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Abstract

Our understanding of the biological principles of mycobacterial tolerance to antibiotics is crucial 

for developing shorter anti-tuberculosis regimens. Various in vitro approaches have been 

developed to identify the conditions that promote mycobacterial persistence against antibiotics. In 

our laboratories, we have developed a detergent-free in vitro growth model, in which 

mycobacteria spontaneously grow at the air–medium interface as self-organized multicellular 

structures, called biofilms. Mycobacterial biofilms harbor a sub-population of drug tolerant 

persisters at a greater frequency than their planktonic counterpart. Importantly, development of 

these structures is genetically programmed, and defective biofilms of isogenic mutants harbor 

fewer persisters. Thus, genetic analysis of mycobacterial biofilms in vitro could potentially be a 

powerful tool to unravel the biology of drug tolerance in mycobacteria. In this chapter we describe 

a method for screening biofilm-defective mutants of mycobacteria in a 96-well format, which 

readily yields a clonally pure mutant for further studies.
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1 Introduction

Many, if not most, microbes grow as biofilms—self-organized multicellular structures 

encapsulated within a matrix of extracellular polymeric substance. There are numerous 

diverse forms, ranging from microcolonies on submerged substrata to pellicles at air–

medium interfaces [1–4]. biofilms develop through genetically programmed pathways and 

harbor phenotypically heterogeneous but genetically clonal populations of constituent cells 

[5–16]. Microbial biofilms display a variety of behaviors that are not associated with 

dispersed planktonic growth, including tolerance to environmental and immunological 

stresses and antibiotic resistance. biofilms represent an important persistence strategy of 

pathogenic microbes in chronic infections [17–19].

*To whom correspondence may be addressed. gfh@pitt.edu. 

HHS Public Access
Author manuscript
Methods Mol Biol. Author manuscript; available in PMC 2016 February 05.

Published in final edited form as:
Methods Mol Biol. 2015 ; 1285: 215–226. doi:10.1007/978-1-4939-2450-9_12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Mycobacterium tuberculosis is the causative agent of human tuberculosis, although most 

(>90–95 %) infections of immuno-competent individuals do not lead to active disease. 

Instead, a latent infection is established which can subsequently activate into disease when 

the immune system is compromised [20–22]. Treatment of active tuberculosis requires at 

least 6 months with multiple antibiotics [23], and drug resistance is an emerging problem in 

controlling the disease. Together, these characteristics of M. tuberculosis infections 

underscore the extraordinary ability of the pathogen to persist in the face of chemical and 

immunological challenges. Although it is unclear as to how and where in the host the 

persistent M. tuberculosis bacilli survive against the host-derived stresses and antibiotics, it 

is plausible that the mechanisms underlying in vivo persistence overlap with the intrinsic 

stress tolerance displayed by the bacilli when grown in vitro.

In detergent-free liquid cultures in vitro, most mycobacterial species including M. 

tuberculosis form macroscopic structures leading to the development of pellicles at the air–

medium interface [5– 7, 16, 24, 25]. Over the last several years it has become apparent that 

mycobacterial pellicles develop through distinct stages with specific genetic requirements, 

and that these pellicles harbor bacilli that are phenotypically tolerant to high concentrations 

of antibiotics [5, 7, 16, 24, 25]. Thus, these mycobacterial pellicles represent a genetically 

programmed developmental process, in common with the many other microbes that form 

similar biofilms. Further genetic studies of these developmental processes will likely 

contribute towards identifying novel targets against recalcitrant infections, and facilitate an 

improved understanding of host–pathogen interactions. These information can subsequently 

be exploited for drug discovery and vaccine design against TB.

In this chapter we describe detailed methods for growing and investigating mycobacterial 

biofilms. Broadly, the methods involve four steps; (1) Establishing a biofilm assay in 96-

well format for high-throughput screening, (2) making a high-density transposon library of 

mycobacteria, (3) screening the library using the 96-well format of the biofilm assay, and (4) 

mapping the sites of transposon insertion in the biofilm-defective mutants. While biofilm 

assays and construction of transposon libraries of M. smegmatis and M. tuberculosis mutants 

have been independently published elsewhere [7, 16, 24, 26, 27], we integrate these methods 

in this chapter to provide a composite workflow for studying the genetics of mycobacterial 

biofilms.

2 Materials

2.1 Biofilm Assay in a 96-Well Format

1. A mycobacterial strain—either Mycobacterium smegmatis mc2 155, ATCC 

700084; Mycobacterium tuberculosis H37Rv, ATCC # 25618; or mc2 7000 (see 

Note 1).

2. 10 % w/v D -pantothenate : Dissolve 1 g of D -pantothenic acid hemicalcium salt in 

9 mL of deionized water. Filter-sterilize with 0.22 μm filter, and store at room 

temperature (see Note 2).

3. 7H9ADCTw : Dissolve 4.7 g of Middlebrook 7H9 base in 890 mL of deionized 

water. Add 5 mL of 100 % glycerol. Adjust the volume to 900 mL. Dispense 90 
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mL aliquots in bottles, autoclave, and cool to room temperature. To each 90 mL of 

aliquot, add 10 mL of ADC enrichment (albumen/dextrose/catalase supplement—

Becton Dickinson), and 250 μL of 20 % v/v Tween 80 (final concentration of 0.05 

% v/v) (see Note 2).

4. 7H10ADC : Dissolve 19 g of Middlebrook 7H10 agar base in 890 mL of deionized 

water. Add 5 mL of 100 % glycerol, and adjust the volume to 900 mL with 

deionized water. Heat with stirring to dissolve the agar. Autoclave and cool to 50 

°C. Add 100 mL of either 10× ADC enrichment, and pour 25 mL for each 85 mm 

petri dish. For 7H10ADCTw, add 2.5 mL of 20 % Tween 80 per liter of the media 

(see Note 2).

5. Complete Sauton's medium: Dissolve 0.5 g KH2 PO4, 0.5 g MgSO4, 4 g L-

asparagine monohydrate, 2 g citric acid, 0.05 g ferric ammonium citrate to 900 mL 

deionized water. Add 60 mL glycerol. Adjust pH to 7.0 with 1 M NaOH. Autoclave 

and store at room temperature. Just before inoculating the cells, add 0.1 mL of 

sterile 1 % ZnSO4 per liter of medium. If culturing planktonic cells, add 2.5 mL of 

20 % Tween 80 per liter of medium (see Note 2).

6. Complete biofilm medium : Dissolve 13.6 g of KH2 PO4 in 900 mL of water. Add 2 

g of (NH4)2 SO4. Adjust pH to 7.2 with 10 M NaOH. Add 0.5 mg of FeSO4 ·7H2 O 

and 5 g of casamino acids. Bring up the volume to 1,000 mL with water. Autoclave 

and store at room temperature. Just before inoculating the cells, aseptically add 5 

mL of 40 % glucose, 1.0 mL of 0.1 M CaCl2, and 0.1 mL of 1 M MgSO4 to 94 mL 

of the sterile biofilm base medium.

2.2 Construction and Screening of Transposon Library

1. A mycobacterial strain (see Subheading 2.1, item 1).

2. A shuttle phasmid, phAE781, carrying the Himar-1 transposon packaged in the 

genome of a temperature-sensitive derivative of mycobacteriophage TM4 [28].

3. Growth media as described in Subheading 2.1, items 2–6.

4. MBTA : Add 4.7 g 7H9 base and 7 g Bacto agar to 900 mL of deionized water. 

Heat to dissolve the agar. Dispense 100 mL in bottles, autoclave and store at room 

temperature.

2.3 Mapping Transposon Insertion Sites in Biofilm-Defective Mutants

1. Taq DNA polymerase.

2. 10× buffer for Taq DNA polymerase (with MgCl 2).

3. 10 mM dNTP mix.

4. Dimethyl sulfoxide (DMSO).

5. Primer 1: GGCCAGCGAGCTAACGAGACNNNNGTTGC.

6. Primer 2: CGCTTCCTCGTGCTTTACGGTATCG.
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7. Primer 3: GGCCAGCGAGCTAACGAGAC.

8. Primer 4: GGCCAGCGAGCTAACGAGAC.

3 Methods

3.1 Biofilm Assay in a 96-Well Format

1. Inoculate a frozen stock of desired mycobacterial strain in 10 mL of 7H9ADCTw 

(see Notes 2–4).

2. Incubate the cultures at 37 °C till the OD600 reaches ∼1.0 for M. smegmatis (see 

Note 5).

3. Inoculate 20 mL of biofilm media with 20 μL of M. smegmatis culture obtained 

from step 2 (see Note 6).

4. Dispense 200 μL of the bacterial suspension from step 3 in each well of a 96-well 

plate, and incubate the plates in humidified conditions at 30 °C for M. smegmatis 

(see Note 7).

5. A film of bacteria is visible for M. smegmatis cultures after 3 days of incubation 

that matures to robust and textured pellicles in 4–5 days (see Note 8).

3.2 Construction and Screening of Transposon Library

1. Inoculate a frozen stock of M. smegmatis, mc 2 155, in 100 mL 7H9ADCTw.

2. Incubate the cells at 37 °C on a shaker incubator till the OD600 is about 0.8–1.0.

3. Mix 0.3 mL of cells, 100–1,000 plaque forming units (PFU) of phAE781 and 3 mL 

of MBTA pre-warmed to 42 °C. Vortex the mixture briefly and pour it evenly on 

an 85 mm petri dish containing 7H10ADC agar. Repeat this for at least 15–20 

plates (see Notes 9 and 10).

4. Incubate the plates at 30 °C for 2–3 days, until a confluence of plaques is seen (see 

Note 11).

5. Overlay each of the plates with 4 mL of phage buffer and store the plates at 4 °C 

for a minimum of 4 h, or a maximum of overnight.

6. Pool the liquid with phages (phAE781) from the plates. Remove bacterial 

contaminants by filtering the lysate through 0.22 μm membrane filter. The phage 

stock can be kept at 4 °C up to 1 month without significant loss of viability.

7. Titer the phage stock by spotting tenfold serial dilutions on a lawn of M. smegmatis 

on 7H10ADC agar at 30 °C. A good stock will have greater than 1010 PFU/mL.

8. Ensure the thermal sensitivity of the phages by spotting tenfold serial dilutions on a 

lawn of M. smegmatis and incubating the plate at 37 °C for 1–2 days. The number 

of plaques should be reduced by several orders of magnitude.

9. Inoculate a frozen stock of M. smegmatis into 100 mL of 7H9ADCTw.

10. Incubate at 37 °C till the OD600 reaches ∼1.0 (∼6 × 108 cfu/mL).
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11. Centrifuge the cells (3,000 × g at room temperature for 10 min), and resuspend the 

pellet in 100 mL 7H9 base (no Tween 80).

12. Incubate at 37 °C for 3 h to wash off residual Tween 80 from the bacterial surface 

(see Note 12).

13. Centrifuge the cells (3,000 × g at room temperature for 10 min) and resuspend the 

pellet in 0.1 volume (10 mL) of 7H9 base (no Tween 80) pre-warmed at 37 °C.

14. Add phAE781 at a multiplicity of infection (MOI) of 10. For example, 1 mL of 

∼1011 PFU for ∼1010 cfu in a suspension is optimum.

15. Incubate the mixture at 37 °C for 30 min (see Note 13).

16. Transfer the phage-bacteria mixture into a 250 mL sterile bottle containing 90 mL 

of pre-warmed (37 °C) 7H9ADCTw. Incubate the content at 37 °C for 3 h (see 

Note 14).

17. Centrifuge the cells (3,000 × g at room temperature) for 10 min, resuspend the 

pellet in 1 mL of 7H9Tw and plate the transductants on 7H10ADCTw with 40 

μg/mL of kanamycin.

18. Incubate the plates till colonies appear (see Note 15).

19. Determine the quality of the library by identifying transposon insertion sites in 10–

12 random colonies by method described in Subheading 3.3. About 30–50 % of the 

colonies with unique junction sequences are desirable in a well-represented library. 

If library is satisfactory, proceed with the screening steps described below (see 

Note 16).

20. Stack two sets of thirty 96-well plates marked numerically, such as stack A1-30 and 

stack B1-30. Using a multichannel pipette, dispense 200 μL of 7H9ADCTw with 

kanamycin in each well of the plates in stack A. Keep stack B plates aside for later 

use.

21. Inoculate single isolated colonies individually from M. smegmatis library (step 15) 

in each well of the plates in stack A.

22. Wrap the plates with Parafilm thoroughly and incubate them without shaking in 

humidified conditions at 37 °C for 2 days to obtain primary cultures of each clone. 

Dispersed growth should be observed after incubation. As controls, inoculate a 

wild-type strain and a known biofilm mutant in separate 96-well plates to obtain 

their primary cultures (see Note 17).

23. In plates B1-30, dispense 200 μL of biofilm medium using a multichannel pipette 

(see Note 6).

24. Using multichannel pipette, inoculate about 5 μL of bacteria from the stack A 

plates into the exact same positions in stack B plates. Keep the first stack secured at 

either 4 °C. As controls, inoculate 5 μL of wild-type or known biofilm-negative 

strains from primary cultures.
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25. Wrap the stack B plates and place them at 37 °C incubator under humidified 

conditions (see Note 18).

26. Observe the plates after 2 days. A thin film of bacteria should be visible for wild-

type M. smegmatis cultures (Figs. 1a and 2a). The negative controls (biofilm-

defective mutants) should show little to no growth at the air–medium surface (Figs. 

1b and 2b). The biofilms of transposon mutants can possibly range from normal to 

severe deficiencies. However, each mutant with altered phenotype must be tested in 

a secondary screen (steps 25–27) to rule out false positives (see Notes 8, 19 and 

20).

27. Identify mutant clones with altered biofilms from the primary screen in stack A 

plates, and streak out the clones on 7H10ADC plates with 40 μg/mL of kanamycin. 

Incubate at 37 °C till colonies appear.

28. Inoculate a single colony of a mutant from the plates in a 50 mL polystyrene 

conical tube containing 5 mL 7H9ADCTw medium with 40 μg/mL of kanamycin, 

and culture the cells at 37 °C till saturation. As controls, inoculate wild-type strain 

and a known biofilm-deficient strain for the respective species.

29. For secondary screen of M. smegmatis mutants, inoculate 10 μL of cells in 10 mL 

of biofilm media in a 65 mm petri dish. Incubate at 37 °C and compare the biofilm 

development of the mutants with controls after 2 days (see Notes 18 and 21).

3.3 Mapping Transposon Insertion Sites in the Biofilm-Defective Mutants

1. For mutants with confirmed biofilm deficiency (Subheading 3.2), resuspend a 

loopful of cells from the streak (Subheading 3.2) in a microfuge tube containing 

200 μL of sterile water.

2. Vortex the suspensions briefly (∼30 s) and place in 95 °C heating block for 15 min 

(with occasional flicking every 5 min). Place them on ice.

3. Use 5 μL of the content from each tube to set up a two-step degenerate nested PCR 

reactions as following:

First PCR

Reaction contents:

5 μL of 10× PCR buffer (with MgCl2)

5 μL of DNA

1 μL of 10 mM dNTPs

2.5 μL of DMSO

1 unit of Taq DNA polymerase

0.5 μL of 100 μM primer 1

0.5 μL of 100 μM primer 2

34.5 μL H2 O2
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Reaction conditions: 95 °C for 5 min, 5 Cycles of (95 °C for 30 s, 30 °C for 30 s, 

72 °C for 30 s), 25 cycles of (95 °C for 30 s, 38 °C for 30 s, 72 °C for 30 s), 72 

°C for 7 min.

Second PCR

Reaction contents:

5 μL of 10× PCR buffer (with MgCl2)

2 μL of the content from the first PCR 1 μL of 10 mM dNTPs

2.5 μL of DMSO

1 unit of Taq DNA polymerase

0.5 μL of 100 μM primer 3

0.5 μL of 100 μM primer 4

39.5 μL of H2 O2

Reaction conditions: 95 °C for 5 min, 30 Cycles of (95 °C for 30 s, 56 °C for 30 

s, 72 °C for 30 s), 72 °C for 7 min.

4. Purify the PCR products from the second reaction and sequence using Primer 4.

5. A typical sequencing read will represent the transposon insertion site with a 

sequence reading, (transposon DNA) CAGCCAACC TGTT/A(mycobacterial DNA)

4 Notes

1. Experiments with M. tuberculosis H37Rv require a Biosafety Level 3 laboratory 

(BSL-3). Because BSL-3 facilities are highly restrictive and may not be readily 

accessible to investigators, an attenuated derivative of H37Rv, mc2 7000, was 

constructed. mc2 7000 contains deletions in the region of difference 1 (RD1) locus 

and panCD operons, which render the strain incapable of growth in many 

mammalian hosts [7]. As a result, the strain can be safely used in a Biosafety Level 

3 (BSL-2) laboratory.

2. ADC enrichment containing oleic acid (OADC) is used for M. tuberculosis strains. 

For culturing mc2 7000, add 1 mL of 10 % D -pantothenate stock in 1 L of medium 

(final concentration of 100 μg/mL).

3. The protocol described here was developed for a high efficiency transformable 

strain of M. smegmatis, mc2 155 [29]. Some of the strains in the ATCC collection 

may be naturally deficient in biofilm formation and must be verified before 

initiating the screen.

4. The protocol for M. tuberculosis biofilms was developed using an attenuated strain, 

mc2 7000 [7]. Because panCD mutation confers pantothenate auxotrophy in mc2 

7000, the strain requires pantothenate supplementation (100 μg/mL) in the medium. 

However, the protocol described in this chapter can be adopted for any strain of M. 
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tuberculosis. All virulent strains of M. tuberculosis must be cultured under BSL-3 

containment.

5. For M. tuberculosis use culture with OD600 ∼ 0.2–0.4. It is important to use an 

early log phase culture of M. tuberculosis to achieve reproducibility in these 

biofilm assays. A late log phase or early stationary phase culture often has 

inconsistent growth patterns of biofilms.

6. For M. tuberculosis, inoculate 20 mL of Sauton's media with 0.2 mL of primary 

culture. While biofilms of M. smegmatis are cultured in a modified M63 media 

(called biofilm media), M. tuberculosis biofilms are best obtained in Sauton's 

media.

7. Incubate M. tuberculosis biofilms at 37 °C. Moreover, incubation under humidified 

conditions is particularly critical for growing M. tuberculosis biofilms in 96-well 

plates to avoid risk of liquid evaporation during the extended incubation at 37 °C. 

Keeping the plates undisturbed during incubation is important to avoid well-to-well 

contamination and to allow attachment of bacteria to the substrata.

8. For M. tuberculosis, it takes about 3 weeks to form biofilms, and an additional 2 

weeks for full maturation (Figs. 1a and 2a). A longer incubation period (4–5 weeks) 

is necessary for complete maturation of M. tuberculosis biofilms. However, in the 

96-well format excessive bacterial outgrowth associated with mature biofilms 

increases the risk of well-to-well contamination. Therefore, an early (2–3 weeks) 

stage when a thin film is formed at the interface is best for mutant screening.

9. phAE781 is a recombinant TM4ts carrying shuttle phasmid carrying Himar-1 

transposon, packaged into a TM4ts phage (phAE159). At permissive temperature 

(30 °C), the recombinant phage carrying transposable elements can replicate in M. 

smegmatis, while at restrictive temperature (37 °C) it delivers the transposon in 

mycobacteria, but does not replicate.

10. MBTA should be kept at around 42 °C to avoid loss of bacterial or phage viability, 

while keeping the top agar in liquid form.

11. For a high titer stock, a confluence of plaques with clearly distinct boundaries on a 

bacterial lawn is optimum. A totally clear plate due to excessive phage input 

produces low titer stocks.

12. Incubation time to wash off Tween 80 from M. tuberculosis is 16 h.

13. Incubation time for phage infection in M. tuberculosis is 3 h.

14. Outgrowth incubation time for M. tuberculosis is 16–18 h.

15. Often it is necessary to calibrate the plating volume for the transductants to achieve 

well-separated 200–300 colonies on an 85 mm petri dish. In a typical scenario, 10, 

50, 100, and 200 μL of transductants are diluted with 7H9Tw to a final volume of 

500 μL, and plated on separate plates. It takes about 2–3 days for M. smegmatis, 

and 3–4 weeks for M. tuberculosis transductants form colonies.
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16. We have described methods for screening ∼3,000 independent mutants, although 

the method can be scaled up.

17. Incubate M. tuberculosis at 37 °C for about 3 weeks.

18. M. smegmatis produces greater biomass when forming biofilms at 30 °C, and this 

temperature is usually preferred for studying M. smegmatis biofilms. However, 37 

°C is preferred for screening transposon mutants of M. smegmatis, because residual 

transducing phages (phAE781) in the primary colonies can inhibit bacterial growth 

at 30 °C.

19. It is important to be mindful of the distinction between a growth-deficient mutant 

and a biofilm-deficient mutant. While the former grows slowly under all 

conditions, the latter will show deficiency only when grown under biofilm-specific 

conditions, without apparent growth defects in planktonic form. The slow-growing 

mutants are likely to appear as false positives in the primary screen and therefore 

must be resolved in the secondary screen.

20. Occurrence of false positives in the 96-well assay is usually more frequent in M. 

tuberculosis than M. smegmatis. M. tuberculosis is quite fastidious and even slight 

variations in growth conditions across the wells, particularly with respect to head-

space air, can significantly impact in the timing of biofilm formation for otherwise 

normal cells.

21. For secondary screening of M. tuberculosis mutants, inoculate 250 μL of cells in a 

250 mL bottle containing 25 mL of Sauton's medium. Tighten the lid firmly and 

incubate undisturbed at 37 °C for 3 weeks, after which loosen the lids and follow 

the growth of the mutant biofilms for the next 2 weeks. Compare the biofilms with 

a wild-type control in a secondary screen.
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Fig. 1. 
(a) Growth of M. smegmatis mc2 155 biofilms in a 96-well format after 5-days of Incubation 

at 30 °C. A top-down view of one of the typical wells is magnified in the inset, which shows 

the robust pellicles on the air–media interface. (b) A top-down view of mc2155: Δlsr-2 

biofilms in a well of a 96-well plate
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Fig. 2. 
A top-down view of biofilms of M. tuberculosis mc27000 (a), and mc27000: ΔhelY (b) on 

air–media interface in a well of a 96-well plate after 3-week incubation at 37 °C incubation
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