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Abstract
Clostridium difficile is a Gram-positive, spore forming, anaerobic, intestinal bacterium and is the
most common cause of antibiotic-associated colitis. For many years this organism was considered
genetically intractable, but in the past 10 years, multiple methods have been developed or adapted
for genetic manipulation of C. difficile. This unit describes the molecular techniques used for
genetic modification of this organism, including methods for gene disruption, complementation,
plasmid introduction and integration, and cross-species conjugations.
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INTRODUCTION
This unit describes methods used for genetic manipulation of Clostridium difficile. C.
difficile is an intestinal pathogen of humans and animals and is the leading cause of
antibiotic-associated diarrhea and colitis in humans.

C. difficile is a strict anaerobe and must be maintained and manipulated in an anaerobic
environment (for more information, see UNIT 9A.1 for laboratory maintenance of
Clostridium difficile and UNIT 12B.1 for proper use of an anaerobic chamber). However,
many of the prerequisite manipulations to the described methods in this unit, such as
plasmid construction and transposon modification, can be performed under aerobic
conditions in the heterologous hosts Escherichia coli or Bacillus subtilis.

This unit describes methods for nucleic acid isolation (see Basic Protocol 1, Alternate
Protocol, and Basic Protocol 2), Tn916 transposon conjugation from B. subtilis (see Basic
Protocol 3), plasmid conjugation from E. coli (see Basic Protocol 4), gene disruption using
group II introns, such as the ClosTron (see Basic Protocol 5), and site-directed mutagenesis
using unstable plasmids (see Basic Protocol 6).

CAUTION: Clostridium difficile is a Biosafety Level 2 (BSL-2) pathogen. Follow all
appropriate guidelines and regulations for the use and handling of pathogenic
microorganisms. See UNIT 1A.1 and APPENDIX B for more information.
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NOTE: All steps involving C. difficile should be performed in an anaerobic chamber using
sterile technique and pre-reduced medium. For instructions on proper use of an anaerobic
chamber, see UNIT 12B.1. For proper laboratory maintenance of C. difficile, see UNIT 9A.
1.

BASIC PROTOCOL 1
EXTRACTION OF C. DIFFICILE GENOMIC DNA

This protocol describes the extraction of genomic DNA from a C. difficile culture. This
method yields high-quality genomic DNA (Wren and Tabaqchali, 1987). This DNA is
suitable for more sensitive techniques such as Southern blotting.

Materials
Liquid BHIS for C. difficile growth (see recipe)

Viable C. difficile on a petri plate (UNIT 9A.1)

TE buffer (APPENDIX 2A)

Genomic DNA solution (see recipe)

Fresh lysozyme solution (see recipe)

20% Sarkosyl (see recipe)

10 mg/ml RNase A (see recipe)

10 mg/ml proteinase K (see recipe)

25:24:1 (v/v/v) phenol/chloroform/isoamyl alcohol (UNIT 2.1)

Chloroform

3 M sodium acetate (see recipe)

75% and 95% ethanol

37°C anaerobic chamber

Refrigerated centrifuge

37°C water bath or heating block

Inoculate and prepare culture
1 Inoculate 10 ml BHIS with a colony of C. difficile using sterile techniques and

incubate overnight in a 37°C anaerobic chamber.

2 Harvest by centrifuging 10 min at 4000 × g, 4°C. Discard the supernatant.

This and subsequent steps may be performed outside of the anaerobic
chamber.

3 Wash pellet in 1 ml TE buffer by vortexing.

4 Centrifuge 10 min at 4000 × g, 4°C. Discard the supernatant.

Lyse bacteria
5 Resuspend cell pellet in 200 µl of genomic DNA solution and add 50 µl

lysozyme solution (50 mg/ml).

6 Incubate 1 to 2 hr at 37°C.
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7 Add 100 µl of 20% Sarkosyl and 15 µl RNase A (10 mg/ml) and incubate 30
min at 37°C.

The solution should become viscous as the detergent lyses bacterial
cells.

8 Add 15 µl proteinase K (10 mg/ml) and incubate for 30 min at 37°C.

9 Use TE buffer to bring the volume up to 600 µl.

Isolate DNA
10 Add 600 µl of 25:24:1 (v/v/v) phenol/chloroform/isoamyl alcohol and mix.

11 Microcentrifuge 10 min at maximum speed, room temperature.

12 Carefully remove the aqueous phase (upper phase) and transfer into a new clean
tube.

Avoid transferring the white interface, which contains proteins and cell
debris.

13 Repeat steps 10 to 12 until the white interface is no longer visible.

14 Add 600 µl chloroform, mix, and microcentrifuge 10 min at maximum speed,
room temperature.

This step will remove traces of phenol.

15 Transfer the upper phase into a new clean tube.

Precipitate and wash DNA
16 Precipitate DNA with 50 µl of 3 M sodium acetate, pH 5.2, and 3 vol of cold

95% ethanol.

17 Centrifuge DNA 5 min at maximum speed, room temperature.

18 Wash the DNA pellet with 500 µl of 70% ethanol.

19 Resuspend the DNA pellet in 100 to 500 µl TE buffer.

This step may require some time. To reduce this time, incubate at 65°C
until completely dissolved.

The concentration of total DNA is evaluated using a spectrophotometer
at 260 nm (1 OD at 260 nm = 50 ng/µl DNA). Pure preparations of
DNA have a A260/280 ratio of 1.8 to 2. If the extraction is not pure,
repeat from step 13.

For larger volumes of C. difficile culture, scale up volumes
accordingly.

ALTERNATE PROTOCOL
QUICK GENOMIC DNA EXTRACTION FROM C. DIFFICILE FOR PCR

This protocol describes the quick extraction of DNA from C. difficile. This method will
quickly and reliably provide DNA for use in multiple PCR reactions. However, the yield and
purity of the DNA extracted are relatively low (RNA, protein, and cell debris contaminate
the preparation). Should a pure preparation of DNA be required, see Basic Protocol 1.
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Additional Materials (also see Basic Protocol 1)
1× PCR buffer

Sterile inoculating loops or pipet tips

Microcentrifuge tubes

58°C and 90°C water baths or heating blocks

1. Using a sterile inoculating loop or pipet tip, suspend a C. difficile colony in a
microcentrifuge tube containing 94 µl of 1× PCR buffer.

IMPORTANT NOTE: This first step involving C. difficile should be
performed in an anaerobic chamber using sterile technique. Subsequent
steps may be performed outside the anaerobic chamber.

To extract DNA from broth culture, microcentrifuge 250 µl C. difficile
culture at maximum speed and resuspend the pellet in 1× PCR buffer.

2. Add 4 µl of fresh lysozyme solution (500 µg/ml final concentration) to the
microcentrifuge tube.

3. Incubate 15 min at room temperature.

4. Add 2 µl of 10 mg/ml proteinase K (200 µg/ml final concentration).

5. Incubate 1 hr at 58°C.

After 1 hr, the tube should have clarified due to the action of proteinase K.
If solution does not clarify, a new extraction is recommended.

6. Incubate 15 min at 90°C. After incubation, place on ice.

This step inactivates the proteinase K and is essential so that the DNA
polymerase is not degraded in subsequent steps.

7. Use ~2 to 5 µl for PCR.

BASIC PROTOCOL 2
EXTRACTION OF C. DIFFICILE RNA

This protocol describes extraction of RNA from a C. difficile culture (Dupuy and
Sonenshein, 1998). This method can be used to prepare RNA for microarray analysis, small
RNA studies, and RT-PCR.

Materials
Viable C. difficile grown on a petri plate (UNIT 9A.1)

Liquid medium for C. difficile growth (i.e., BHIS or other suitable medium; see recipes)

1:1 (v/v) acetone/ethanol mix

TE buffer (APPENDIX 2A)

TRIzol (Invitrogen)

Chloroform

Cold isopropanol

Diethylpyrocarbonate-treated water (DEPC water)

75% ethanol in DEPC water
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37°C anaerobic chamber

Refrigerated centrifuge

Filter tips

2-ml screw-cap tubes (with gaskets)

0.1-mm glass beads

Cell disrupter

Spectrophotometer

Inoculate and harvest C. difficile
1 Inoculate a C. difficile culture using sterile techniques in the desired liquid

medium.

2 Harvest 1 vol of C. difficile culture and add 1 vol of ice-cold 1:1 (v/v) acetone/
ethanol, vortex, and store at −80°C until use.

Volumes are adjusted to collect 100–1 × 107 cells.

3 Thaw samples on ice.

4 Centrifuge 10 min at 3000 × g, 4°C, remove and discard the supernatant.

The use of filter tips is recommended for all the RNA purification
steps.

Wash pellet
5 Wash the pellet with 500 µl TE buffer.

6 Centrifuge 3 min at 4000 × g, 4°C.

7 Air dry the pellet.

8 Add 1 ml of TRIzol and incubate 5 min at room temperature.

Disrupt cells
9 Transfer into a 2-ml screw-cap tube one-fourth to one-third filled with 0.1-mm

glass beads.

10 Break the cells using a cell disrupter with two 60-sec rounds on the high setting.

11 Microcentrifuge 10 min at maximum speed, 4°C.

12 Carefully remove the upper phase (60% TRIzol volume) and transfer into a
clean tube.

13 Add 1 ml of TRIzol to the upper phase and vortex.

14 Microcentrifuge 10 min at maximum speed, 4°C.

Wash and isolate RNA
15 Carefully remove the upper phase and transfer into a clean tube.

16 Add 200 µl chloroform, vortex.

17 Microcentrifuge 10 min at maximum speed, 4°C.

18 Remove carefully the upper phase, transfer into a clean tube.
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19 Add 500 µl isopropanol, incubate 10 min at room temperature.

20 Microcentrifuge 10 min at maximum speed, 4°C.

21 Discard supernatant and wash pellet with 1 ml of 75% ethanol.

22 Microcentrifuge 5 min at 7500 rpm, 4°C.

23 Air dry the RNA pellet and resuspend in 50 to 100 µl RNase-free water (DEPC
water).

The concentration of total RNA is evaluated using a spectrophotometer
at 260 nm (1 OD at 260 nm = 40 ng/µl RNA). Pure preparations of
RNA have an A260/280 ratio of 1.8 to 2. If the extraction is not pure,
repeat from step 13.

To clean RNA of DNA contamination, treatment with DNaseI (RNase-
free) is highly recommended.

Alternatively, a Gram-positive RNA extraction kit may be used (e.g.,
RNeasy extraction kit available from Qiagen) with modifications;
however, extra care must be taken to ensure that cells are sufficiently
disrupted for RNA extraction.

BASIC PROTOCOL 3
TRANSFER OF Tn916 FROM A BACILLUS SUBTILIS DONOR STRAIN TO A C. DIFFICILE
RECIPIENT STRAIN

This protocol describes the transfer of the Tn916 transposon from a B. subtilis donor into C.
difficile. The use of a Tn916-based method to introduce DNA has advantages and
disadvantages. While a single copy of a gene can be introduced into C. difficile by
integration of Tn916, the transposon insertion may disrupt genes on the C. difficile
chromosome, though in some strains the transposon integrates at preferred sites (Mullany et
al., 1991).

Materials
DNA of interest

pSMB47 plasmid DNA (Manganelli et al., 1998) or a plasmid that contains homology
to Tn916 to allow homologous recombination into the Tn916 tetracycline gene

B. subtilis donor that carries Tn916 on the chromosome, e.g., BS49 (Mullany et al.,
1991)

Agar plate with medium containing erythromycin

Petri plate containing viable C. difficile colonies (UNIT 9.1A)

Reduced BHIS broth medium (see recipe)

Non-reduced BHIS broth medium (see recipe)

Erythromycin (see recipe)

Tetracycline (see recipe)

Reduced BHIS(KNO3) Petri plates (see recipe)

Reduced BHIS(E) Petri plates (see recipe)

Reduced BHIS(ECC) Petri plates (see recipe)
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15-ml culture tubes

Anaerobic chamber at 37°C

Aerobic chamber at 37°C

Additional reagents and equipment for PCR

Construct a modified Tn916 transposon with gene of interest
1 Clone the desired DNA fragment into the suicide vector pSMB47 using standard

methods.

2 Transform a B. subtilis donor that carries the Tn916 transposon (e.g., BS49)
with the plasmid generated in step 1, using standard methods and select on agar
plate with medium containing erythromycin.

Erythromycin resistance is introduced with the suicide vector.

The efficiency of B. subtilis transformation will greatly increase if the
DNA to be transformed is isolated from a recA+ strain of E. coli, such
as E. coli JM107. Transformation of plasmid DNA into E. coli JM107
results in the formation of plasmid multimers. Plasmid multimers are
more efficiently taken up by B. subtilis.

3 Isolate B. subtilis colonies and screen for the insertion of the plasmid into the
chromosome by PCR.

pSMB47 is not able to replicate in B. subtilis and will integrate via
homologous recombination in Tn916.

Introduce the modified transposon into C. difficile
4 Start a 5-ml C. difficile overnight culture using 5 ml of the reduced BHIS

medium, in a 15-ml culture tube in a 37°C anaerobic chamber.

5 After overnight growth, dilute the C. difficile culture 1:20 into fresh reduced
BHIS broth medium and allow the culture to grow anaerobically for 6 hr in a
37°C anaerobic chamber.

6 Three hours after the start of the C. difficile culture (step 5), start the B. subtilis
donor from step 3 by picking a single colony and grow in 5 ml non-reduced
BHIS medium supplemented with erythromycin (2 µg/ml) and tetracycline (10
µg/ml) and grow aerobically 3 hr at 37°C. After incubation, move the donor to
the anaerobic chamber for use in step 7.

Erythromycin is added to the culture to ensure growth of isolates
containing pSMB47. Tetracycline is added to the culture to induce the
expression of the Tn916 conjugation machinery and increase the
efficiency of transfer (Showsh and Andrews, 1992).

7 In the anaerobic chamber, spread 100 µl of each culture (C. difficile recipient
and B. subtilis donor) onto a BHIS(KNO3) plate and grow overnight in a 37°C
anaerobic chamber.

It is essential to pre-reduce the medium to allow C. difficile growth.

The addition of KNO3 to the BHIS plate allows the B. subtilis donor to
grow in the absence of oxygen (Glaser et al., 1995).
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8 After overnight growth, suspend the growth on the BHIS(KNO3) plate in 2 ml
reduced BHIS medium by adding the 2 ml of BHIS medium to the plate
containing the growth and scraping with an inoculating loop.

Isolate C. difficile containing the transposon
9 Spread 100 µl of the resuspended medium onto a pre-reduced BHIS(E) plate and

grow overnight in a 37°C anaerobic chamber.

This step enriches the population of C. difficile cells that have received
the transposon. Because KNO3 is not added to the BHIS(E) plate, B.
subtilis growth should be reduced.

10 After overnight growth, suspend the cells from the BHIS(E) plate as in step 8.

11 Spread 100 µl of the resuspended cells onto each of ten pre-reduced BHIS(ECC)
plates and grow overnight in a 37°C anaerobic chamber.

Depending on the mating efficiency, the use of ten separate
BHIS(ECC) plates may not be needed. However, this should ensure
that under low mating efficiencies, colonies do arise.

Cefoxitin and D-cycloserine inhibit the growth of B. subtilis. C. difficile
is resistant to both cefoxitin and D-cycloserine.

12 After overnight growth, check the plates for growth. If the mating is efficient,
there should be many colonies on all ten plates.

Colonies may take longer than 24 hr to appear. Incubate up to 72 hr if
no colonies are present.

13 Screen colonies by PCR, followed by gel electrophoresis, for C. difficile-
specific gene (e.g., tcdB) and for the introduced DNA in pSMB47 using gene-
specific primers.

PCR analysis of a specific C. difficile gene will ensure that the colonies
are C. difficile and not a B. subtilis contaminant; B. subtilis does not
encode tcdB.

Tn916 can be mobilized into C. difficile in the absence of pSMB47. If
this is preferred, omit the use of erythromycin from steps 6, 9, and 11,
and substitute 10 µg/ml tetracycline. This use of Tn916 can provide a
method for random mutagenesis, though Tn916 has been reported to
integrate at preferred cites in the C. difficile chromosome.

BASIC PROTOCOL 4
TRANSFER OF PLASMID DNA FROM AN E. COLI DONOR TO C. DIFFICILE RECIPIENT

This protocol describes the transfer of plasmid DNA from an E. coli donor strain to a C.
difficile recipient strain. Transfer of plasmid DNA from E. coli to C. difficile provides an
excellent tool in the study of the molecular biology of the organism. Plasmids can be used to
introduce mutations, to carry genes to complement mutations, or to introduce reporter
constructs. Many different plasmid systems have been developed to study C. difficile
biology. Some systems carry unstable origins of replication that allow for plasmid
maintenance, e.g., C. perfringens pIP404 origin of replication: pJIR1456 or pJIR1457
plasmids (Lyras and Rood, 1998). Other systems use origins of replication from naturally
occurring C. difficile plasmids (clostridial origins of replication: pMTL8XXXX vectors;
Heap et al., 2009). This protocol describes a general method for the introduction of plasmid
DNA into C. difficile.
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Materials
DNA of interest

E. coli/C. difficile shuttle plasmid, e.g., thiamphenicol-resistant shuttle plasmid,
pJIR1456

E. coli strain carrying a broad host range plasmid RP4 derivative, e.g., E. coli HB101
pRK24

LB medium (APPENDIX 4A)

Petri plate containing C. difficile colonies (see UNIT 9.1A)

BHIS medium (see recipe)

Appropriate antibiotics (e.g., Amp, Cm)

Reduced BHIS agar Petri plates (see recipe)

Reduced BHIS(TCC) Petri plates (see recipe)

15-ml culture tubes

37°C anaerobic chamber

Sterile inoculating loops

1. Clone the desired DNA fragment into a E.coli/C. difficile conjugation plasmid
(e.g., pJIR1456).

There are many different shuttle plasmids that can be mobilized into C.
difficile. This protocol describes the introduction of a thiamphenicol-
resistant shuttle plasmid as an example. Use the antibiotic resistance that is
encoded on the specific plasmid being used. More information on C.
difficile plasmids can be found elsewhere (Lyras and Rood, 1998; Heap et
al., 2009).

2. Transform an E. coli strain that carries the broad host range plasmid RP4, such as
E. coli HB101 pRK24, with the plasmid obtained in step 1 in LB medium.

RP4 is capable of mobilizing IncP oriT plasmids (such as pJIR1456). RP4
is Tra+,Mob+, AmpR, and TcR (Trieu-Cuot et al., 1991).

3. Inoculate a C. difficile culture in 5 ml BHIS medium in a 15-ml culture tube and
grow overnight in a 37°C anaerobic chamber.

For proper laboratory maintenance of C. difficile, see UNIT 9A.1.

4. At the same time, start a 5-ml culture of E. coli HB101 with pRK24 containing the
plasmid (donor) generated in step 2 in BHIS medium with the appropriate
antibiotics (Amp, Cm).

5. After overnight growth, centrifuge 1 ml of the E. coli donor culture 10 min at 5000
× g, room temperature; remove all of the supernatant.

The E. coli supernatant contains antibiotics to which C. difficile is
sensitive. Removal of all the supernatant will minimize their action against
C. difficile in subsequent steps.

6. Wash the E. coli pellet in 1 ml of BHIS medium (resuspend by gently flicking the
tube) and centrifuge as in step 5.
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7. In the anaerobic chamber, suspend the E. coli pellet from step 6 in 200 µl of the
overnight C. difficile culture from step 3.

8. Spot 100-µl aliquots onto a BHIS agar Petri plate and grow overnight in a 37°C
anaerobic chamber.

Take care when spotting the culture on the BHIS Petri plate. The goal is to
have four spots on the plate. Careful manipulation of the plate will ensure
that the spots remain stationary and not spread.

9. After overnight growth, use a sterile inoculating loop to scrape the growth from the
plate and suspend in 2 ml of reduced BHIS medium.

10. Spread 100-µl aliquots of the suspension onto ten BHIS(TCC) plates.

Thiamphenicol is included in these plates as an example for mating;
however other antibiotic selections may be used.

11. Incubate plates 48 to 72 hr anaerobically at 37°C.

E. coli background is sometimes observed. If the C. difficile strain being
used is kanamycin resistant and the E. coli strain being used is kanamycin
sensitive, 50 µg/ml kanamycin can be substituted for cefoxitin in the
BHIS(TCC) plates to reduce E. coli growth.

12. Screen colonies by PCR for a C. difficile–specific gene (e.g., tcdB) and for the
introduced plasmid.

PCR analysis of a C. difficile–specific gene will ensure that the colonies
are C. difficile and not an E. coli contaminant.

BASIC PROTOCOL 5
GENE DISRUPTION IN C. DIFFICILE USING GROUP II INTRON TARGETING

This protocol describes a method to create insertion mutations in the C. difficile genome.
The ClosTron system is based on the bacterial group II intron intrinsic features. The
bacterial group II intron target specificity is determined mainly by base-pairing between the
target site DNA and intron RNA. The group II mobility is aided by the presence of an
intron-encoded protein (IEP). Expression from pMTL007, or derivative plasmids, of the
targeted intron RNA and IEP allows for the formation of an RNA-protein complex that
inserts the RNA into the targeted DNA sequence and is reverse transcribed by IEP. This
method has been developed for many bacterial species by Sigma and was recently adapted
for use in C. difficile (Heap et al., 2007, 2010).

Materials
Primers: IBS, EBS2, EBS1d, and EBS universal primer (see recipe)

Intron PCR template DNA (Sigma) or pMTL20IT1 and pMTL20IT2

High-fidelity Taq polymerase

25:24:1 (v/v/v) phenol/chloroform/isoamyl alcohol (UNIT 2.1)

Cold 75% and 95% ethanol

TE buffer (APPENDIX 2A)

HindIII and BsrGI restriction enzymes (New England Biolabs)

pMTL007 plasmid DNA (Heap et al., 2009)
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Reduced BHIS(TCC) plates (see recipe)

Petri plate containing viable C. difficile (UNIT 9A.1)

Reduced BHIS(E) plates (see recipe)

37°C anaerobic chamber

Sterile inoculating loops

1. Copy and paste the gene sequence into the algorithm in the intron design site
(http://www.clostron.com).

This algorithm will design primers IBS, EBS2, and EBS1d necessary for
targeting the intron in a gene of interest.

The algorithm identifies potential intron insertion sites. Pick the target site
with the best location and the best score. An intron can be inserted in the
sense or antisense orientation.

2. Synthesize the four primers (IBS, EBS2, EBS1d, and EBS universal primer)
required to retarget the intron.

3. Prepare a primer mix using 2 µl of IBS primer (100 µM), 2 µl of EBS1d (100 µM),
2 µl of EBS2 (20 µM), 2 µl of EBS universal (20 µM), and 12 µl of water.

The total volume is 20 µl.

4. Set up a PCR reaction using intron PCR template DNA (Sigma) or pMTL20IT1
and pMTL20IT2 plasmids, the primer mix, and a high-fidelity Taq polymerase,
following polymerase manufacturer’s instructions for amplification.

This PCR reaction will generate a 350-bp fragment. To verify that the
intron is correctly targeted, sequence the 350-bp fragment and check that
the IBS, EBS2, and EBS1d primers match the sequences.

5. Purify the amplified DNA using 25:24:1 (v/v/v) phenol/chloroform/isoamyl alcohol
extraction, followed by ethanol precipitation (see Basic Protocol 1, steps 9 to 18).

Alternatively, the PCR fragment can be purified using a PCR purification
kit (e.g., QIAquick PCR purification kit available from Qiagen)

6. Resuspend the DNA in 30 µl TE buffer.

7. Digest and clone the purified PCR fragment into pMTL007 using HindIII and
BsrGI restriction sites and standard techniques.

BsrGI has increased activity at 60°C.

A ClosTron plasmid ready-targeted to a gene of choice can be ordered
directly from http://www.Clostron.com. (see Web site for details).

8. Transfer the resulting plasmid from E. coli to C. difficile (see Basic Protocol 4).

pMTL007 provides chloramphenicol/thiamphenicol resistance.
Thiamphenicol is typically used for selection of C. difficile and
chloramphenicol for E. coli.

9. Streak the transconjugants onto a reduced BHIS(TCC) plate.

This step allows expression of the intron RNA. Integration of the intron
into the chromosome target site activates the erythromycin marker. The
erythromycin-resistance gene is interrupted by a group I intron. When the
group II intron is transcribed, the group I intron is spliced, allowing
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activation of erythromycin resistance when the group II intron is reverse
transcribed at the target site.

10. Harvest growth with an inoculating loop and spread uniformly onto a reduced
BHIS(E) (see UNIT 9A.1 for laboratory maintenance of C. difficile).

Lincomycin (20µg/ml) can be used in place of erythromycin if the target
strain is naturally erythromycin resistant.

11. Pick colonies, extract DNA (see Basic Protocol 1 or Alternate Protocol), and
perform PCR to verify the integration of the intron.

BASIC PROTOCOL 6
SITE-DIRECTED MUTAGENESIS USING UNSTABLE PLASMIDS

This protocol describes the use of unstable plasmids to introduce site-directed insertions into
the C. difficile chromosome. This method has been used to introduce mutations into many
different genes (O’Connor et al., 2006; Dineen et al., 2007; Lyras et al., 2009) and is based
upon the use of Clostridium perfringens origins of replication in C. difficile. The C.
perfringens origin of replication (pIP404) is unstable in C. difficile, and, in the absence of
antibiotic selection, is not maintained. With a low frequency, these plasmids can insert by
homologous recombination into the C. difficile chromosome.

This method has both advantages and disadvantages. The advantage over the TargeTron
method of mutagenesis (see Basic Protocol 5) is that if a target DNA sequence does not have
efficient group II intron insertion sites, the protocol described below will allow for
insertional inactivation of a gene. The disadvantage is that because the plasmid origin of
replication is still recognized by C. difficile, albeit poorly, the plasmid can excise from the
C. difficile chromosome, thereby restoring the wild-type copy of the gene.

Materials
400- to 1000-bp DNA fragment, internal to the target gene

E. coli strain carrying an RP4 plasmid derivative (see Basic Protocol 4)

BHIS Petri plate containing viable C. difficile JIR8094 colonies (UNIT 9.1A)

Reduced BHIS medium (see recipe)

BHIS(T) plate containing viable C. difficile JIR8094 pJIR1456 colonies (see Basic
Protocol 3 for introduction of plasmid DNA)

Reduced BHIS(TCC) Petri plates (see recipe)

Reduced BHIS Petri plate (see recipe)

15-ml culture tubes

37°C anaerobic chamber

Sterile inoculating loops

1. Clone a ~400- to 1000-bp DNA fragment, internal to the target gene, into the E.
coli/C. difficile shuttle vector pJIR1456.

pJIR1456 will provide thiamphenicol resistance to C. difficile and is used
as an example in this protocol. pJIR1457 can also be used and provides
erythromycin resistance. If pJIR1457 is used, substitute this plasmid
instead of pJIR1456 below.
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2. Introduce this plasmid into C. difficile JIR8094 by following Basic Protocol 4.

3. After confirming that the plasmid has been introduced into C. difficile JIR8094,
inoculate 5 ml of BHIS medium (no antibiotics) with a colony of the newly
generated strain and a separate 5 ml with a control strain, C. difficile JIR8094
pJIR1456, in 15-ml culture tubes. Grow overnight in a 37°C anaerobic chamber.

4. After overnight growth, spread 100 µl of each strain onto separate BHIS(TCC)
Petri plates.

5. Inoculate two culture tubes containing 5 ml BHIS medium with 10 µl of the
overnight cultures. Grow overnight in a 37°C anaerobic chamber.

6. After overnight incubation, check for growth of the control and test strains on
BHIS(TCC).

By growing C. difficile in the absence of antibiotic, there is no pressure
for the strain to maintain the poorly replicating plasmid. In the absence of
antibiotic selection, the plasmid will be lost. At a low frequency, the
plasmid will integrate by homologous recombination into the chromosome
using the cloned DNA fragment on the plasmid. This single crossover will
maintain antibiotic resistance on the chromosome and should not be lost
during passage.

7. Repeat from step 4 as necessary.

After a few passages, the strain carrying the target DNA should yield
antibiotic-resistant colonies, due to site-specific integration at the targeted
locus within the chromosome.

8. Once a strain engineered with the target DNA yields antibiotic resistant colonies
and the control plasmid does not, subculture the colonies on a reduced BHIS(TCC)
Petri plate to confirm the antibiotic resistance.

9. After confirmation of the antibiotic resistance, screen individual colonies for the
integrated plasmid.

This procedure can be inefficient. However, it has been used successfully
to introduce targeted mutations into the C. difficile chromosome. Thus far,
this technique has only been successful in C. difficile JIR8094.

REAGENTS AND SOLUTIONS
Use deionized, distilled water in all recipes and protocol steps. For common stock solutions,
see APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

BHIS agar
Dissolve powdered brain-heart infusion extract (BD Difco; 37 g/liter or per manufacturer’s
instructions) and 5 g/liter yeast extract in 800 ml of water. Bring volume to 1 liter with water
and add 15 g/liter agar (BD Difco). Autoclave for 20 min, cool to touch, and add 10 ml of
filter-sterilized 10% (w/v) L-cysteine. Pour ~25 ml into sterile Petri plates and allow to
solidify. For growth of C. difficile, medium must be placed in an anaerobic chamber for a
minimum of 2 hr to reduce the O2 content. Store plates up to 3 months at 4°C.

BHIS medium (broth)
Dissolve powdered brain-heart infusion extract (BD Difco; 37 g/liter or per manufacturer’s
instructions) and 5 g/liter yeast extract in 800 ml of water. Bring volume to 1 liter with
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water. Autoclave for 20 min. Cool medium at room temperature and add 10 ml of filter-
sterilized 10% (w/v) L-cysteine to each bottle. For growth of C. difficile, bottles must be
placed in an anaerobic chamber overnight to reduce the O2 content. Store indefinitely at
room temperature.

BHIS(E) plates
Prepare BHIS agar (see recipe). Prior to pouring plates, add 10 ml of 2.5 mg/ml
erythromycin stock solution (see recipe) per liter of medium (final concentration of 2.5 µg/
ml). Store up to 1 month at 4°C.

BHIS(ECC) plates
Prepare BHIS agar (see recipe). Prior to pouring plates, add 10 ml of 10 mg/ml
erythromycin stock solution (final concentration of 10 µg/ml; see recipe), 10 ml of 8 mg/ml
cefoxitin stock solution (final concentration of 8 µg/ml; see recipe), and 10 ml of 25 mg/ml
cycloserine stock solution (final concentration of 250 µg/ml; see recipe). Store up to 1 month
at 4°C.

BHIS(KNO3) plates
Prepare BHIS agar (see recipe). Prior to pouring plates, add 10 ml of 500 mM KNO3 stock
solution (see recipe) per liter of medium (final concentration of 5 mM). Store up to 1 year at
4°C.

BHIS(T) plates
Prepare BHIS agar (see recipe). Prior to pouring plates, add 10 ml of 10 mg/ml
thiamphenicol stock solution per liter of medium (final concentration of 10 µg/ml). Store up
to 1 month at 4°C.

BHIS(TCC) plates
Prepare BHIS agar (see recipe). Prior to pouring plates, add 10 ml of 10 mg/ml
thiamphenicol stock solution (final concentration of 10 µg/ml), 10 ml of 8 mg/ml cefoxitin
stock solution (final concentration of 8 µg/ml; see recipe), and 10 ml of 25 mg/ml of fresh
cycloserine stock solution (final concentration of 250 µg/ml; see recipe). Store up to 1 month
at 4°C.

Cefoxitin stock solution, 8 mg/ml
Dissolve 8 mg of cefoxitin (Sigma-Aldrich) per 1 ml water. Filter sterilize using a 0.45-µm
filter and store up to 1 year at −20°C.

Cycloserine stock solution, 250 mg/ml
Dissolve 250 mg D-cycloserine (Sigma-Aldrich) per 10 ml water. Filter sterilize using a
0.45-µm filter. Prepare fresh for each use.

EBS universal primer
5′-CGAAATTAGAAACTTGCGTTCAGTAAAC-3′ (Sigma)

Erythromycin, 2.5 mg/ml
Dissolve 2.5 mg of erythromycin per 1 ml ethanol. Store up to 1 year at −20°C.
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Genomic DNA solution
Dissolve 34.23 g of sucrose in TE buffer (APPENDIX 2A) to a final volume of 100 ml.
Filter sterilize using a 0.45-µm filter and store indefinitely at room temperature.

KNO3 solution, 500 mM
Dissolve 0.51 g of KNO3 per 10 ml water. Filter sterilize using a 0.45-µm filter and store up
to 1 year at room temperature.

Lysozyme solution
Dissolve 50 mg of lysozyme per 1 ml water. Prepare fresh for each use.

Proteinase K
Dissolve 10 mg of proteinase K per 1 ml of water. Store for 6 months at −20°C.

RNase A, 10 mg/ml
Dissolve 10 mg of RNase A per 1 ml of water. Store for 1 year at −20°C.

Sarkosyl, 20% (w/v)
Dissolve 2 g of sarkosyl (N-lauroylsarcosine) per 10 ml of water. Store for 1 year at room
temperature.

Sodium acetate, 3 M (pH 5.2)
Dissolve 24.6 g of sodium acetate per 100 ml of water. Adjust pH to 5.2 with acetic acid.
Store indefinitely at room temperature.

Tetracycline stock solution, 10 mg/ml
Dissolve 10 mg of tetracycline per 1 ml of ethanol. Store up to 6 months at 4°C protected
from light.

COMMENTARY
Background Information

Clostridium difficile is a Gram-positive anaerobic bacterium that causes potentially fatal
intestinal disease in humans. Infections in humans can be chronic and incredibly difficult to
treat (O’Brien et al., 2007). C. difficile infection is often precipitated by antibiotic therapy.
Such treatment results in an alteration in the normally protective intestinal flora. C. difficile
is thought to enter the body as dormant spores via the fecal-oral route of infection and
germinate to produce vegetative cells capable of generating toxins that contribute to the
inflammation and diarrhea characteristic of infection (Voth and Ballard, 2005; Lyras et al.,
2009).

In 1935, Hall and O’Toole reported that a “difficult Clostridium” was present in the
intestinal flora of newborns (Hall and O’Toole, 1935). This bacterium, first dubbed Bacillus
difficile, was initially difficult to isolate and grew slowly in culture. By the 1950s,
antibiotic-associated diarrheal diseases had become more common, but other organisms
were thought to be the causative agents of disease (Hummel et al., 1964; Khan and Hall,
1966). In 1974, a study of the causation of diarrheal disease in patients treated with the
antibiotic clindamycin concluded that pseudomembranous colitis was associated with the
administration of antibiotics (Tedesco et al., 1974). However, it was not until 1978 that C.
difficile was reported as the agent of antibiotic-associated colitis (Bartlett et al., 1978). As a
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result, Bartlett and colleagues investigated the root of C. difficile-associated symptoms,
which led to the conclusion that toxins produced by the bacteria are directly responsible for
pseudo membranous colitis (Bartlett et al., 1977, 1978). On the basis of these results, other
investigators were able to identify major risk factors for infection with C. difficile, namely,
antibiotic exposure, disturbance of the normal colonic flora, advanced age, and
hospitalization (Viscidi et al., 1981; McFarland et al., 1989; Fekety and Shah, 1993;
Karlstrom et al., 1998).

Progression of C. difficile disease is dependent on the ability of the bacteria to reside,
multiply, and produce toxins within the intestinal tract. Since 2002, an epidemic strain has
spread globally (toxinotype III, PFGE type NAP1/REA type B1/Ribotype 027), and is
associated with a significant increase in morbidity and mortality due to the increased
production of the virulence factors, toxins A and B (McDonald et al., 2005; Warny et al.,
2005; Redelings et al., 2007). These toxins act by glycosylating host Rho GTPases in
intestinal epithelial cells, resulting in disruption of the cytoskeleton and cell death (Just et
al., 1995). Some strains produce an additional toxin, CDT or binary toxin (Perelle et al.,
1997). CDT toxin has been shown to induce microtubule formation and facilitate adherence
to intestinal epithelial cells; however, the role of this toxin in disease progression is not clear
(Schwan et al., 2009).

To date, research efforts involving the genetic manipulation of C. difficile lag far behind the
progress made in “model” prokaryotic organisms such as Escherichia coli and Bacillus
subtilis. This lag has largely been due to the lack of reliable genetic tools available for work
with this organism. However, in the past decade several tools and protocols have been
adapted for use in C. difficile, including methods for gene disruption and the introduction of
DNA into cells via plasmids and transposons, as described in this unit. The development of
these techniques has made it possible to insertionally disrupt genes in C. difficile, a feat that
had never been successful prior to 2006 (O’Connor et al., 2006). Advancements such as the
adaptation of group II introns for gene disruption (TargeTron/ClosTron system) have
permitted the disruption of many more C. difficile genes (Dineen et al., 2007; Heap et al.,
2007, 2010; Emerson et al., 2009; Kirby et al., 2009; Twine et al., 2009; Underwood et al.,
2009; Burns et al., 2010). The techniques described herein have the potential to make
research of C. difficile and its associated diseases much more accessible to genetic study.

Critical Parameters and Troubleshooting
Extraction of C. difficile genomic DNA—Effective lysing of cells is critical for DNA
extraction. If no clearing of cell extracts occurs after addition of sarkosyl, the likelihood of
the subsequent steps yielding DNA is low. Restart the protocol with fresh culture and
increase the incubation times in Basic Protocol 1, steps 5 and 7.

Quick genomic DNA extraction from C. difficile for PCR—If cell extracts do not
clear after incubation with proteinase K, a new extraction is recommended. The 90°C
incubation post-proteinase K treatment is essential for preventing degradation of enzymes in
subsequent reactions (i.e., Taq).

Extraction of C. difficile RNA—Special care should be taken to avoid contamination by
RNases while working with RNA.

Transfer of Tn916 from a B. subtilis donor strain to C. difficile recipient strain
—The addition of KNO3 to BHIS plates is essential for growth of B. subtilis in an anaerobic
environment (Glaser et al., 1995). The use of multiple B. subtilis transconjugants for mating
to C. difficile may increase conjugation success.
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Transfer of plasmid DNA from E. coli to C. difficile—Maintaining stable replicating
plasmids in C. difficile is considerably easier than maintaining plasmids that are not stable,
and as a result the transfer of stable plasmids is also more efficient. In addition, E. coli used
for mating should be gently manipulated to avoid destruction of conjugation machinery,
which will decrease mating efficiencies.

Gene disruption in C. difficile using group II intron—The algorithm output will
indicate insertion sites with the highest predicted success; however, this process is not
perfect. Designing multiple insertion targets for each gene is recommended to increase the
chances of achieving successful intron targeting.

Site-directed mutagenesis using unstable plasmids—Maintenance of unstable
plasmids can be problematic, and therefore constant selective pressure (antibiotic) is
required. It is generally accepted that the probability of homologous integration into the
chromosome increases proportionally with the length of homologous target DNA. Single-
homologous integration (via replicating plasmid) into genes, for which there is selective
pressure to restore the wild-type allele, is likely to result in mutant instability and loss of
plasmid integration.

Anticipated Results
Extraction of C. difficile genomic DNA—Yield of DNA from this protocol varies
depending on density of cell culture and efficiency of cell lysis, but is typically between 100
and 1000 ng/µl. Purity of the DNA is sufficient for standard molecular biology uses.

Quick genomic DNA extraction from C. difficile for PCR—This protocol generates
enough DNA for ~50 standard PCR reactions. However, the DNA purity is low, so
procedures requiring greater purity should refer to the genomic DNA extraction protocol
(see Basic Protocol 1).

Extraction of C. difficile RNA—This protocol generates high-quality RNA, although the
amount will vary by growth condition and density of the starting culture. This protocol has
advantages over standard Gram-positive RNA kit extractions (featuring column
purifications) because small RNAs are extracted as well as larger mRNA transcripts.

Transfer of Tn916 from a B. subtilis donor strain to C. difficile recipient strain
—Efficiency of Tn916 transfer from B. subtilis to C. difficile is very good. This protocol is
useful for complementation of disrupted genes and introduction of reporter fusion constructs
in C. difficile. At the completion of this protocol, the Tn916 should be mobilized into the C.
difficile chromosome.

Transfer of plasmid DNA from E. coli to C. difficile—Conjugation of plasmids from
E. coli is the standard method for plasmid introduction into C. difficile. However, efficiency
of transfer is dependent on the stability of the plasmid in C. difficile. Successful completion
of this protocol will result in the mobilization of a plasmid into C. difficile.

Gene disruption in C. difficile using group II intron—Efficiency of group II intron
targeting varies by gene and insertion site. This protocol has been effective for knocking out
many C. difficile genes; however, some genes may not have good target sites or simply not
target well. Assuming an efficient integration site is chosen, this protocol will lead to the
inactivation of the target gene with the group II intron.
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Site-directed mutagenesis using unstable plasmids—Though inefficient, at the
end of this protocol, a plasmid disruption of the target gene should be observed.

Time Considerations
Extraction of C. difficile genomic DNA (Basic Protocol 1)—Overnight growth is
usually required to achieve cell densities sufficient for good DNA yield. The actual DNA
extraction protocol may take up to 6 hr depending on the amount of incubation time required
to achieve cell lysis, which can vary by strain.

Quick genomic DNA extraction from C. difficile for PCR (Alternate Protocol)—
This protocol generally requires <2 hr to complete.

Extraction of C. difficile RNA (Basic Protocol 2)—The time required for preparation
of cultures for RNA extraction is dependent on the strain and growth conditions used. The
actual RNA extraction procedure takes ~2 hr for a single sample.

Transfer of Tn916 from a B. subtilis donor strain to C. difficile recipient strain
(Basic Protocol 3)—Much of the time required for this protocol is spent on culture
growth. Actual manipulation time depends on the number of matings performed. Allow ~30
min per day for manipulations in the chamber.

Transfer of plasmid DNA from E. coli to C. difficile (Basic Protocol 4)—Much of
the time required for this protocol is spent on culture growth. Actual manipulation time
depends on the number of matings done. Allow ~30 min per day for manipulations in the
chamber and 10 to 15 min to start the C. difficile and E. coli cultures.

Gene disruption in C. difficile using group II intron (Basic Protocol 5)—Much of
the time required for this protocol is spent on culture growth. Actual manipulation time
depends on the number of matings done. Allow ~30 min per day for manipulations in the
chamber and 10 to 15 min to start the C. difficile and E. coli cultures.

Site-directed mutagenesis using unstable plasmids (Basic Protocol 6)—Much
of the time required for this protocol is spent on culture growth. Actual manipulation time
depends on the number of matings done. Allow ~30 min per day for manipulations in the
chamber and 10 to 15 min to start the C. difficile and E. coli cultures.
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