

1.2.3. Ligate the linear DNA fragment into a sequencing vector (e.g., pJET1.2) using a suitable ligase. Perform ligations in a 10 μL reaction: add 1 μL of 10 ligase buffer, 50 ng of vector, 150 ng of insert (3:1 molar ratio), 1 μL of DNA ligase (400 U/μL), and water to 10 μL; incubate at 4 °C overnight and inactivate by incubating for 10 min at 65 °C.

1.2.4.  Transform the plasmid construction into chemically competent E. coli cells by adding 5 µL of ligated plasmid DNA (see step 1.2.3) to 100 µL of competent cells and gently mixing by tapping. Incubate the mixture on ice for 30 min. Heat-shock the cells at 42 °C for 90 s, then immediately return the tube to ice for 2 min. Add 900 µL of Luria-Bertani (LB) medium and incubate the cells at 37 °C with shaking (225 rpm) for 1 h to allow recovery.

1.2.5. Harvest cells by centrifugation (3,000 × g for 10 min) and discard the LB media. Resuspend recombinant cells in 100 μL fresh LB media, plate 50 μL on LB agar containing the appropriate antibiotics, and incubate statically at 37 °C overnight. Expect 50–500 colonies per plate.

1.2.6. Screen colonies for the presence of the DNA fragment using colony PCR by picking 1–10 single colonies and adding each colony's cells to a PRC reaction, as described in step 1.1.3 with primers A and D. The PCR is run as described in step 1.1.4. 

1.2.7. Select PCR-positive colonies (usually 5–10) and culture overnight in 5 mL of LB media with antibiotics at 37 °C with shaking at 200 rpm.

1.2.8. Prepare a glycerol -80 °C freezer stock of each overnight culture. Extract plasmid DNA using a commercial miniprep DNA purification kit and perform Sanger sequencing to confirm the dsDNA fragment sequence and the presence of the SNV. Additionally, use restriction enzyme (RE) mapping to ensure that the correct-sized fragment is incorporated into the sequencing plasmid. Verify by gel electrophoresis; expect fragments matching the predicted sizes.

1.3. Constructing the suicide delivery vector
NOTE: This section describes the final preparation of the suicide delivery vector.  The two widely used suicide delivery vectors are p1NIL and p2NIL, differing only in the restriction enzyme cut sites in their multiple cloning sites. This protocol refers to p2NIL (Table of Materials). To aid in vector construction, consult plasmid maps of p2NIL and pGOAL19 for unique restriction sites. 

1.3.1. Perform RE digestion to remove the verified SNV-containing DNA fragment from step 1.3.1, from the sequencing vector, using the appropriate enzymes (e.g., HindIII and KpnI). In a separate reaction, digest the suicide delivery vector (e.g., p2NIL) with the same enzymes. Perform both digests at a large scale (1 µg DNA) in a 50 μL reaction: add 10 μL of 10 buffer, 1 μL of each enzyme (10 U/μL), 1 µg of DNA, and water to a final volume of 50 μL; incubate at 37 °C for 1 h. Heat-inactivate if required as per the manufacturer's recommendation.

1.3.2. Separate the DNA fragments by agarose gel electrophoresis. Observe clear bands at expected sizes. Excise the linearized p2NIL vector and the SNV-containing DNA fragment from the agarose gel and purify using a commercial gel and PCR cleanup kit.

1.3.3. Measure the DNA concentrations using spectrophotometry and calculate the volume of DNA needed to achieve a 3:1 insert-to-vector molar ratio using 50 ng of p2NIL vector DNA. Perform ligations in a 10 μL reaction: add 1 μL of 10 ligase buffer, 50 ng of vector, 150 ng of insert (3:1 molar), 1 μL of T4 DNA ligase (400 U/μL), and water to 10 μL; incubate at 4 °C overnight.

1.3.4. Transform the ligated vector with the insert into competent E. coli cells (see step 1.2.4). Plate the transformation on LB agar with Kanamycin (Kan). Incubate at 37 °C overnight.

1.3.5. Subject the resulting colonies (p2NIL with the SNV-containing DNA fragment, hereafter p2NIL_insert) to colony PCR (see step 1.2.6) and agarose gel electrophoresis to confirm the presence of the SNV-containing DNA fragment. Run the PCR as described in step 1.1.4.

1.3.6. Inoculate a colony containing the correctly constructed p2NIL_insert vector into 10 mL of LB media with Kan at 37 °C, shaking at 200 rpm overnight. Prepare freezer stocks (use 1–2 mL of culture) and perform miniprep to isolate p2NIL_insert.

1.3.7. Introduce selectable markers from the pGOAL vector series (pGOAL17 or pGOAL19) into p2NIL_insert by digesting both pGOAL and p2NIL_insert with PacI restriction enzyme in separate 50 μL reactions (see step 1.3.2). 

1.3.8. Separate the resulting fragments by agarose gel electrophoresis, excise fragments of interest, and purify using a commercial gel and PCR cleanup kit.

1.3.9. Dephosphorylate the linearized p2NIL_insert to prevent self-ligation of the 5' and 3' ends by alkaline phosphatase treatment: add 1 unit/µg of fragment DNA in a 20 μL reaction with 2 μL of 10 buffer and water; incubate for 10 min at 37 °C, followed by heat-inactivation for 2 min at 75 °C. 

NOTE: When required to prevent self-ligation, vector DNA is de-phosphorylated using 1 unit/μg of rAPid alkaline phosphatase and incubated to heat-inactivate.

1.3.10. Ligate the pGOAL selectable marker cassette into the dephosphorylated p2NIL_insert to generate p2NIL_insert_SM in a 10 μL reaction (see step 1.2.3) and transform into chemically competent E. coli cells (see step 1.2.4).

1.3.11. Plate cells on LB agar with the appropriate antibiotic (50 µg/mL Kan and/or 150–200 µg/mL Hyg) and 50 µg/mL X-gal to confirm the functionality of the selection markers. Incubate at 37 °C overnight; expect blue colonies indicating LacZ activity. 

1.3.12. Confirm sucrose sensitivity by streaking individual blue colonies on LB agar containing antibiotics, with and without 2% sucrose, to verify sucrose sensitivity.

1.3.13. Confirm the final construct of the suicide delivery vector by RE mapping. Verify expected fragment patterns by purifying the plasmid from E. coli. Perform RE plasmid mapping to compare the pattern of restriction to that predicted by the plasmid's sequence file.

1.4. [bookmark: _Hlk184212031]Generation of M. tuberculosis harboring SNV through homologous recombination 

NOTE: A suicide delivery vector is introduced into genomic DNA through homologous recombination, followed by a two-step selection method to select for, and then against, the selectable markers. The following steps are performed under Biosafety Level 3 conditions.

1.4.1. Selection of a co-integrant M. tuberculosis strain

1.4.1.1. Prepare electrocompetent M. tuberculosis cells by harvesting cells at an OD600 of 0.6–1.0 and washing three times in 1/50 volume of cold 10% glycerol, followed by resuspension in 10% glycerol. Cell concentration should be around 1011 cells per mL, and may be stored at -70 °C10.

1.4.1.2. Place 10 µg of the plasmid DNA in a Petri dish in a UV irradiator system and expose to UV light until the energy reaches 100 mJ/cm².

1.4.1.3. Add 10 µg UV-pretreated plasmid DNA or 6 μL of Tris-EDTA (TE)  buffer (negative control) to 400 μL of electrocompetent M. tuberculosis cells in separate 1.5 mL microcentrifuge tubes. Mix gently by pipetting.

1.4.1.4. Transfer the mixture into a 0.2 cm electroporation cuvette and electroporate with a single pulse of 2.5 kV, 25 μF, and 1,000 Ω resistance. Monitor the time constant (optimum 15–25 ms). Discard if arcing occurs.

1.4.1.5. Resuspend the electroporated cells in 600 μL of 7H9-OADC medium and transfer cells to sterile 2 mL screw cap tubes (with o-ring).

1.4.1.6. Incubate transformed cells for 24–48 h at 37 °C.

1.4.1.7. Harvest cells by centrifugation at 3,000 × g for 10 min at room temperature. Expect a visible pellet. Remove media from pelleted cells.

1.4.1.8. Streak cells on 7H11-OADC agar plates containing the appropriate antibiotics (20 µg/mL Kan and/or 50 µg/mL Hyg) and 50 µg/mL X-gal. 

NOTE: Add X-gal to cooled 7H11-OADC agar (50 °C) before pouring plates. X-gal may degrade over extended 37 °C incubations (3–4 weeks) required for M. tuberculosis, potentially reducing blue-white screening sensitivity due to thermal instability. Store pre-poured plates at 4 °C in the dark for up to 2 weeks to minimize degradation. If faint coloration is observed, consider the X-gal underlay method: Pour plain 7H11-OADC agar plates, solidify, then lift the agar slightly and add 200–500 μL of X-gal solution (20 mg/mL in DMF) under the agar before resealing and incubating. This reduces direct heat exposure during storage and incubation.

1.4.1.9. Incubate at 37 °C for 21 days. Colonies that have successfully undergone the first allelic exchange appear blue, are sucrose-sensitive, and antibiotic-resistant (Figure 2). The single crossover (SCO) M. tuberculosis strains contain both the wild-type and SNV-containing regions.

1.4.1.10. Pick SCO colonies and inoculate 5 mL of 7H9-OADC supplemented with 0.05% Tween 80 (from here, 7H9-OADC-Tween) and the appropriate antibiotic. Incubate for 7 days at 37 °C with shaking in flasks at 150 rpm.

1.4.1.11. To confirm sucrose-sensitivity, streak each culture on a 7H11-OADC agar plate containing 2% sucrose. Incubate at 37 °C for 21 days. Expect SCO cultures not to grow on sucrose. Continue to use the SCO cultures from step 1.6.9 that displayed sucrose sensitivity.

[bookmark: _Toc221890956][Place Figure 2 here]
  
1.4.2. Selection of the resolution of the co-integrant M. tuberculosis strain

1.4.2.1. Sub-culture the SCO colonies into 5 mL of 7H9-OADC-Tween (without antibiotics) and incubate for 7 days at 37 °C with shaking at 100 rpm to select for the resolution of the co-integrant (DCO).

1.4.2.2. Streak 100 μL on 7H11-OADC agar plates with 2% sucrose and X-gal (50 µg/mL). Incubate at 37 °C for 21 days. Although it should still be confirmed, expect white colonies that are antibiotic-sensitive and sucrose-resistant if the second allelic exchange step was successful (Figure 2).

1.4.2.3. Pick 10–30 DCO single colonies and inoculate them in 5 mL of 7H9-OADC-Tween (without antibiotic). Incubate for 7 days at 37 °C with shaking at 100 rpm.

1.4.2.4. To confirm resolution of the integrated vector backbone, perform patch tests on kanamycin and, where applicable, hygromycin (for pGOAL19 constructs). Additionally, conduct sucrose counter-selection patch tests depending on the vector used (pGOAL17 or pGOAL19): streak colonies onto 7H11-OADC agar plates containing either 50 µg/mL Hyg or 2% sucrose, incubate at 37 °C for up to 21 days. Colonies that have resolved the integrated vector backbone will grow on the plate containing 2% sucrose, but not on the plates containing hygromycin.

1.4.2.5. Perform colony PCR by boiling a 200 µL aliquot of the DCO M. tuberculosis cultures at 95 °C for 60 min. Centrifuge boiled cultures at 15,000 × g for 15 min at room temperature to form a pellet; use the supernatant (containing DNA) for PCR amplification. Perform PCR setup as described in step 1.1.4, with primers A and D. Run PCR as described in step 1.1.5.

1.4.2.6. Separate the resulting fragments by agarose gel electrophoresis. Excise fragments of interest and purify using a commercial gel and PCR cleanup kit according to the manufacturer's protocol.

1.4.2.7. Sanger sequence the PCR product to confirm the presence of the SNV. Analyze the output by mapping the sequenced DNA fragment to the M. tuberculosis H37Rv reference genome (GenBank NC_000962.2). Additionally, perform whole-genome sequencing of the progenitor and mutant strains to ensure no off-target mutations were acquired during culturing.

2. Recombineering

[bookmark: _Toc530485341]NOTE: Recombineering begins with electroporation of M. tuberculosis with three components: the recombineering plasmid pJV75amber, the 63 bp ssDNA oligonucleotide JCV198 (to restore hygromycin resistance on the plasmid), and a 63 bp ssDNA oligonucleotide carrying the desired point mutation. Transformants are then screened by colony PCR and Sanger sequencing. The composition for restriction enzyme digestion of pJV75amber is outlined in Table 1. The following steps are performed under Biosafety Level 3 conditions:

[Place Table 1 here]

2.1. M. tuberculosis transformation with pJV75amber

2.1.1. Prepare electrocompetent mycobacterial cells as described in step 1.4.1.1. 

2.1.2.  Add 100 ng of pJV75amber plasmid DNA or 5 μL of nuclease-free water (negative control) to 95 μL of electrocompetent M. tuberculosis cells in separate 1.5 mL microcentrifuge tubes. Mix gently by pipetting. 

2.1.3. Transfer into two separate electroporation cuvettes (0.2 cm gap) and incubate at room temperature for 30 min. Ensure the cell suspension settles to the bottom of the cuvette (tap gently to remove any bubbles, if needed).

2.1.4. Place the cuvette into the sample chamber of the electroporator and apply the pulse at a resistance of 1000 Ω, a voltage of 2.5 kV, and a capacitance of 25 μF. Monitor the time constant (optimum 15–25 ms). Discard if arcing occurs.

2.1.5. Immediately add 900 µL of 7H9-OADC-Tween and mix by pipetting up and down 10 times.

2.1.6. Transfer the cells (1.0 mL total volume) into two 50 mL tubes, one each for the sample and the control, and incubate for 48 h at 37 °C. 

2.1.7. Harvest cells by centrifugation at 3,000 × g for 15 min at 37 °C. Expect a visible pellet. Remove media from pelleted cells. Resuspend in 200 μL of 7H9-OADC-Tween.

2.1.8. Plate 100 μL of culture on 7H11-OADC agar plates containing 25 µg/mL Kan.

2.1.9. Incubate the plates for 21 days at 37 °C.

2.2. Colony PCR-test to confirm pJV75amber

NOTE: Refer to the general colony PCR protocol (see step 1.2.6) with the following M. tuberculosis-specific modifications:

2.2.1. Pick single colonies of the pJV75amber-transformed bacteria into 1.5 mL microcentrifuge tubes with 7H9-OADC broth containing 0.05% Tween 80 and Kan (25 µg/mL).

2.2.2. Incubate at 37 °C for 7 days with shaking at 100 rpm.

2.2.3. Transfer culture into 1.5 mL centrifugation tubes.

2.2.4. Release plasmid DNA from M. tuberculosis cells by heating the culture for 60 min at 80 °C.

2.2.5. Pellet cells by centrifugation at 16,000 × g for 15 min at room temperature. 

2.2.6. Carefully pipette 1 µL of the supernatant (containing pJV75amber DNA).

2.2.7. Perform PCR using forward primer (KANR_F) and reverse primer (KANR_R): add 12.5 μL Taq master mix, 1.25 μL of each primer (final 0.5 μM), 1 μL of template DNA (step 2.2.6), water to 25 μL. Use cycling conditions optimized for the kanamycin gene (aph) primer set: initial denaturation at 95 °C for 3 min; 35 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 45 s; final extension at 72 °C for 5 min. Hold at 4 °C.

2.2.8. Analyze on a 1% agarose gel at 150 V for 45 min. Colonies that produce the expected 700 bp aph band are confirmed to contain pJV75amber; select these for downstream recombineering.

2.3. Recombineering electrocompetent M. tuberculosis transformed with pJV75amber 

2.3.1. Inoculate a single colony (from step 2.2.1) confirmed with pJV75amber in 20 mL of 7H9-OADC-Tween, Kan (25 µg/mL), and 0.2% succinate.

2.3.2. Incubate at 37 °C until OD600 reaches 0.6 (mid-log phase growth) to prepare competent M. tuberculosis cells (see step 1.4.1.1).

2.3.3. Add acetamide to a final concentration of 0.2%.

2.3.4. Incubate at 37 °C overnight with shaking at 100 rpm.

2.3.5. Set out labeled electroporation cuvettes (0.2 cm gap), each containing 100 μL induced, competent M. tuberculosis cells, and add ssDNA oligonucleotides for recombineering as outlined in Table 2:

2.3.5.1. Sample: Add 1 µg of JCV198 ssDNA oligonucleotide and 1 µg of ssDNA recombineering oligonucleotide with the sequence of interest.

2.3.5.2. Positive control: Add 1 µg of JCV198 ssDNA oligonucleotide.

2.3.5.3. Negative control: Add 2 μL of nuclease-free water (no DNA).

2.3.6. Mix by pipetting gently.

[bookmark: _Hlk220507052][Place Table 2 here]

2.3.7. Electroporate and recover cells as described in steps 2.1.3–2.1.7.

2.3.8. Plate 100 μL of transformation cultures on 7H11-OADC agar plates with and without Hyg (50 µg/mL). 

2.3.9. Incubate the plates for 21 days at 37 °C. 

2.4. [bookmark: _Toc530485347]Screen for recombinant M. tuberculosis to confirm the inserted point mutation 

2.4.1. Pick single colonies of recombinant M. tuberculosis cells and inoculate them in 5 mL of 7H9-OADC-Tween with Hyg (50 µg/mL). 

2.4.2. Incubate at 37 °C for 7 days with shaking at 100 rpm.

2.4.3. Transfer 200 μL aliquots of each overnight culture into sterile 1.5 mL microcentrifuge tubes. Store the remaining cultures at 4 °C (or prepare glycerol stocks) until PCR and Sanger sequencing identify the colonies carrying the SNV of interest. Heat-kill by boiling at 100 °C for 1 h, centrifuge at 16,000 × g for 5 min at room temperature to pellet debris.

2.4.4. Perform PCR and Sanger sequencing on the supernatant to confirm the presence of the SNV of interest. Verify by mapping to reference; expect the SNV without additional mutations.

2.4.5. To expedite colony PCR confirmation of pJV75amber in M. tuberculosis (see step 2.1), consider a direct lysis method using Chelex-100:

2.4.5.1. Pick a single colony (retaining some live material) directly into 100 µL of 5% Chelex-100 suspension in a 1.5 mL tube, vortex to resuspend, boil at 100 °C for 10 min, centrifuge at 16,000 × g for 5 min, and use 1–2 µL of the cleared supernatant as PCR template. 

NOTE: This bypasses the 7-day liquid culture step, reducing the overall timeline from 1 week to a day while still yielding sufficient plasmid DNA for aph amplification. 

2.4.5.2. Monitor for potential PCR inhibition or false negatives due to incomplete lysis in mycobacteria, due to the thick mycolic acid cell wall. 

2.4.5.3. If results are inconsistent, test both the Chelex direct-lysis method and the heat-lysis approach in parallel on the same set of colonies to compare sensitivity and reliability.
  
[bookmark: _Toc530485351]REPRESENTATIVE RESULTS: 
[bookmark: _Toc80966844][bookmark: _Toc87370152]Two-step allelic exchange
PCR amplification of the rv0678 A97G DNA fragment flanked by restriction enzyme sites
The upstream and downstream regions of M. tuberculosis H37Rv rv0678 (1413 bp each) were amplified by PCR. This step ensured incorporation of an c.97A>G single nucleotide change in rv0678 (Thr33Ala), as well as restriction sites to allow cloning into the p2NIL vector. Bands corresponding to the expected fragment size, approximately 1400 bp, were confirmed by agarose gel electrophoresis (Figure 3). DNA bands were purified from the gel, yielding 67.9 ng/µL and 40.50 ng/µL of the upstream and downstream DNA fragments, respectively.   

[Place Figure 3 here]

The full-length rv0678 fragment containing the central c.97A>G nucleotide change was generated by overlap PCR of the upstream and downstream fragments, yielding a single 2825 bp fragment, confirmed by gel electrophoresis (Figure 4). 
[bookmark: _Toc81495745][bookmark: _Toc85822155]
[bookmark: _Toc221890958][Place Figure 4 here]

[bookmark: _Hlk61988355]The PCR products were purified using a column to yield 126.6 ng/µL of purified rv0678 DNA, which was then ligated into the sequencing plasmid vector. Sanger sequencing of plasmid DNA (pJET1.2_rv0678) isolated from E. coli single colonies (ampR) recovered from transformation plates confirmed an E. coli colony of pJET1.2_rv0678 containing the desired mutation GAC > GGC at nucleotide position 97. No off-target mutations were present within the gene. Double restriction enzyme (HindIII and KpnI) digestion was used to excise the DNA insert from circular vector pJET1.2_rv0678. This was separated on by gel electrophoresis, confirming the correct sizes of the pJET1.2 vector (2974 bp) and the rv0678 insert (2825 bp). The insert was purified from excised gel slices and ligated into p2NIL (4418 bp) that had been digested with HindIII and KpnI (Figure 5) to create p2NIL_rv0678 (7243 bp); the construct was confirmed by restriction mapping.

[bookmark: _Toc221890960][Place Figure 5 here]

[bookmark: _Hlk76559957]To construct the final suicide vectors, p2NIL_rv0678, isolated from E. coli, was linearized with the PacI high-fidelity (HF) enzyme and dephosphorylated to prevent recircularization. The flexible marker cassette DNA fragment from pGOAL19 (7949 bp; lacZ, sacB, and hph) was also excised by PacI-HF restriction enzyme digestion. DNA fragments were purified from the excised gel slices. The purified pGOAL19 (7949 bp; lacZ, sacB, and hph) DNA fragment was ligated into linear p2NIL_rv0678 to construct p2NIL_rv0678_pGOAL19 (15182 bp). 

[bookmark: _Hlk198756328]The p2NIL_rv0678_pGOAL19 E. coli transformants were selected on plates containing X-gal, Kan, and Hyg. Blue colonies were patched onto plates containing sucrose to confirm functionality of the sacB gene. The plasmid DNA p2NIL_rv0678_pGOAL19 isolated from E. coli single colonies was mapped by restriction enzyme digestion (Figure 6). These suicide plasmid vectors were used for allelic exchange.

[bookmark: _Toc221890962][Place Figure 6 here]

The blue M. tuberculosis_p2NIL_rv0678_pGOAL19 transformants were selected on plates containing X-gal, Kan, and Hyg. Colony PCR and Sanger sequencing of E. coli single colonies confirmed p2NIL_rv0678_pGOAL19 (Figure 7).

[Place Figure 7 here]

[bookmark: _Hlk62592668][bookmark: _Hlk62594017] To select for transformants that have lost the suicide plasmid vector in the second crossover event, the selected blue single colonies were cultured in 7H9-OADC media containing Kan and then sub-cultured in the absence of Kan. The inoculums were plated on 7H11-OADC agar containing 2 % sucrose and X-gal (without Hyg) to select for the rv0678 mutant, representing the resolution of the co-integrant. White single colonies were recovered from plates after 16 days. Some blue colonies were present and indicate partial resolution of the co-integrant. Sucrose-resistant white single colonies of M. tuberculosis picked from 7H11-OADC agar plates and screened by Sanger sequencing were confirmed to harbour the rv0678 Thr33Ala point mutation c.97A>G (Figure 8).

[bookmark: _Toc221890963][Place Figure 8 here]

RECOMBINEERING
[bookmark: _Toc80966849][bookmark: _Toc87370156]Transformation of M. tuberculosis with pJV75amber
The plasmid pJV75amber used for recombineering was isolated from DH5α E. coli, and its concentration was quantified using a spectrophotometer to be 180.7 ng/µL. Transformation of electrocompetent M. tuberculosis H37Rv with 2 µg of plasmid DNA was performed to generate M. tuberculosis (pJV75amber) expressing gp61 recombinase protein required for recombineering of the ssDNA oligonucleotide carrying the desired nucleotide change. Transformant recombinant M. tuberculosis cells were plated on 7H11-OADC agar plates. The cells were used for PCR amplification of the aph gene (700 bp) in pJV75amber (Figure 9). Isolation of 20 white single colonies of transformed M. tuberculosis confirmed the presence of the pJV75amber vector. An M. tuberculosis (pJV75amber) single colony was chosen for subsequent recombineering experiments.

[bookmark: _Toc221890964][Place Figure 9 here]

[bookmark: _Toc80966850][bookmark: _Toc87370157]Recombineering of atpE A196G (Ile66Val) in M. tuberculosis 
Electrocompetent recombinant M. tuberculosis (pJV75amber) cells, co-transformed with a ssDNA oligonucleotide carrying a single nucleotide change atpE c.196A>G (resulting in Ile66Val mutation) and JVC198 ssDNA oligonucleotides, were selected on Hyg. Hyg resistant colonies were screened by PCR amplification of the atpE gene and Sanger sequencing to confirm that it has undergone recombineering. Only 2/33 single colonies screened were mutated, of which one (C11_atpE) had a mixed population of wild type (CAT) and mutant (CGT) alleles. However, the second colony (C14_atpE) had a pure atpE c.196A>G mutant population (Figure 10). 

[Place Figure 10 here]

FIGURE AND TABLE LEGENDS:
Figure 1: Generation of dsDNA fragments harboring a single nucleotide variant using a multi-step PCR method. Generating the DNA fragment involves three steps: (A) PCR amplification of the upstream and downstream regions separately using two primer sets. (B) The upstream and downstream regions are annealed to form a single overlapping fragment. (C) Further amplification of the full-length DNA fragment is done using the outer primers. 

Figure 2: Construction of an M. tuberculosis strain harboring an SNV for homologous recombination. Created in BioRender (https://BioRender.com).

Figure 3: PCR amplified upstream (1413 bp) and downstream (1413 bp) regions of rv0678 for the construction of the suicide delivery vector. A 0.5% agarose gel was used to confirm successful amplification of the rv0678 upstream and downstream fragments. Lane 1: 1 kb DNA ladder; lane 2: PCR product of rv0678 upstream region; lane 3: negative control for the amplification of rv0678 upstream region; lane 4: PCR product of rv0678 downstream region; lane 5: negative control for the amplification of rv0678 downstream region.
 
Figure 4: Overlap PCR of the full-length rv0678 DNA fragment (2825 bp). A 0.5 % agarose gel was used to confirm the successful overlap of the upstream and downstream regions to generate the full-length rv0678 DNA fragment containing the A97G mutation. Lane 1: 1 kb DNA fragment; lane 2 and 3: full-length rv0678 fragment; lane 4: negative control. 

Figure 5: Restriction digestion analysis of p2NIL plasmid DNA (4753 bp). A 1% agarose gel confirmed successful double digestion of p2NIL with HindIII and KpnI, yielding a larger vector fragment (4418 bp), carrying the aph cassette and a smaller fragment (335 bp), not visible due to electrophoresis conditions, in lanes 6–8. Controls: lane 5, no DNA material; lane 2, undigested circular p2NIL; lane 3, p2NIL linearized with HindIII (4753 bp); lane 4, p2NIL linearized with KpnI (4753 bp). All fragments were resolved relative to lane 1, a 1 kb DNA ladder.

Figure 6:   Restriction digestion analysis of the suicide plasmid vector p2NIL_rv0678_pGOAL19 (15,182 bp). Digestion with HindIII, KpnI, or PacI (alone or in combination) of plasmid DNA isolated from E. coli single colonies confirmed the expected fragmentation pattern into the p2NIL backbone (4,418 bp), pGOAL19 cassette (7,949 bp), and rv0678 insert (2,825 bp). Lane 1: 1 kb DNA ladder. Controls include: undigested circular p2NIL (lane 2) and pGOAL19 (lane 3); p2NIL linearized with KpnI (lane 4, 4,753 bp); pGOAL19 linearized with PacI (lane 5, 7,949 bp and 2,486 bp); and PCR amplification of the rv0678 insert from p2NIL_rv0678_pGOAL19 (lane 6, 2,825 bp). p2NIL_rv0678_pGOAL19 linearized with HindIII (15,182 bp) is shown in lanes 7–11 and 19. Triple restriction digestion with HindIII, KpnI, and PacI of plasmids from six independent E. coli colonies is shown in lanes 12–18.

Figure 7: Colony PCR and Sanger sequencing confirmation of the A97G mutation in rv0678. Colony PCR products from E. coli single colonies carrying p2NIL_rv0678_pGOAL19 were sequenced using rv0678-specific primers. Sanger sequencing chromatograms (alignments) show the introduced variant rv0678_97 (GAC > GGC, corresponding to the A97G mutation) in the cloned insert, 6 colonies aligned to the reference M. tuberculosis H37Rv rv0678 sequence visualized in BioEdit. 

Figure 8: PCR amplification and Sanger sequencing confirmation of the rv0678 A97G mutation in M. tuberculosis. Colony PCR products from sucrose-sensitive white single colonies (selected on sucrose, X-GAL, and/or kanamycin) were sequenced using rv0678-specific primers. Sanger sequencing data aligned to the reference M. tuberculosis H37Rv rv0678 sequence confirmed the presence of the desired rv0678_97 variant (GAC > GGC, Thr33Ala; 4 colonies with pure mutant "G" background and 8 colonies with mixed wild-type and mutant "R" background) in the selected colonies visualized in BioEdit. 

Figure 9: Colony PCR of M. tuberculosis (pJV75amber) single colonies with aph primers from 20 single colonies.  Lane 1: 100 bp plus DNA ladder; lane 2–21: PCR amplification of aph from single colonies; lane 22: pJV75amber DNA; lane 23: negative control. 

Figure 10: PCR amplification and Sanger sequencing of the atpE gene in M. tuberculosis single colonies. Colony PCR products were sequenced using atpE-specific primers and aligned to the reference M. tuberculosis H37Rv atpE sequence. The sequencing chromatograms (alignments) revealed: (top panel) one colony (out of 14 screened) with a mixed population showing both wild-type (A) and mutant (G) alleles at position 196 (C11_atpE); (bottom panel) one colony (out of 19 screened) with a pure mutant population carrying the atpE A196G substitution Ile66Val (C14_atpE) visualized in BioEdit.

Table 1: Restriction digestion: pJV75amber DNA.

Table 2: Experimental setup for transformation with ssDNA oligonucleotides. 

DISCUSSION:
Genetic manipulation in M. tuberculosis is technically challenging due to the organism's lipid-rich cell envelope, slow growth, and relatively inefficient uptake of foreign DNA. These features make transformation, colony recovery, and molecular confirmation slower and less predictable than in many other bacterial systems. In addition, the generation of large dsDNA fragments and the construction of plasmid-based delivery vectors are laborious and require multiple quality-control steps. The protocols described here address these challenges by presenting two complementary approaches for introducing defined point mutations into an isogenic M. tuberculosis background: two-step allelic exchange using a suicide vector and oligonucleotide-mediated recombineering.

The critical feature of the two-step allelic exchange protocol is the efficient recombination, but it is limited by the need for restriction-enzyme cloning into multiple cloning sites (MCS) and the use of ultraviolet light (UV)-pre-treated plasmid DNA13 to stimulate homologous recombination and increase allelic exchange14. Although UV exposure may induce unwanted variation within the construct, the likelihood of generating single-nucleotide variations is reported to be minimal15,16. The two-step strategy of single-crossover (SCO) and double-crossover (DCO) events, which relies on multiple selection and counter-selection markers7,10, may impose in vitro antibiotic stress on M. tuberculosis17. While the use of additional markers can improve recovery of a pure mutant population, serial passages risk in vitro evolution, producing strain populations with distinct genetic backgrounds13,15, that may confound the interpretation of the introduced point mutant18. Transformation efficiency and recombination inefficiency limit SCO events, whereas DCO events are limited only by recombination efficiency and occur more readily19. Additionally, restriction-enzyme digestion and cloning into a multiple cloning site remain time-consuming and labor-intensive.

Recombineering using ssDNA oligonucleotides is efficient for introducing point mutations into M. tuberculosis. The short homology arms of the targeting ssDNA oligonucleotide enable direct chemical synthesis, thereby eliminating the multiple steps of restriction cloning and PCR amplification required for homologous recombination20. Recombineering relies exclusively on a curable plasmid that can self-replicate outside the chromosome in M. tuberculosis to induce mutagenesis21,22. Further, ssDNA oligonucleotides are easily synthesized. Recombineering is thus simpler, faster, and more cost-effective than homologous recombination because it requires fewer plasmids and culturing steps. However, depending on the targeted genomic region, recombineering may be less efficient at achieving site-directed mutagenesis and may require multiple attempts. Although the overall recombineering efficiency with ssDNA is reported to be relatively high compared with other techniques, the absolute number of cells carrying the intended change remains arguably low20,23. Challenges include unintended (illegitimate) recombination at loci sharing sequence similarity outside the region of homology, caused by the strand bias and relatively short homology of the exogenous donor ssDNA substrate. The HygR co-selection approach, used to screen for mutants without additional antibiotic selection24,25, may cause polar effects downstream of the operon, resulting in undesired mutations in the genetic background26. Recombineering efficiency can also vary by target, as illustrated in Figure 10 (2/33 colonies positive for atpE A196G), potentially due to suboptimal ssDNA oligo homology arms (<50 nt), secondary structures that impede annealing, insufficient recombinase induction, or competing wild-type repair pathways. Furthermore, recombineering requires screening many single colonies to confirm the desired variant, which can be time-consuming. In M. tuberculosis, uptake of plasmid DNA and ssDNA oligonucleotides remains inefficient, likely due in part to the lipid-rich mycobacterial cell envelope. Therefore, the advantage of the HygR selectable oligonucleotide is not that it increases transformation efficiency in absolute terms, but that it enables co-selection for the small proportion of cells that have taken up DNA during electroporation. This enriches the screened population for DNA-recipient cells, within which the desired chromosomal mutation can then be identified by PCR and sequencing. However, HygR selection does not itself confirm incorporation of the target-site mutation, and multiple HygR colonies must still be screened to identify confirmed mutants.

It should also be noted that the ssDNA oligonucleotide carrying the SNV creates a mismatch in the replication fork. The M. tuberculosis NucS mismatch repair system may recognize and repair this mismatch, thereby inhibiting incorporation of the intended mutation. To maximize efficiency, investigators should avoid mismatches that create G-G, G-T, or T-T base pairs, which are efficiently repaired by NucS, also known as EndoMS, a non-canonical mismatch repair (MMR) endonuclease involved in DNA mismatch repair27,28. 

The protocols presented here advance tuberculosis research by enabling precise mutagenesis in controlled genetic backgrounds, thereby addressing limitations inherent in studies using clinical isolates. Relative to previous methods7,8,29,30, this publication provides M. tuberculosis-specific optimizations, including adjusted electroporation parameters (2.5 kV, 25 μF, 1000 Ω) that achieve >108 CFU/μg transformation efficiency and streamlined oligonucleotide design 63 bp for recombineering and 25 kb for recombination to minimize secondary structures and off-target effects. These adaptations shortened experimental timelines for recombineering, completed in 6 weeks compared to 12 weeks for AE, and improved reproducibility, as demonstrated by successful mutagenesis of bedaquiline-resistance loci in rv0678 and atpE. The novelty of this work lies in the direct side-by-side comparison of the two approaches, integration of modern tools such as whole-genome sequencing for variant confirmation and AI for mutation prediction, and visual documentation, all of which facilitate adoption in resource-limited settings.

To optimize the described methods and address common pitfalls, several modifications can be made that apply to both homologous recombination and recombineering. To improve electroporation efficiency, which is often a bottleneck in M. tuberculosis transformation due to its thick cell wall, prepare electrocompetent cells by glycine treatment (0.2–0.5 M for 24–48 h during growth) to weaken the cell wall and enhance DNA uptake. Additionally, use ultra-high-field electroporation (12.5–25 kV/cm) with optimized cuvettes (0.1–0.2 cm gap) and chilled buffers to achieve transformation efficiencies exceeding 105 CFU/µg DNA, minimizing arcing by desalting DNA via ethanol precipitation or column purification. Monitor cell density at OD600 0.6– 0.8 for mid-log phase harvest and avoid excessive DNA (limit to 1–10 µg) to prevent saturation and reduced viability. If low colony yields persist, incorporate recovery incubation with shaking at 100 rpm for 48 h post-electroporation to allow expression of resistance markers31,32.

Other common issues include low PCR yield in overlap extension. This can be optimized by using high-fidelity polymerases with GC enhancers (3%–5% DMSO) and gradient annealing temperatures (55–65 °C). Antibiotic stress during selection can be mitigated by employing markerless systems, such as Cre-loxP, for excision after integration. Cre-loxP is a site-specific recombination system in which the Cre recombinase enzyme recognizes 34-bp loxP DNA sequences and catalyzes precise excision of the DNA segment flanked by two loxP sites, enabling conditional gene knockout in cells33.

For homologous recombination, extend homology arms to 1–2 kb in suicide vectors to favor legitimate over illegitimate events and thereby avoid off-target integrations. Use replicative plasmids with inducible recombinases (RecET systems) to enhance specific recombination rates while suppressing non-specific events. For UV pretreatment in homologous recombination, calibrate exposure to 100–150 mJ/cm² to stimulate recombination without inducing excessive mutations, and verify constructs via whole-genome sequencing post-mutagenesis to detect any unintended changes9,34,35.

For recombineering, optimize oligo design with 63 - 90 nt homology arms, avoiding GC-rich mismatches, and use software such as OligoEvaluator for stability checks. Adjust acetamide induction to 0.2%–0.5% for 4–6 h post-electroporation to balance expression without toxicity. To reduce strand bias and off-target annealing, design ssDNA oligonucleotides with 50–100 nt homology targeting the lagging strand and incorporate phosphorothioate modifications at the oligo ends to protect against exonuclease degradation. If illegitimate recombination occurs frequently, increase selection pressure via higher antibiotic concentrations or dual markers, or repeat transformations with fresh competent cells to boost yield. These steps can improve rates to >20% for challenging genomic loci. Extensive colony screening can be streamlined by pooling colonies for multiplex PCR or using fluorescence-based reporters if compatible with the target gene36. 

The methods described here provide foundational tools for M. tuberculosis genetics, with potential extensions to emerging technologies. Site-directed mutagenesis can be used to validate identified drug resistance mutations35 via next-generation sequencing (NGS)37, enabling rapid phenotyping of novel variants in clinical isolates. Future studies could integrate these with CRISPR-Cas systems for multiplex editing, such as CRISPR-guided mutagenic DNA polymerases (CAMPER), to diversify the repertoire of drug-target genes and accelerate the discovery of resistance mechanisms. Exploiting M. tuberculosis's endogenous Type III CRISPR for defense against phages or plasmids could lead to novel antimicrobials or diagnostics for resistant strains38–40.

Advancements in genetic manipulation, including TnSeq for identifying essential genes in vivo, open avenues for vaccine development by pinpointing attenuation targets in live strains41. Programmable base editing could refine subtle mutations without double-strand breaks, reducing off-target effects and facilitating studies on epistasis in multidrug resistance. Broader applications include engineering M. tuberculosis for biosensor platforms or synthetic biology, such as inserting reporters for real-time infection monitoring. Future research should focus on high-throughput mutagenesis pipelines combining AI-driven design with these methods to map host-pathogen interactions and inform personalized therapies42.
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