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Preface

There is a fundamental difference between prokaryotes and eukaryotes in their evolution
mechanisms and, consequently, in their genetic organization. Eukaryotes evolve within
species, limited by sexual reproduction, while prokaryotes largely evolve by horizontal
gene transfer (HGT), limited by the boundaries of gene exchange between species. In
prokaryotes, HGT is pervasive, occurs contemporarily, and is an all-important mechanism
of genetic originality. It can even be stated that bacterial genome structure and evolution
cannot be understood unless we contemplate the direct effects of HGT. Conversely, HGT in
eukaryotes is an evolutionary mechanism that operates at a different timescale. Most
eukaryotic species are confined within the limits of their own species by sexual reproduction.
Consequently, and with due respect to affected actors, active interspecific HGT is presently
residual in eukaryotic organisms (not its cumulative effects, which are of extraordinary
interest).

Not surprisingly, therefore, the technologies used to study HGT in prokaryotes and
eukaryotes are vastly different and their audiences quite separate. This book concentrates on
technologies used to study HGT in prokaryotes. The elements involved in prokaryotic HGT
are called mobile genetic elements (MGEs). There is a need for individualizing and func-
tionally describing active MGEs if we attempt to understand their structure, epidemiology,
and evolution. In order to achieve it, updated methods for their detection and isolation are
shown in Part I of this book. The main molecular processes involved in HGT are conjuga-
tion, transformation, and transduction. Part II deals with methods involved in the analysis of
these molecular processes. Again, quantitative description of these processes is required to
attempt a comparative, functional description of the different processes. There is a myriad of
MGEs, and each one must have differential specifications that justify their existence in ever-
evolving microbial ecosystems. Because of HGT, and the ups and downs of particular
MGEs, bacterial populations adapt and evolve. Part III puts together a series of methods
to analyze the adaptation and evolution of MGEs, with special attention to bioinformatics
tools, as well as methods derived from the activity of MGEs that found utilities elsewhere.
Methods for the metagenomic analysis of MGEs will hopefully be the subject of a later book.

Santander, Spain Fernando de la Cruz

v



Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Contributors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

PART I METHODS FOR THE DETECTION AND ISOLATION

OF MOBILE GENETIC ELEMENTS

1 Plasmid DNA Isolation and Visualization: Isolation and Characterization
of Plasmids from Clinical Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Kaitlin A. Tagg, Carola Venturini, Muhammad Kamruzzaman,
Andrew N. Ginn, and Sally R. Partridge

2 Isolation and Visualization of Plasmids from Gram-Positive
Bacteria of Interest in Public Health. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Ana R. Freitas, Carla Novais, Luı́sa Peixe, and Teresa M. Coque

3 Detection, Isolation, and Characterization of Plasmids in the Environment . . . . 39
Khald Blau, Sven Jechalke, and Kornelia Smalla

4 Bacteriophage Isolation and Characterization: Phages
of Escherichia coli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Juan Jofre and Maite Muniesa

5 Detection and Characterization of Transposons in Bacteria. . . . . . . . . . . . . . . . . . . 81
Catherine Guynet, Phan Thai Nguyen Le, Michael Chandler,
and Bao Ton-Hoang

PART II METHODS TO QUANTIFY AND CHARACTERIZE HORIZONTAL

GENE TRANSFER

6 Measuring Plasmid Conjugation Using Antibiotic Selection . . . . . . . . . . . . . . . . . . 93
Jorge Rodriguez-Grande and Raul Fernandez-Lopez

7 Measuring Plasmid Conjugation Using Fluorescent Reporters. . . . . . . . . . . . . . . . 99
Carolina Palencia-Gandara, Raul Ruiz, and Raul Fernandez-Lopez

8 Methods to Quantify DNA Transfer in Enterococcus . . . . . . . . . . . . . . . . . . . . . . . . . 111
Carla Novais, Ana R. Freitas, Ricardo Le�on-Sampedro, Luı́sa Peixe,
and Teresa M. Coque

9 Quantifying and Characterizing Distributive Conjugal Transfer
in Mycobacterium smegmatis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
Ryan R. Clark, Todd A. Gray, and Keith M. Derbyshire

10 Spectrophotometric Assays to Quantify the Activity of T4SS ATPases . . . . . . . . . 135
Elena Cabez�on and Ignacio Arechaga

vii



11 Identification of Relaxase-DNA Covalent Complexes and DNA Strand
Transfer Reaction Products by Polyacrylamide Gel Electrophoresis . . . . . . . . . . . 145
Marı́a Lucas and Gabriel Moncalián

12 First Biochemical Steps on Bacterial Transposition Pathways . . . . . . . . . . . . . . . . . 157
Catherine Guynet, Emilien Nicolas, Bao Ton-Hoang, Jean-Yves Bouet,
and Bernard Hallet

13 Natural Transformation in Escherichia coli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
Yoko Komiyama and Sumio Maeda

14 Integron Identification in Bacterial Genomes and Cassette
Recombination Assays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
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M. PILAR GARCILLÁN-BARCIA � Instituto de Biomedicina y Biotecnologı́a de Cantabria,
Universidad de Cantabria-Consejo Superior de Investigaciones Cientı́ficas, Santander,
Cantabria, Spain

ANDREW N. GINN � Centre for Infectious Diseases and Microbiology, The Westmead Institute
for Medical Research, The University of Sydney, Westmead, NSW, Australia; Centre for
Infectious Diseases and Microbiology Laboratory Services, NSW Health Pathology,
Westmead Hospital, Westmead, NSW, Australia

TODD A. GRAY � New York State Department of Health, Wadsworth Center, Albany, NY,
USA; Department of Biomedical Sciences, University at Albany, Albany, NY, USA
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Université de Toulouse, UPS, Toulouse, France
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Institut Pasteur, Paris, France; CNRS, UMR3525, Paris, France
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Université de Toulouse, UPS, Toulouse, France

CARLOS VARGAS � Institute of Integrative Systems Biology, University of València and CSIC,
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Chapter 1

Plasmid DNA Isolation and Visualization: Isolation
and Characterization of Plasmids from Clinical Samples

Kaitlin A. Tagg, Carola Venturini, Muhammad Kamruzzaman,
Andrew N. Ginn, and Sally R. Partridge

Abstract

Plasmids are important in carrying antibiotic resistance and other genes between bacterial cells, and a
number of methods can be employed to characterize plasmids from clinical isolates. Single colonies typically
obtained as part of hospital workflow can undergo S1 nuclease treatment to linearize plasmids followed by
pulsed-field gel electrophoresis to enable determination of the number and sizes of plasmids present.
Hybridization of S1/PFGE gels can be used to associate replicon types and passenger genes, such as
those conferring antibiotic resistance, with a particular plasmid band. Individual plasmids, obtained by
conjugation or transformation, can be compared by gel electrophoresis following restriction digestion of
plasmid DNA prepared by alkaline lysis methods, including using specialized kits.

Key words Plasmid, Clinical isolate, S1 nuclease, Pulsed-field gel electrophoresis, Hybridization,
Transformation, Restriction digest

1 Introduction

Bacterial resistance to antibiotics is an increasing global health
problem, and in Gram-negative bacteria, particularly the Entero-
bacteriaceae, much of this resistance is due to different genes
travelling on large (~40 kb - >200 kb) conjugative plasmids and
generally smaller mobilizable plasmids (some <10 kb). Detailed
characterization of plasmids in isolates from clinical samples can
identify and track problem plasmids and outbreak potential, leading
to improved infection control practices in healthcare facilities and
the community.

Clinical specimens often contain a mixed population of bacte-
rial species, which can be problematic in the laboratory isolation of
pathogens and their plasmids. Specimens from certain sites (e.g.,
skin or other surface swabs) are more commonly contaminated with
normal flora than those from sterile sites (e.g., blood). Hospital
laboratories typically employ specialized media (e.g., MacConkey
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agar) to facilitate selection of pathogenic species by colony mor-
phology (e.g., hemolysis or color), biochemical function (e.g.,
sugar utilization), or resistance traits, e.g., carbapenem-resistant
Enterobacteriaceae (CRE) or methicillin-resistant Staphylococcus
aureus (MRSA).

Once obtained, the species of pure cultures can be identified
from biochemical profiles (metabolic function) or using increas-
ingly available emerging technologies (e.g., matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS)) [1]. Such isolates will typically also undergo antibiotic
susceptibility testing and, in some hospital and/or reference labs,
basic genotyping to identify resistance mechanisms of particular
concern (e.g., carbapenem resistance genes in CRE or confirmation
of isolates as MRSA).

Plasmids in highly resistant isolates of Enterobacteriaceae (those
more likely to result in treatment failure and spread) often require
further characterization, such as PCR-based replicon typing
(PBRT) or relaxase (MOB) typing (Chapters 21 and 22). This
chapter will mainly focus on other methods for studying large
resistance plasmids from Enterobacteriaceae, but general principles
are also applicable to other species.

Analysis of plasmids by gel electrophoresis is complicated by the
existence of different plasmid forms (supercoiled closed circular,
nicked/relaxed open circular forms), and large plasmids are not
well separated from the chromosome. Digestion with S1 nuclease,
which converts supercoiled plasmids to linear form but cleaves
chromosomal DNA very infrequently, coupled with pulsed-field
electrophoresis (PFGE) allows the number and sizes of large plas-
mids in an isolate to be determined [2] (Subheading 3.1). Small
plasmids (<~20 kb) may not be visible by this method but can be
examined on conventional gels. DNA transferred from S1/PFGE
gels can be hybridized with suitable probes to associate replicon
types and resistance and other genes with particular plasmid bands
(Subheading 3.2).

A clinical isolate may contain multiple plasmids that need to be
separated before further analysis, such as restriction digestion
(or sometimes for sequencing). For conjugative plasmids, mating
with suitable recipients may yield transconjugants that carry a single
plasmid species, but multiple plasmids may also transfer together.
Methods for conjugation experiments are covered in detail in
Chapter 6, so are not included here. If conjugation fails to transfer
the required plasmid or multiple plasmids move together, transfor-
mation can be attempted. This may be more likely to transfer a
single plasmid species, but very large plasmids may be difficult to
transfer, and transfer rates may be dependent on the recipient strain
used [3].

DNA of large plasmids can be obtained from clinical isolates,
transconjugants, or transformants (for digestion or sequencing) by
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standard alkaline lysis-based methods, e.g., [4–6] (Subheading
3.3). Essentially, cells are lysed in a solution containing sodium
hydroxide, which disrupts hydrogen bonding between bases, con-
verting double-stranded DNA to single stranded. Subsequent neu-
tralization allows renaturing of smaller circular plasmid DNA to
double-stranded form that remains soluble. Cumbersome chromo-
somal DNA cannot properly reanneal and, with other cell debris,
forms a white precipitate. Various protocols for cleaning up and
concentrating DNA can then be applied, including affinity chroma-
tography on silica columns in commercial kits. Digestion of isolated
plasmid DNA with restriction endonucleases followed by gel elec-
trophoresis can be used to compare plasmids. Although largely
being superseded by analyzing plasmids from sequencing of
whole bacterial genomes (including long-read methods), restric-
tion digestion may nevertheless be useful for confirming correct
plasmid assembly.

2 Materials

All solutions are prepared using sterile distilled water and stored at
room temperature, unless otherwise indicated. Ensure that chemi-
cals are dissolved and solutions mixed well before use. Reagents
containing SDS (a detergent) should be made up in a fume hood,
not shaken vigorously, and, if SDS precipitates out, can be warmed
to 37 �C until dissolved or 55 �C for 3–5 min. If using ethidium
bromide (teratogen) for staining gels, read the MSD sheet before
handling, and use appropriate precautions. Alternative stains can be
safely added to melted agarose before pouring gels. All solutions
containing ethidium bromide or other hazardous chemicals should
be disposed of correctly.

2.1 S1 Digestion

and Pulsed-Field Gel

Electrophoresis

1. 1MTris–HCl, pH 7.6: dissolve 121.14 g Tris in 800mLwater.
Adjust pH to 7.6 with concentrated HCl, and make up to 1 L.
Autoclave to sterilize.

2. 1 M EDTA, pH 8.0: add 186.1 g EDTA to 400 mL water and
place on stirrer. Add NaOH pellets to raise the pH to 8.0 (the
EDTA powder will start dissolving only when the pH has
risen), make up to 500 mL, and autoclave.

3. 2 M NaCl: add 58.44 g of NaCl to 500 mL water. Autoclave.

4. Saline (0.9% NaCl): dissolve 4.5 g NaCl in 500 mL water.
Autoclave.

5. 10% N-lauroylsarcosine: dissolve 5 g N-lauroylsarcosine pow-
der in 50 mL water. To dissolve completely (or if solution
precipitates out), warm up in hot water (55 �C).
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6. 2% deoxycholic acid sodium salt: add 1 g deoxycholic acid
sodium salt to 50 mL water.

7. Lysozyme (50 mg/mL) (for Gram-negatives) or lysostaphin
(10 mg/mL) (for Gram-positives).

8. ESP solution: dilute stocks to 0.5 M EDTA, 1% N-lauroylsar-
cosine. Immediately before use, add proteinase K (from
20 mg/mL stock) to a final concentration of 1 mg/mL.

9. TE buffer 1�: dilute stocks to 10 mMTris–HCl, 1 mMEDTA,
pH 8.0.

10. Lysis solution: dilute stocks to 6 mM Tris–HCl, 1 M NaCl,
10 mM EDTA, 0.2% deoxycholic acid sodium salt, 0.5% N-
lauroylsarcosine.

11. S1 nuclease and S1 buffer, provided by manufacturer, or make
up according to manufacturer’s specifications (e.g., 10� 2.8 M
NaCl, 0.5 M sodium acetate, 0.45 M zinc sulfate).

12. 5� TBE buffer stock: 1.1 M Tris, 900 mM borate, 25 mM
EDTA, pH 8.0. Dissolve 54 g Tris base and 27.5 g boric acid in
800 mL water, add 20 mL 0.5 M EDTA, and make up to 1 L
with water. Dilute to 0.5� working buffer.

13. Pulsed-field grade agarose and pulsed-field grade low melting
point (LMP) agarose.

14. PFGE molecular weight marker(s) ideally giving bands in
range ~ 20–300 kb (e.g., Lambda PFG Ladder, New England
Biolabs, 48.5–1000 kb).

15. Nucleic acid stain (ethidium bromide or, e.g., RedSafe™ (Via-
gen Biotech, USA), GelRed™ (Biotium, USA), or SYBR™
Safe (Thermo Fisher Scientific, USA)).

16. PFGE system (Bio-Rad CHEF-DR® systems or equivalent)
with pump and chiller module.

17. Nephelometer (for cell suspension adjustment).

18. PFGE plug molds, 20-well reusable comb, comb holder for
PFGE, and casting stand.

19. Orbital/shaker, rocking platform, or rotator (for lysis and
washing of agarose plugs).

2.2 Southern

Hybridization

of S1/PFGE Gels

1. Specific primer pair for amplifying target region of interest (see
Note 1).

2. DNA template for generating probe (boiled lysate of bacterial
culture or purified DNA).

3. PCR-based probe labelling kit (see Note 2).

4. Depurination buffer: 0.25 M HCl.
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5. Denaturation buffer: 0.5 M NaOH, 1.5 M NaCl. Add 20 g
NaOH and 87.65 g NaCl to 900 mL water, and make up to
1 L.

6. Neutralization buffer: 3 M NaCl, 0.5 M Tris, pH 7.0. Add
175.32 g NaCl and 60.55 g Tris to 900 mL water, adjust to pH
7.0, and make up to 1 L.

7. Transfer buffer (20� saline sodium citrate (SSC)): 3 M NaCl,
0.3MNa citrate, pH 7.0. Add 350.64 gNaCl and 176.46 g Na
citrate to 1.8 L water, adjust to pH 7.0, and make up to 2 L (see
Note 3).

8. Storage buffer: 2� SSC. Add 100 mL 20� SSC to 900 mL
water.

9. Whatman filter paper cut into squares larger than PFGE gel
(approx. 15 � 15 cm).

10. Nylon or nitrocellulose membrane square cut larger than
PFGE gel (see Note 3).

11. Vacuum transfer apparatus or capillary transfer material (paper
towel; glass dish).

12. UV cross-linker oven.

13. Hybridization buffer (see Note 4).

14. 10% SDS: add 100 g SDS to 100 mL of water and make up to
1 L.

15. Post-hybridization buffer 1: 2� SSC, 0.1% SDS. Add 100 mL
20� SSC and 10 mL 10% SDS to 890 mL water.

16. Post-hybridization buffer 2: 0.5� SSC, 0.1% SDS, 68 �C. Add
25 mL 20� SSC and 10 mL 10% SDS to 965 mL water.

17. Washing buffer: 0.1 M maleic acid, 0.15 M NaCl, NaOH (for
pH adjustment), 0.3% Tween-20, pH 7.5. Add 23.22 g maleic
acid, 17.53 g NaCl, and 15 g NaOH to 1.8 L water, and adjust
to pH 7.5. Add 6 mL Tween-20, gently pipette until dissolved,
and make up to 2 L.

18. Maleic acid buffer: 0.1 M maleic acid, 0.15 M NaCl, pH 7.5.
Add 11.61 g maleic acid and 8.77 g NaCl to 900 mL water,
adjust to pH 7.5, and make up to 1 L.

19. 10� blocking solution: 10% blocking reagent (see Note 4),
maleic acid buffer. Dissolve 10 g blocking reagent in 80 mL
maleic acid buffer by constantly stirring at 65 �C. Once dis-
solved (the solution will remain opaque), make up to 100 mL
with maleic acid buffer. Store at 4 �C.

20. 1� blocking solution: 10� blocking solution, maleic acid
buffer. Mix 25 mL 10� blocking solution and 225 mL maleic
acid buffer. Make up fresh as needed.
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21. Antibody solution: anti-DIG antibody reagent, 1� blocking
solution. Centrifuge the antibody solution for 5 min (approx.
10,000 � g). Carefully pipette 4 μL from the surface of the
liquid into 40 mL 1� blocking solution. Mix gently and store
at 4 �C until use (max. 2 h) (see Note 5).

22. Detection buffer stock: 0.1 M Tris–HCl, 0.1 M NaCl, pH 9.5.
Add 6.31 g Tris–HCl and 2.34 g NaCl to 300 mL water, adjust
to pH 9.5, and make up to 400 mL.

23. Detection solution: detection buffer, detection enzyme (see
Note 5). Add 20 μL detection enzyme to 1980 μL detection
buffer.

24. Stripping solution: 0.2 M NaOH, 0.1% SDS. Add 8 g NaOH
and 10 mL 10% SDS to 900 mL water, and make up to 1 L.

25. Hybridization oven with rotating rack, hybridization tubes,
and hybridization mesh (or sealable plastic bags and
water bath).

2.3 Isolation

of Plasmid DNA,

Transformation/

Electroporation,

and Restriction

Digests

1. Lysogeny broth (LB; see Note 6): 10 g (1% w/v) Bacto™
Tryptone, 5 g (0.5% w/v) yeast extract, 10 g (1% w/v) NaCl
in 1 L water autoclaved for 15 min at 121 �C.

2. Appropriate antibiotic to select for plasmid of interest,
prepared as recommended by manufacturer for optimal stabil-
ity and stored as specified or made up fresh.

3. LB agar: Add 15 g (1.5% w/v) BactoTM Agar to 1 L LB before
autoclaving. Add appropriate antibiotics after cooling to
~50 �C. Pour ~20 mL into 90 mm petri dishes.

4. 0.9% saline (see Subheading 2.1, item 4 above).

5. Solution 1: 25 mM Tris–HCl, 10 mM EDTA, 50 mM glucose.
Add 5 mL 0.5 M Tris–HCl pH 8.0, 2 mL 0.5 M EDTA, and
10 mL 0.5 M glucose (9 mg glucose in 100 mL water, filter
sterilized) to 83 mL water. Add RNase A to a final concentra-
tion of 100 μg/mL. Store at 4 �C.

6. Solution 2: 200 mM NaOH, 1% SDS. Make up fresh from
0.2 mL 10 M NaOH and 2 mL 10% SDS and 8.8 mL water.

7. Solution 3: 3 M potassium acetate, pH 5.5. Dissolve 29.5 g
potassium acetate in 50 mL water, adjust to pH 5.5 with glacial
acetic acid (11.5 mL), and make up to 100 mL. Store at 4 �C.

8. Restriction endonucleases and appropriate buffers.

9. 5� TBE buffer stock (see Subheading 2.1, item 12 above).

10. Agarose powder.

11. 10� DNA gel loading dye: Dissolve 0.025 g bromophenol
blue and 0.025 g xylene cyanol in 200 μL 0.5 M EDTA,
500 μL 10% SDS, and 3.9 mL glycerol. Make up to 10 mL
with water (or commercial loading dye can be used).
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3 Methods

3.1 S1 Digestion

and Pulsed-Field Gel

Electrophoresis

This method is carried out over a minimum of 4 days: Day 1, plate
out isolates; Day 2 make agarose plugs, lyse bacteria, and deprotei-
nate overnight; Day 3, load and run gel; and Day 4, stain gel and
analyze. There are opportunities to pause the process between
making plugs and lysing cells and after deproteination.

1. Prepare fresh subcultures of bacterial isolates on appropriate
solid media, supplemented with antibiotics if required (e.g., to
prevent loss of unstable plasmids), and incubate overnight at
37 �C.

2. Prepare 1.6% LMP agarose in saline, allowing at least 200 μL
per sample. Keep agarose molten by storing in a water bath at
60 �C.

3. Add bacteria from overnight plates to 1 mL saline, and adjust
the density to McFarland 4 (see Note 7).

4. Transfer 1 mL resuspended bacterial culture to a 2 mL micro-
centrifuge tube and pellet (5 min; �7000 � g). Wash pellet
once in 1 mL saline, and centrifuge 1 min, �10,000 � g.
Carefully remove the supernatant and resuspend the pellet in
200 μL saline.

5. Add 200 μL LMP agarose to the 200 μL bacterial resuspension,
and mix gently by pipetting up and down. Keep at 60 �C.
Dispense mixture into plug molds (2–3 plugs for each isolate),
and store at 4 �C for at least 30 min to completely solidify (see
Note 8).

6. Extract plugs from molds by gently pushing through the bot-
tom opening using a small disposable plastic loop or a sterile
toothpick, and place plugs from the same isolate in a 2 mL tube
or petri dish, and wash in 70% ethanol for 20 min. Rinse with
sterile water, and place under UV light for 15 min to dry.
Proceed to lysis (see Note 9).

7. Prepare lysis solution containing lysozyme (2.5 mg/mL;
Gram-negatives) or lysostaphin (50 μg/mL; Gram-positives)
allowing 400 μL per sample. Add 400 μL of lysis solution to
1–3 plugs from the same isolate in a 2 mL tube, and incubate at
37 �C for 2–3 h.

8. Aspirate lysis solution, add 250 μL ESP to which proteinase K
has been added (final concentration 1 mg/mL), and incubate
at 50–56 �C overnight in a heating block.

9. Rinse plugs with 1 mL TE buffer. Place plugs from the same
isolate in a petri dish, and wash three times in 10 mL TE
buffer for 30 min per wash with gentle rocking or turning
(see Note 10).
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10. Prepare 1� S1 buffer allowing 200 μL per plug. Transfer half
or a whole plug (depending on estimated plasmid concentra-
tion/copy number) to a 2 mL tube, and equilibrate in 200 μL
1� S1 buffer for 20 min at room temperature.

11. Digest each plug in 100 μL 1� S1 buffer containing 10U of S1
nuclease (seeNote 11), and incubate for 45 min at 37 �C. Stop
reaction by adding 10 μL 0.5 M EDTA.

12. Fill the tank of the PFGE system (seeNote 12) with 2.5 L 0.5�
TBE making sure that the level of the liquid is above the
circulation holes to ensure optimal flow. Turn on the pump
(set at 70–80) to circulate the buffer, and ensure that no large
air bubbles or breaks form in the lines. Turn on the cooling
unit and set to 14 �C. Leave buffer to cool. Set the running
parameters in the control unit as follows (see Note 13):

Block Volts/cm Time (h)

Switch time (s)

Initial Final

Block 1 6 12 5 40

Block 2 6 8 3 8

13. Prepare 150 mL 1.2% PFGE grade agarose in 0.5� TBE, and
cool to 55 �C in a water bath. Using a disposable plastic loop or
sterile toothpick, remove the plugs from the S1 buffer, and,
with the help of a small spatula (�0.5 cm wide), slide onto a
labelled petri dish. Cover each plug with a drop of 0.5� TBE
buffer to equilibrate.

14. Assemble the gel casting frame (14 � 14 cm for a 20-well gel),
and make sure the comb is free from any agarose residue. Sit
the comb horizontally over gel frame, and gently slide each
plug onto the surface of a comb tooth, leaving the first and last
lanes empty to add a 0.2-cm-wide piece of molecular marker.
Add a drop of molten agarose to secure each plug and markers
to the comb, and let solidify.

15. Stand the comb up in the casting stand. Add stain to molten
agarose at this point if appropriate. Leaving a 5–10 mL aliquot
of molten agarose in the water bath, pour the remaining aga-
rose gently into the casting stand around the comb. Set for at
least 30 min.

16. When the gel is set, remove the comb (plugs will remain
embedded in the gel), and fill the gaps in the wells with the
leftover molten agarose, using a Pasteur pipette (see Note 14).

17. Ensure the buffer in the electrophoresis tank has cooled to
14 �C, and turn off the pump. Dismantle the casting stand,
and gently wipe off any loose agarose on the base and sides of
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the black plate holding the gel, being careful not to dislodge
the gel itself (see Note 15). Slide the gel and the plate into the
tank, ensuring it slots evenly into the black square on the
bottom of the tank. Place the lid on the tank, turn the pump
back on, and circulate the buffer for 5–10 min to allow the gel
to cool.

18. Turn pump off. Start S1 program, and check that all electrodes
in the tank are functional (releasing fine bubbles). Turn pump
back on, and leave to run overnight (see Note 16).

19. When the run is complete, turn off the pump and cooling unit.
Remove the gel and black base plate from the electrophoresis
tank. If using ethidium bromide for visualization, place the gel
in stain container, and stain for at least 30 min. Clean tank
before storing (see Note 17).

20. Once the gel is stained, visualize under UV light and record
image. Determine plasmid sizes by comparison with molecular
marker from the saved gel image, e.g., using software available
in gel documentation system or available programs.

3.2 Southern

Hybridization

of S1/PFGE Gels

1. Prepare template DNA and primer dilutions for PCR (see
Note 1).

2. Follow manufacturer’s instructions for generating
DIG-labelled probes, and store at 4 �C. Alternative probe
labelling methods can be used (see Note 2).

3. Wash S1/PFGE gel in a glass dish with depurination buffer
(approx. 300 mL) for 10 min, with denaturation buffer for
30 min and finally with neutralization buffer for 30 min. All
washes should be performed at room temperature with gentle
agitation (seeNote 18). Time during washes can be used to set
up for transfer.

4. Cut one matching corner from the membrane and from the gel
(see Note 19).

5. Vacuum transfer (see Note 20): Set tank base on a flat surface,
followed by grid support and porous support plate. Place two
Whatman paper squares in the middle of the porous support,
and lightly wet with transfer buffer. Carefully place the mem-
brane over the Whatman paper, and gently place the rubber
mask over the membrane, and press down to remove air. Add
more transfer buffer so the aperture is saturated. Carefully place
the gel over the aperture, ensuring the gel forms a seal around
all four edges (see Note 21). Press out any bubbles with a
gloved finger. Pour enough transfer buffer to cover the top of
the gel. Turn on the vacuum pump, and run for 90 min,
topping up the transfer buffer every 20–30 min (see Note 22).
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6. After transfer, remove the membrane by handling only the
corners to avoid contact with the DNA. Place the membrane
on a piece of waxed paper and into a UV cross-linker for 3 min
(see Note 23).

7. Store the membrane in protective plastic with 2� SSC buffer at
4 �C, or proceed to hybridization (see Note 24).

8. Preheat the hybridization oven to the optimal temperature for
the length of probe being used (see Note 25). Preheat 45 mL
and 8 mL aliquots of hybridization buffer (per membrane) to
the same temperature (see Note 26).

9. For prehybridization, place hybridization mesh in a shallow
plastic dish, and lightly dampen with a small amount of hybri-
dization buffer (from the 45 mL aliquot). Place the membrane
on top (DNA facing up), and roll into a cylinder from the
bottom. Holding the membrane horizontal in both hands,
place the left side into the hybridization tube first, and gently
add the 45 mL aliquot of buffer (avoiding excess bubbles).
Insert the tube into the rotating rack of the oven with the lid
on the right, and leave for 30 min (see Note 27).

10. Denature the labelled probe (15 μL per membrane) at 95 �C
for 5 min, and quickly place tube in iced water. Add probe to
the 8 mL aliquot of hybridization buffer, and gently mix.

11. Remove buffer from the hybridization tube and pour in the
8 mL probe solution. Incubate overnight at the appropriate
temperature (or shorter depending on the manufacturer’s
recommendations).

12. Preheat post-hybridization buffer 2 in hybridization oven
(65–68 �C).

13. Remove membrane from the hybridization tube, place in a
glass or plastic dish (see Note 28), and wash twice in post-
hybridization buffer 1 (approx. 250 mL) for 5 min. Wash twice
in post-hybridization buffer 2 at 68 �C for 15 min. Rinse
membrane for 5 min in washing buffer.

14. Incubate membrane in 250 mL 1� blocking solution for
30 min.

15. Remove blocking solution and incubate membrane in 40 mL
antibody solution for 30 min.

16. Rinse membrane twice in 100 mL washing buffer for 15 min.

17. Equilibrate membrane in 40 mL detection buffer for 2–5 min.

18. Remove membrane from buffer and place into a bag (see Note
26). Add detection solution (2mL), and press liquid evenly over
membrane, removing any air bubbles. Leave for approx. 90 min
(or longer, e.g., overnight) before proceeding to imaging on a
gel doc.
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19. To strip membrane of labelled probe, preheat hybridization
oven and 500mL stripping solution to 37 �C. Rinse membrane
in 100 mL water for 2 min. Wash twice in stripping solution at
37 �C for 15 min, and then rinse with 2� SSC for 5 min at
room temperature. Store membrane as in step 7, or begin from
step 8 for hybridization with a second probe (see Note 29).

3.3 Isolation

of Plasmid DNA,

Electroporation,

and Restriction

Digests

Single plasmids for further analysis may be obtained by conjugation
(note that this should be attempted at 15–26 �C rather than the
standard 37 �C for IncHI plasmids [7]) or transformation. Suffi-
cient plasmid DNA for use in transformation/electroporation can
be obtained from a single mini-prep (from ~1.5 to 3 mL of culture;
for large plasmids, this is recommended in preference to commer-
cial “mini” plasmid prep kits). DNA of individual plasmids may also
be obtained by excision from S1-PFGE gels (see Note 30). Com-
mercial “midi” or “maxi” plasmid DNA purification kits that com-
bine alkaline lysis with silica column purification are recommended
for obtaining sufficient DNA for restriction digestion and visualiza-
tion, but 20–24 mini-preps can be combined or the mini-prep
method scaled up.

1. Inoculate a single bacterial colony carrying plasmid(s) of inter-
est into ~2–3 mL sterile LB in a 10 mL tube with appropriate
antibiotic, and grow at 37 �C for 16 h with shaking at
230–250 rpm.

2. Transfer 1.5 mL culture to one or more 1.5 mL tubes, and
pellet cells in a microfuge (13,000 � g, 1 min). Remove as
much supernatant as possible, and resuspend the pellet
completely in 100 μL Solution 1 by pipetting up and down or
vortexing. Add 200 μL Solution 2, and mix by inverting the
tube gently until completely lysed (see Note 31). Add 150 μL
Solution 3 (4 �C), mix by inverting the tube gently, place on ice
for 3–5 min (a white precipitate forms), and then pellet in
microfuge. Carefully transfer the supernatant to a fresh tube
being careful to avoid taking any of the white precipitate. Add
2 volumes (~0.8 mL) 100% ethanol to the supernatant, mix
well by inverting the tube several times, and leave at room
temperature for 2 min. Pellet DNA in a microfuge
(13,000 � g, 5 min), and carefully discard supernatant. Add
0.5 mL of ice-cold 70% ethanol, microfuge 5 min, and carefully
discard supernatant. Be sure that all the ethanol has been
removed from the pellet, air-drying if necessary for
10–30 min. Dissolve the plasmid DNA in ~20 μL sterile
DNAse-free water (best for electroporation; store at �20 �C)
or 10 mM Tris–HCl pH 8.5 for storage at �80 �C.

3. To make electrocompetent cells, set up an overnight culture of
required E. coli strain (JM109; DH5α; DB10; etc.). Inoculate
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10 mL LB with 100 μL overnight culture, and grow at 37 �C
with shaking until OD600 reaches ~0.4, and place on ice. Pellet
the cells at 4 �C for 20min (3000� g), discard the supernatant,
and resuspend pellet in 1 mL chilled 10% glycerol (always
working on ice). Repeat four more times, and resuspend in
40 μL 10% glycerol (can be stored at �80 �C).

4. Mix purified plasmid DNA (<1 μg in water) with 80 μL of
electrocompetent cells. Place cells and DNA mix in a
pre-chilled cuvette, and electroporate (e.g., Bio-Rad Gene
Pulser Electroporator) at 2.5 kV (25 μF capacitance; 200 Ω
pulse resistance). Values indicative of successful electroporation
are 2.5 kV and 4–5.5 time constant (see Note 32). Mix the
electroporated preparation with 350–500 μL of pre-warmed
LB, and incubate at 37 �Cwith shaking for 1–2 h (seeNote 33).

5. Spread different volumes (~20–100 μL) of culture on selective
LB agar containing the appropriate antibiotic (corresponding
marker present in plasmid), and incubate plates overnight at
37 �C. E. coli recipients should be plated on nonselective LB
agar as a positive control and on LB agar containing the appro-
priate antibiotic as a negative control.

6. Check plasmid content of transconjugants/transformants by
PCR, e.g., for replicon or resistance gene markers, or S1 PFGE
procedure above can be followed to confirm that only a single
plasmid is present. Plasmid DNA in transformants
(or transconjugants) can then be compared by restriction
digests.

7. Follow the kit manufacturer’s instructions to grow up cultures
containing plasmid of interest and extract plasmids (see Notes
34). Eluting DNA in 10 mM Tris–HCl pH 8.5 or equivalent
kit buffer is suggested as this is suitable for storage at �80 �C
(and is also compatible with next-generation sequencing meth-
ods, but DNase-free ultrapure water may be preferable) (see
Note 35).

8. Mix ~1–5 μg plasmid DNA (see Note 36), 1/10 final reaction
volume of 10� restriction buffer, 1/10 final reaction volume
10� bovine serum albumin (BSA, if required and not included
in the buffer), and 10 U–50 U restriction endonuclease (see
Note 37; keep on ice, no more than 10th final volume), and
add sterile water to make the volume up to 50–100 μL. Mix
well with a pipette, and spin down quickly in microfuge.

9. Incubate at appropriate temperature for the particular restric-
tion endonuclease for at least 2–3 h, up to overnight. Adding a
further ~10–20 U of the same restriction endonuclease and
incubating at the same temperature for an additional ~2 h can
help to ensure that plasmids are fully digested.
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10. Melt 1% agarose in 0.5� TBE buffer. If appropriate, add
nucleic acid stain before pouring the gel. Using a gel ~20 cm
long allows good separation of plasmid bands, and a comb that
gives large wells enables loading as much of the digest as
possible.

11. Add 1/10 volume gel loading dye to the digests and mix well.
Load a suitable marker into wells. Run gel at ~130–140 V for
~2–3 h (or until smaller loading dye band is close to the end of
the gel) to ensure good separation of bands. Using a stain that
can be incorporated into the gel allows periodic checking.

12. If required, stain gel. Visualize under UV light and record
image. Plasmid fragment sizes can be determined, if required,
by comparison with molecular marker from the saved gel image
using, e.g., software available in gel documentation system or
programs such as BioNumerics, as for S1 gels.

4 Notes

1. Previously published primers targeting resistance genes or plas-
mid replicons can be used to generate probes. For best results,
amplicon size should fall within the 300–1000 bp range [6].

2. Probes can be labelled using different methods and systems
(e.g., radioactive, fluorescent, chemiluminescent). The proto-
col described here uses PCR-synthesized digoxigenin (DIG)-
labelled probes (Roche, Germany) prepared according to man-
ufacturer’s instructions.

3. Alkaline transfer buffer (0.4 M NaOH, 1 M NaCl) can be used
to transfer DNA to charged nylon membranes [6] but can
result in increased background for chemiluminescent
detection.

4. Premade hybridization buffers and premade blocking reagent
powders are available from various suppliers. The protocol
described here uses Easy Hyb A and blocking reagent (both
from Roche, Germany). One hundred mL of 10� blocking
solution is enough for four membranes.

5. Anti-DIG antibody reagents and detection reagents are avail-
able from various suppliers. The protocol used here is based on
anti-digoxigenin-POD, Fab fragments and CDP-Star (both
from Roche, Germany).

6. LB is also interpreted as Luria broth, Lennox broth, or Luria-
Bertani medium but is intended as an abbreviation for lysogeny
broth [8].

7. Equivalent to an OD600 of approximately 1.5 for E. coli.
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8. Ensuring that plugs have solidified completely before further
processing is very important to avoid breaking of the agarose
during washes. Also, soft plugs will compromise the resolution
of bands during electrophoresis.

9. For Gram-negative species, the lysis step can be omitted. How-
ever, inclusion will ensure optimal results when comparing
multiple isolates with different genomic backgrounds and phe-
notypes. Plugs may also be stored in 2 mL microcentrifuge
tubes in 1 mL ESP at 4 �C overnight before lysis. Before
proceeding with deproteination, carefully aspirate ESP with a
pipette, being careful not to damage the plug.

10. Washing of plugs is very important and can affect band resolu-
tion and separation during PFGE. Some species (e.g., Klebsi-
ella) benefit from 1 to 2 additional washes [9] or an added
wash in TE buffer with proteinase inhibitor phenylmethylsul-
fonyl fluoride (PMSF; 0.04 mg/mL; added drop by drop to
prevent precipitation) after first rinse. Rinsed plugs can be
stored for up to 6 months in 1 mL 1 M EDTA at 4 �C but
must then be washed in sterile water for 15 min on a rocking
platform or rotator before use.

11. It may be easier to use a 1:10 dilution of the S1 nuclease stock
when working with a few plugs only.

12. For technical instructions, refer to CHEF DRIVE apparatus
(Bio-Rad [10]), but buffers and running parameters can be
used in any equivalent PFGE system. If the pump or cooling
system fails, electrophoresis will be compromised as the tem-
perature of the buffer will be warm during the run.

13. Alternatively, for most Gram-negative isolates, the S1/PFGE
program 6 V/cm (200 V); 24 h; 5–40 s; 14 �C is also suitable.

14. The gel can also be poured using just the comb, left to set for at
least 30 min, and the plugs inserted into the wells using a
disposable loop. Use the loop to position the plug over the
well, and very gently squeeze the top of the plug to push it in,
being careful to avoid air bubbles. In the same way, insert a 0.2-
cm-wide piece of molecular marker to the first and last wells.
Once plugs have been inserted, fill the top of the well with
molten agarose to fix plugs in place.

15. Avoid any loose agarose in the electrophoresis tank as solid
residue may block the flow of buffer.

16. If no bubbles are formed, the electrode may be faulty. If a break
has occurred in the fine wire, it will need replacing. One or two
faulty electrodes may slightly unbalance the pulse but will not
necessarily compromise the run. Air breaks forming in the
tubing during electrophoresis also compromise flow and can
cause bad gel resolution. In the first few hours while the system
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is running, double-check the tubing a few times, and gently
squeeze through any bubble/break that may have formed.

17. Before storage, drain TBE buffer from the electrophoresis
tank, and fill with enough water to circulate. Turn pump back
on, and run water through system to clear out any residual
buffer. Drain and repeat. Drain tank and leave to dry. Paper
towel that does not leave any lint can be used to wipe up large
liquid residues, but be very careful to avoid touching the
electrodes as wires are very delicate and break easily.

18. Use a dish that comfortably fits the gel but is not too large as
excess movement may cause the gel to tear. Any tears or breaks
in the gel will interrupt the seal for vacuum transfer.

19. Handle the membrane carefully with gloved fingers and/or
blunt-ended, non-ridged forceps to avoid damaging it.

20. Refer to the manual of the vacuum transfer apparatus for setup.
Ensure the rubber mask has a square aperture cut 1 cm smaller
than the PFGE gel (this forms the vacuum seal around the gel).

21. Position the gel so that the wells sit within the aperture,
enabling easier alignment of lanes membrane and gel image
after hybridization. The wells do not penetrate the entire
thickness of the gel so should not interrupt the vacuum seal.
Once the gel has been laid on to the membrane, it cannot be
moved again.

22. Capillary transfer can also be used. Float the membrane in
water until it wets completely, then immerse in transfer buffer
for at least 5 min, and do not allow to dry out. Set up capillary
blotting as described in [6]. Allow the transfer of DNA to
proceed for up to 24 h, adding dry paper towels to the stack
as needed to prevent the entire stack from becoming wet.

23. The gel can be stained again and visualized on a UV transillu-
minator to confirm the success of the DNA transfer.

24. Use a plastic sheet or thick clear plastic bag cut open on three
sides. Gently place the membrane on the plastic, fold over like a
book, and press out any bubbles. Seal two sides with a heat
sealer and pour in 20 mL 2� SSC. Press out as many large
bubbles as possible, and seal the final side very close to the edge
of the plastic. Press out the remaining bubbles, and seal the bag
again to separate the bubbles from the membrane. Store the
bag flat at 4 �C, DNA side down to avoid small bubbles
creating dry patches on the membrane.

25. Hybridization temperature depends on the GC content and
length of the probe. The optimal temperature (Topt) can be
calculated as follows: Tm � 25 < Topt < Tm � 20, where
Tm ¼ 49.82 + [(0.41 � GC%) – (600/length)].
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26. Hybridization and washing steps can be also performed in
plastic bags in a water bath or shaking incubator if a hybridiza-
tion oven is not available. Make sure the bags are well sealed
and snuggly fit the membrane with enough room to add a few
mL of solutions, ensuring all air bubbles are removed. Attach-
ing the membrane to a flat surface, such as a plastic box placed
in the water bath or incubator, can assist with even circulation
of hybridization solutions [11].

27. The orientation of the membrane and the tube is important to
avoid tightening of the membrane during rotation. This orien-
tation ensures the membrane expands to the sides of the tube,
allowing for maximum contact with the probe.

28. Wash steps should be performed with agitation, at room tem-
perature unless otherwise indicated.

29. The membrane can be left in detection solution at room tem-
perature overnight or can be stripped immediately after imag-
ing and stored at 4 �C.

30. Plasmid DNA can be recovered using a DNA purification kit or
by transfer to Whatman paper and DNA recovery by centrifu-
gation [12, 13]. Multiple gel bands (3–10) will be needed to
obtain enough DNA.

31. During lysis, it is important to make sure resuspension and lysis
buffers are well mixed by gentle inversion (avoid vortexing
vigorously) to minimize genomic DNA degradation and
shearing.

32. If sparking occurs, electroporation may have failed due to too
much DNA in the mix or to excessive salt contaminating the
DNA prep. Do not discard, continue the procedure anyway,
but be aware that DNA uptake may not have occurred, and also
repeat electroporation with second sample, adjusting DNA
amount.

33. Transformations can also be performed by preparing chemi-
cally competent cells following standard well-established pro-
tocols [6] or using commercially available chemically
competent cells (e.g., DH10B™, Thermo Fisher Scientific;
One Shot® TOP10 chemically competent E. coli, Invitrogen;
but check suggestions in different plasmid prep. kits) following
the manufacturer’s instructions.

34. Do not overload columns with bacterial lysate as this will
compromise both yield and purity. Use recommended
volumes. Avoid elution buffers containing EDTA which may
compromise downstream applications. Preheating elution
buffer to ~65 �C may increase yield of large, low copy number
plasmids.
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35. If not using a plasmid kit, inoculate a single colony of trans-
conjugant or transformant carrying the plasmid of interest into
50 mL LB in a 250 mL flask overnight at 37 �C. Add appro-
priate antibiotic(s), and grow at 37 �C for ~16 h (overnight)
with shaking at 230–250 rpm. Collect cells in multiple 1.5 mL
tubes for mini-preps as step 1 (Subheading 3.3) or a 50 mL
tube for scaled-upmini-prep method using, e.g., 10� volumes,
and centrifuging at 6000 � g for 15 min. The supernatant
obtained after adding solution 3 (pooled from multiple mini-
preps) can be extracted with phenol/chloroform/isoamyl alco-
hol (25:24:1; use appropriate safety precautions) before etha-
nol precipitation with 1/10 volume 3 M sodium acetate and
2 volumes 100% ethanol [6].

36. DNA concentration can be measured as OD260 in a spectro-
photometer, e.g., NanoDrop apparatus.

37. The most appropriate restriction endonuclease(s) to use can be
decided based on published digests of related plasmids, e.g.,
HpaI has been used for IncF plasmids [14] and PstI has been
used for IncI1 plasmids [15], or if comparing with a fully
sequenced plasmid, in silico digests of various enzymes can be
trialed.
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Chapter 2

Isolation and Visualization of Plasmids from Gram-Positive
Bacteria of Interest in Public Health

Ana R. Freitas, Carla Novais, Luı́sa Peixe, and Teresa M. Coque

Abstract

This chapter describes the methods to extract and characterize plasmids of Gram-positive bacterial species
of interest in public health (biomedicine, veterinary, and food safety) as Staphylococcus, Streptococcus,
Enterococcus, Listeria, andClostridium and lactic acid bacteria. References for detailed plasmid classification
are given in order to provide a comprehensive landscape in the interpretation of their plasmidomes.

Key words Plasmids, Plasmidome, DNA extraction, Restriction digest, S1 nuclease, Pulsed-field gel
electrophoresis, Southern transfer, Hybridization

1 Introduction

Plasmid profile typing (number and size) and plasmid fingerprinting
(digested plasmid DNA) have extensively been performed since the
early 1970s to investigate the relationship between epidemiologi-
cally related strains of Gram-positive microorganisms and to follow
the movement of genes of public health relevance (antibiotics,
heavy metals, biocides, virulence markers, bacteriocins, metabolic
traits), respectively.

Most small-scale plasmid extraction protocols are modifications
of the method described by Birnboim and Doly in the late 1970s,
which is based on the differential resistance of plasmid and chro-
mosomal DNA to high pH values [1]. Plasmids are harvested from
lysed cells by selective alkaline denaturation of chromosomal
DNA. Further neutralization with potassium acetate leads to the
DNA renaturation and formation of insoluble high molecular
weight chromosomal DNA, complexes of proteins and detergents
used in the initial lysis step, and high molecular weight RNA that
further precipitate. Also, the renatured covalently closed circular
(CCC) plasmid DNA stays in solution and may be harvested after-
ward by ethanol treatment or column purification. A widely used
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variation of this method was described by Kado and Liu in the early
1980s [2]. It combines heat (55 �C) and high pH as denaturing
agents and adds an additional step with phenol that enhances the
recovery of CCC plasmid DNA, thus discarding single-stranded
and linear plasmid forms and remnant chromosomal DNA. Both
methods [1, 2] are still useful for plasmid content awareness, plas-
mid fingerprinting, and plasmid sequencing of Gram-negative and
Gram-positive bacterial species and have been mostly used for
plasmids of molecular weight below 50 kb. However, modifications
are strictly necessary for plasmids of Gram-positive bacterial species
in order to digest the cell wall and make the cells sensitive to the
lysis by detergents. A pretreatment with lysozyme, lysozyme and
lysostaphin, or polyethylene glycol (PEG)—depending on the spe-
cies— is always included. A plethora of modified alkaline-based
methods suitable for enterococci, streptococci, and staphylococci
have been published in the last decades and are used in epidemio-
logical studies [3–6]. Commercially available kits for extraction of
plasmid DNA are based on the principles of alkaline lysis methods
and include cartridges or columns that bind the released
plasmid DNA.

Large-scale plasmid extraction protocols were extensively used
from the 1970s to 1990s, especially for the extraction of plasmids
of low copy number and high molecular weight, commonly carried
by lactic bacteria, streptococci and enterococci. Extraction of large
plasmids is challenging due to the difficulties to separate plasmid
from chromosomal DNA in both preparations and conventional
agarose electrophoresis. The original protocol described by Currier
and Nester to extract plasmids from Agrobacterium represents a
landmark in laboratory protocols for plasmid extraction [7] and was
extensively applied to characterize plasmids of enterococci and
staphylococci carrying antibiotic-resistant genes. Due to the high
volumes used, the Currier and Nester method included additional
steps to improve the lysis (incubation with heat), to reduce lysate
viscosity (DNA shearing by gentle mechanical shaking) and enrich-
ment of CCC plasmid forms (with phenol). The final preparation
was often followed by further plasmid separation using an
ethidium-cesium chloride isopycnic centrifugation with different
purposes [8]. A few years later, Anderson and McKay published a
protocol widely used for many different Gram-positive organisms
to date that allowed the recovery of plasmids until 123 kb [9]. The
rationale is still applied to small-scale preparations.

In situ detection of large plasmids was another landmark for the
progress of plasmid analysis. The original protocol described by
Eckhardt [10] allowed extracting and visualizing plasmids up to
230 kb and has been very popular for plasmids of laboratory and
environmental Gram-positive species such as Bacillus or Agrobac-
terium. Nowadays, the golden standard for in situ plasmid extrac-
tion is the method of Barton, Harding, and Zuccarelli [11]. It
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allows detecting and estimating the sizes of large plasmids (up to
600 kb) in the presence of genomic DNA by combining the lysis of
agarose-embedded cells with S1 nuclease that converts supercoiled
plasmids into linear plasmids which can be visualized and compared
with linear molecular markers afterward. This protocol is often
followed by Southern transfer and hybridization of linear plasmid
DNA with gene probes to target specific sequences in the plasmid
backbone (replication initiation proteins, relaxases, toxin-antitoxin
systems) or in the plasmid cargo (antibiotic resistance, virulence,
etc.). Such approach became especially popular for probes included
in the PCR typing schemes that categorize plasmids based on
replication initiator proteins (REP typing) and relaxases (REL typ-
ing) as markers of replication and mobilization plasmid diversity,
respectively [12–16]. Moreover, the identification of the plasmid
content by S1-PFGE (pulsed-field gel electrophoresis) followed by
Southern hybridization with rep/rel probes and/or plasmid finger-
printing may also facilitate the assembling of plasmids sequenced by
short-length sequencing methods [17–19].

Plasmidome analysis using a combination of plasmid CCC
DNA extraction protocols (including the Birnboim and Doly and
Anderson and McKay) and further selective amplification of CCC
plasmid forms using phi29 DNA polymerase is increasingly used
[20]. These approaches complement others to analyze plasmi-
domes by different metagenomic approaches [21, 22].

We provide optimized protocols developed in our labs for
(a) small-scale plasmid extraction that works perfectly for plasmids
up to 150 kb of different bacterial Gram-positive genera and (b) in
situ S1 protocols coupled with hybridization for detecting, sizing,
and categorizing plasmids up to 400 kb. Both are extensively used
in studies of molecular epidemiology. Large-scale plasmid prepara-
tions are extensively described elsewhere.

2 Materials

2.1 General

Considerations

1. Prepare all solutions with sterile deionized water, and store at
room temperature, unless otherwise indicated. Ensure that
chemicals are not precipitated and solutions are well mixed
before use.

2. Reagents containing phenol, chloroform (volatile), sodium
dodecyl sulfate (SDS), sarkosyl, and deoxycholate detergent
powders are hazardous and should be made up and opened in
a chemical fume hood.

3. Autoclave all stock solutions for long-term storage except if not
indicated. Buffers with detergents (e.g., SDS) or volatile
organic solvents should never be sterilized.

Plasmid Typing of Clinical Gram-Positive Bacteria 23



4. When possible, all stock buffer and reagent solutions should be
ready in advance, while enzyme solutions should be prepared
just before use and held on ice until needed.

2.2 Plasmid DNA

Extraction

and Detection

Components

and Restriction

Digests

1. Brain heart infusion (agar or broth) (see Note 1). Prepare
according to manufacturer’s instructions, and autoclave. Add
appropriate antibiotic(s) to select for plasmid of interest after
cooling to ~50 �C. Pour ~20 mL into 90 mm Petri dishes (agar
plates), or distribute 5 mL in tubes (broth).

2. 1 M Tris–HCl, pH 7.6 (1 L). Dissolve 121.1 g of Tris hydro-
chloride in 800 mL water, adjust pH to 7.6 using concentrated
HCl (~60 mL), and make up to 1 L. Autoclave to sterilize.

3. 0.5 M EDTA, pH 8.0 (1 L): dissolve 186.1 g of Na2ED-
TA·2H2O in 800 mL water, and place on stirrer (faster in a
magnetic stirrer hot plate). Adjust the pH to 8.0 with NaOH
pellets (~20 g; the EDTA will dissolve entirely only when the
pH has risen). Make up to 1 L by adding dH2O, and autoclave.

4. 1� TE buffer (10 mM Tris–HCl, pH ¼ 7.6, 1 mM EDTA,
pH ¼ 8.0). This solution is prepared from the stock solutions
of 1 M Tris–HCl and 0.5 M EDTA previously described. For
1 L, add 10 mL 1 M Tris–HCl and 2 mL 0.5 M EDTA to
988 mL of water. Autoclave to sterilize.

5. TEG (Tris-EDTA-glucose) solution: 50 mM Tris–HCl, pH
7.6, 10 mM EDTA, 2% glucose. Make up fresh 10 mL of
TEG solution by dissolving 0.2 g of glucose in 0.5 mL 1 M
Tris–HCl, pH 7.6; 0.2 mL 0.5 M EDTA; and 9.3 mL sterile
water.

6. TEG supplemented with 50 mg/mL lysozyme: add 1 mL TEG
to 50 mg of lysozyme, and vortex until dissolved. Use always
freshly prepared solutions, and keep them on ice (see Note 2).
For staphylococci, use lysostaphin (10 mg/mL) or lysozyme
+lysostaphin. For streptococci, also add glycine and mutanoly-
sin (see Note 3).

7. Lysozyme solution: dissolve the powder in 10 mM Tris–HCl,
pH ¼ 7.6 (prepare it by diluting 1 M Tris–HCl in sterile water)
at the final concentration recommended. Use lysozyme powder
from chicken egg white stored at �20 �C.

8. Lysostaphin solution: prepare a 10 mg/mL stock solution in
20 mM sodium acetate (pH 4.5), aliquot, and freeze at�20 �C
for up to 6 months.

9. 10 N NaOH (100 mL): dissolve 40 g of NaOH in water, make
up to 100 mL, and autoclave.

10. 20% sodium dodecyl sulfate (SDS) (100 mL): add 20 g to
70 mL of sterile water, dissolve it, and make up to 100 mL.
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The SDS solution should not be shaken vigorously and, if
precipitates out, can be warmed to 37 �C until dissolved.

11. Lysis solution (10 mL): 0.2 N NaOH, 1% SDS. Add 0.2 mL of
10 N NaOH, 0.5 mL of 20% SDS, and 9.3 mL of sterile water.
Freshly prepared this solution for each test.

12. Phenol and phenol-chloroform-isoamylic acid (25:24:1), pH
8.0 (see Note 4).

13. Chloroform.

14. 3 M potassium acetate, pH ¼ 5: dissolve 29.44 g potassium
acetate (MW ¼ 98.15 g/mol) in 60 mL water, adjust to pH
5 with glacial acetic acid, and make up to 100 mL. Autoclave
and store at 4 �C.

15. Ethanol absolute mixed with 1/10 3M potassium acetate. Add
1 mL potassium acetate 3 M, pH 5, to 9 mL ethanol absolute.

16. Ethanol 70%. Add 3 mL of sterile water with 7 mL ethanol
absolute.

17. Agarose powder.

18. 10� TBE buffer stock (1.3 M Tris, 450 mM borate, 25 mM
EDTA). Stock of 10� TBE is commercially available, or it can
be manually prepared. For the last case, dissolve 108 g of Tris-
base and 55 g of boric acid in ~800 mL of water; add 40 mL of
0.5 M EDTA, pH ¼ 8; and make up to 1 L with water.
Autoclave and dilute to 0.5� working buffer.

19. 10� DNA gel loading dye (10 mL). Any commercial loading
dye can be used, or it might be manually prepared (0.25%
bromophenol blue, 0.25% xylene cyanol FF, 30% glycerol).
Add 25 mg of bromophenol blue and 25 mg of xylene cyanol
FF, and mix with 0.2 mL of 0.5 M EDTA, 0.5 mL of 10% SDS,
and 3.9 mL of glycerol. Make up to 10 mL with water, aliquot,
and store at 4 �C, or freeze at �20 �C for long-term storage.

20. Nucleic acid stains: ethidium bromide (seeNote 5) or any other
less toxic stain [e.g., SYBR™ Safe (Thermo Fisher Scientific,
USA), RedSafe™ (Viagen Biotech, USA), or GelRed™ (Bio-
tium, USA)].

21. Restriction endonucleases and appropriate buffers.

22. Horizontal agarose gel electrophoresis equipment, gel trays,
combs.

23. Microcentrifuge.

24. Water bath set at 37 �C with agitation.

2.3 Plugs

Preparation, S1

Digestion, and PFGE

1. 5MNaCl (1 L). Add 292.2 g NaCl to ~800mLwater (faster in
a magnetic stirrer hot plate), and make up to 1 L. Autoclave to
sterilize.
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2. PIV solution (10 mM Tris–HCl, pH ¼ 7.6, 1 M NaCl). This
solution is prepared from the stock solutions of 5 M NaCl and
1 M Tris–HCl. For 100 mL, add 20 mL 5 M NaCl and 1 mL
1 M Tris–HCl to 79 mL water. Autoclave.

3. 10% Brij58 (polyoxyethylene 20 cetyl ether). Dissolve 10 g in
100 mL water and autoclave.

4. 10% deoxycholic acid sodium salt. Add 1 g deoxycholic acid
sodium salt to sterile 10 mL water.

5. 20% N-lauroylsarcosine. Dissolve 2 g N-lauroylsarcosine pow-
der in 10 mL sterile water (faster in a hot bath).

6. Ribonuclease (RNAse) 10 mg/mL. A stock solution is
prepared by dissolving 10 mg of RNAse in 1 mL of sterile
ultrapure water. This solution is then boiled for 10–30 min to
eliminate any DNAse activity and after cooling can be stably
stored in aliquots at �20 �C during some months.

7. Lysis solution (agarose plugs). Dilute stock solutions to 6 mM
Tris–HCl pH ¼ 7.6, 1 M NaCl, 100 mM EDTA pH ¼ 8.0,
0.5% Brij58, 0.2% deoxycholic acid sodium salt, 0.5% N-laur-
oylsarcosine, 20 μg/mL RNAse, and 1 mg/mL lysozyme/
lysostaphin, in the appropriate volume of water (accordingly
needs). Lysozyme can be weighted directly to the flask where
lysis solution will be prepared and well dissolved in water and
Tris–HCl before adding the remaining reagents. Freshly
prepared this solution for each test, and keep on ice until the
moment of use. Prepare lysostaphin accordingly as in item 8 of
Subheading 2.2.

8. ESP solution. Dilute stocks to 0.5 M EDTA pH¼9.0–9.5, 1%
N-lauroylsarcosine, and 50 μg/mL proteinase K (see Note 6).
Prepare this solution freshly and on ice until the moment
of use.

9. 1� TE buffer (see Subheading 2.2).

10. Pulsed-field grade agarose of low EEO and high gel strength
(see Note 7).

11. 10 mM Tris–HCl: dilute stock solution (1 M Tris–HCl, pH
7.6) with sterile water.

12. S1 nuclease and 10� S1 buffer (see Note 8).

13. PFGE plug molds, 15/20/30 reusable comb, comb holder,
and casting stand.

14. PFGE molecular weight markers (see Note 9).

15. PFGE system with pump and chiller module.

16. Camera Gel Image capture system.

17. Shaking incubator or shaking water bath (for washing agarose
plugs).
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18. Vortex.

19. Microwave.

2.4 Southern

Transfer

and Hybridization

of Plasmid DNA Gels

1. 0.4 N NaOH (1 L). Dissolve 16 g of NaOH pellets in 900 mL
of water, and make up to 1 L. This solution is easily prepared
only when needed.

2. 0.5 M Tris–HCl, pH ¼ 7 (1 L). Dissolve 60.55 g Tris-base in
800 mL of water, adjust pH to 7 with concentrated HCl, and
make up to 1 L. Autoclave for stock.

3. 20� SSC (3MNaCl, 0.3M sodium citrate). Dissolve 175.31 g
of NaCl and 88.23 g of Na3(C3H5O(COO)3) in 800 mL of
water, and make up to 1 L. Sterilize as a stocking solution, and
dilute 1:10 for 2� SSC.

4. 0.5 M disodium phosphate, pH ¼ 7 (100 mL). Dissolve 6.9 g
of disodium phosphate (NaH2PO4·H2O) in 80 mL of water,
adjust to pH ¼ 7 with NaOH pellets, make up to 100 mL, and
autoclave for stock.

5. 1 MMgCl2 (25 mL). Dissolve 5.08 g of MgCl2 in water, make
up to 25 mL, and autoclave for stock.

6. DNA labeling and detection kit (see Note 10).

7. Hybridization buffer provided by the kit referred in Note 10
[0.5 M NaCl, 4% blocking reagent (W/V)] (100 mL). Add
2.922 g of NaCl and 4 g of blocking reagent (supplied with the
kit) to 100 mL hybridization buffer (supplied with the kit).
Immediately place the solution in vigorous agitation for ~2 h at
the same temperature of hybridization (ideally in a magnetic
stirrer hot plate).

8. Primers to amplify the target gene/region of interest (see
Note 11).

9. DNA template for generating probe (either boiled DNA lysate
or purified DNA).

10. DNA purification kit (for purification of DNA probe) with
silica binding in a micro spin format. DNA binds specifically
to the silica gel membrane, while contaminants are completely
removed with wash steps, leaving pure nucleic acid to be eluted
in appropriate water.

11. A roll of positively charged nylon membrane (see Note 12).

12. A roll of plastic wrap or parafilm.

13. 3 MM Whatman paper and filter paper.

14. Plastic containers.

15. Capillary transfer material (paper towel, weights) or vacuum
transfer apparatus.

16. UV cross-linker oven.
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17. Primary wash buffer (1 L). Dissolve 120 g of urea; 8.7 g of
NaCl; 100 mL of 0.5 M disodium phosphate, pH¼ 7; 1 mL of
1 MMgCl2; and 2 g of blocking reagent in 700 mL water (in a
boiling water bath with gentle agitation using a magnetic
stirring bar). Outside the bath, add 1 g of SDS, and make up
to 1 L with water. This solution can be kept at 4 �C for 1 week.

18. 20� secondary wash buffer (1 L). Dissolve 121 g of Tris-base
and 112 g of NaCl in 800 mL water, adjust to pH ¼ 10, and
make up to 1 L. After sterilization, this stock solution can be
stored at 4 �C for 4 months. The working solution must be
prepared when needed by diluting the stock solution 20� in
water and adding 1MMgCl2 (for 1 L of working solution, add
50 mL of stock buffer, 950 mL water, and 2 mL of 1 M
MgCl2).

19. Stripping solution: 0.1% SDS. Dissolve 1 g of SDS in 1 L
distilled water, and very carefully warm the solution until boil-
ing for stripping (it boils very fast, and it must be stopped when
the first boiling bubbles appear) (see Note 13).

20. Water bath set to 37 �C.

21. Thermocycler.

22. Hybridization oven with rotating rack and hybridization roller
tubes (or sealable plastic bags and water bath).

23. Film cassettes and X-ray films.

24. Darkroom, trays, and X-ray developer and fixer solutions.

3 Methods

3.1 Extraction

of Low/Medium MW

Plasmids by

an Alkaline Lysis-

Based Method (Based

on Birnboim and Doly)

1. Inoculate a bacterial fresh colony in 5 mL of BHI broth sup-
plemented with the appropriate antibiotic, and grow at 37 �C
with shaking (~100–150 rpm) overnight (~16 h).

2. Harvest the culture (16,200� g, 10 min), remove supernatant,
and resuspend the pellet in 100 μL of TEG by gentle pipetting
up and down. Transfer to a 1.5 mL tube and speed adequate to
pellet the cells (16,200 � g, 5 min).

3. Resuspend the pellet in 200 μL of TEG supplemented with
50 mg/mL of lysozyme (or lysostaphin) by gentle pipetting up
and down. Incubate at 37 �C for 30 min (see Notes 2 and 3).

4. Add 400 μL of freshly prepared lysis solution, and mix well (but
carefully) inverting the tube four to six times (no vortex) (see
Note 14).

5. Add 300 μL of 3 M potassium acetate, pH ¼ 5, invert carefully
two to three times, and chill at �20 �C for at least 30 min (see
Note 15).
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6. Let defrost at room temperature, and centrifuge for 15 min
at maximum speed (16,200 � g). Extract the supernatant
with the same volume of phenol-chloroform-isoamylic acid
(25:24:1) (see Note 4).

7. Centrifuge for 5 min (16,200� g), and extract the supernatant
again with the same volume of chloroform (see Note 16).

8. Centrifuge for 5 min (16,200 � g) again, remove the superna-
tant, and add 2 volumes of ethanol supplemented with 1/10
potassium acetate for at least 30 min (see Note 17).

9. Centrifuge for 15 min (16,200 � g), and wash the pellet three
times with 70% ethanol (see Note 18).

10. Discard all the ethanol from the pellet, air-dry (10–30 min),
and resuspend it in ~30 μL sterile DNase-free water (see Note
19). Store at 4 �C overnight for a complete pellet dissolution
before running, and keep it then at 4 �C or �20 �C for long-
term storage.

11. DNA is ready to use, either for plasmid profile typing or for
plasmid fingerprinting (see Subheading 3.2). The first applica-
tion was widely used for epidemiological purposes in the early
1970s. Nowadays, plasmid profile typing is only performed
using PFGE (see Subheading 3.3) due to the difficulties in
discriminate plasmid forms and to extract and visualize larger
plasmids (see Note 20).

3.2 Single Plasmid

Fingerprinting

in Conventional

Agarose (Up to 50 kb)

1. Use freshly DNA obtained in Subheading 3.1. Prepare the
reaction mixture (buffer, BSA, and restriction endonuclease),
keep it on ice, and add ~1–5 μg plasmid DNA. The reaction
mix can be adjusted depending on the plasmid DNA and stock
enzyme concentrations. Restriction enzyme is usually used at
10 U–50 U. For optimal plasmid DNA concentration (about
>4 μg), we suggest the following volumes (see Notes 21
and 22):

Reagent [Stock] Volume (20 μL reaction)

DNA 10 μL

Enzyme 12 U/μL 2 μL

Buffer 10� 2 μL

BSA 10 mg/mL 0.2 μL

Sterile water 5.8 μL

2. Prepare a solution of agarose in 0.5� TBE buffer at a concen-
tration appropriate for the separation of the desired DNA
fragments (1.5% for restriction digests and 0.8–1% for plasmid
DNA are recommended).
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3. Heat the mixture in a boiling water bath or a microwave oven
until the agarose dissolves. Cool down the agarose in a water
bath (~55 �C), add nucleic acid stain if appropriate (see Note
23) to a final concentration of 0.5 μg/mL, and mix the gel
solution thoroughly.

4. Pour the warm agarose solution (50 �C) into the mold with an
appropriate comb with large wells positioned 0.5–1.0 mm
above the plate. Allow the agarose to polymerize completely
(30–45 min at room temperature), and carefully remove the
comb. Place the gel into the electrophoresis device and add
enough electrophoresis buffer to cover the gel.

5. Mix the sample with 1/10 volume gel loading dye. Carefully,
load the sample mixture and appropriate size markers into the
submerged wells with a micropipette (see Note 24). Close the
lid of the gel tank, and attach the electrical leads so that the
DNA will migrate toward the positive anode (red lead).

6. Run gel at suitable conditions or until the smaller loading dye
band has migrated close to the end of the gel. For most
plasmids (1–150 kb), use different conditions to separate
digested (90 V, 5–6 h) and non-digested (120 V, 3–4 h)
plasmid DNA.

7. When required, stain the gel by immersing it in electrophoresis
buffer nucleic acid stain for 20–45 min at room temperature.
Visualize under UV light and record image. Linear fragment
sizes can be determined by comparison with suitable commer-
cial molecular markers incorporated in the gel using the soft-
ware provided in the gel documentation system or other
informatics tools.

3.3 In Situ Plasmid

Extraction (Modified

Barton Protocol

for Gram-Positive)

The protocol comprises (a) the preparation of genomic DNA
embedded in agarose plugs (ranging from 1 day in fast protocols
to 4–5 days in the standard ones), (b) DNA digestion with S1
(<1h), and (c) gel run and visualization (2 days). Further Southern
blotting may be necessary if identification of specific plasmid mod-
ules (rep, rel) is required for plasmid categorization (see Subheading
3.4).

3.3.1 Preparation

of Agarose-Embedded

Genomic DNA

Methods in Molecular Biology series has published detailed protocols
for different Gram-positive species in volume 1301 (S. aureus,
Group A Streptococcus, the foodborne pathogens Listeria and Clos-
tridium, and the nonpathogenic Lactobacillus, Lactococcus, and
Bifidobacterium) and volume 1106 (S. epidermidis) and Methods
in Molecular Medicine volume 15 (Enterococcus and basic concepts
of PFGE) [23–25]. All are based in the seminal workflow described
for Escherichia coli in the Cold Spring Harbour manual [8].
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Nonetheless, the reagents and material required for the technique
are listed above (see Subheading 2.3).

3.3.2 S1 Digestion

of Agarose-Embedded

Genomic DNA

1. Take a plug slice of 3 mm in a screw cup 1.5 mL tube, and leave
into fresh TE buffer for 10 min.

2. Prepare the S1 master mix with water, 10� S1 buffer, and 14 U
of S1 nuclease per sample, enough for each plug slice (100 μL
per sample plus +1). Add the mix to each tube. Incubate at
37 �C for exactly 15 min (see Note 25).

3. Stop reaction by adding 10 μL of 0.5 M EDTA to each tube.
Digested agarose plugs can be stored at 4 �C in 1� TE buffer
for several days until use.

3.3.3 Gel Run

and Visualization

1. Run the plugs in a 1.2% agarose gel using with the following
conditions (ideal for enterococci and streptococci): switch time
of 5–25 s for 6 h (block 1), followed by 30–45 s for 18 h (block
2). For starting new protocols and species, starting with 5–30 s
for 22 h is appropriate. Turn on power supply, the pump (set at
~70–80 to achieve a flow rate of 1 L/min) and the cooling
module set at 14 �C (see Note 26).

2. Stain gel with ethidium bromide or other nucleic acid stain in a
covered container for at least 30 min.

3. Capture the image with a gel documentation system. Estimate
the plasmid sizes by comparing bands of samples and molecular
markers using software coupled to digital gel documentation
systems (see Note 9).

4. Destain the gel by soaking it in distilled water for 45–60 min
(the plasmids get visually clearer) only if the DNA is not to be
transferred to a membrane (see Subheading 3.4).

3.4 In Situ Plasmid

Categorization

After run, any agarose plasmid gel obtained in the previous 3.1, 3.2,
and 3.3 sections (alkaline-based method, restriction digests,
S1-PFGE) can be transferred to a membrane and further hybri-
dized with genes of interest, allowing the categorization of plas-
mids contained in a bacterial cell or the identification of a specific
gene in the plasmidome. Very small plasmids are better visualized
by the alkaline-based method, while megaplasmids are better
obtained by S1-PFGE. Southern blotting has been described in
the early 1970s and basically involves the transfer of DNA from an
electrophoresis gel to a membrane and its subsequent hybridization
with a DNA probe [26]. During all this process, both in transfer
and hybridization steps, use unpowdered gloves.

3.4.1 Southern Transfer 1. Expose the gel to the UV light for 2 min.

2. Carefully flip upside down the gel, and submerge it in 0.4 N
NaOH for 90 min if the DNA is going to be blotted onto a
positively charged nylon membrane.
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3. Set up the transfer apparatus (capillary transfer or vacuum
blotter), and allow transferring in 0.4 N NaOH during
18–24 h (digested or undigested plasmid DNA in conventional
gels) or 36–48 h (S1-PFGE).

4. Rinse the membrane (DNA side faces up) in 0.5 M Tris–HCl
pH ¼ 7 for 5 min with soft agitation.

5. Replace the solution by 2� SSC (saline sodium citrate), and
wash the membrane twice for 2 min with soft agitation.

6. Air-dry the membrane in filter paper, and expose it to the UV
light for DNA cross-linking (DNA side toward the light
source) for 3 min.

7. The membrane can be used immediately for prehybridization
or can be stored at 4 �C. For long-term reuse, store at �20 �C
well in plastic wrap.

3.4.2 Hybridization 1. Label the DNA template (see Note 27). Hybridization and
detection can be carried out by different commercial kits (see
Notes 10, 28, and 29) using standard procedures [8].

2. Expose the membrane in an X-ray film cassette for 2–6 h or
overnight, and develop by an automatic film processor or with
commercial developer and fixer solutions.

3. Themembrane can be immediately stored in plastic wrap or can
be stripped and reused.

4. For stripping, pour 0.5 L of boiling 0.1% SDS over the mem-
brane in a closed recipient for 2 h with soft agitation. Replace
the SDS solution by 150 mL of 2� SSC buffer for 20 min at
room temperature (see Note 13).

5. Allow the membrane to dry on Whatman paper at room tem-
perature. The membrane can be stored or reused (seeNote 30).

4 Notes

1. Brain heart infusion is a nutrient-rich medium suitable for the
growth of a variety of fastidious Gram-positive bacteria. Still,
other mediummight be used for the enough growth of specific
bacterial groups like sheep blood agar and MRS (De Man,
Rogosa, and Sharpe) media for the growth of streptococci
and lactobacilli, respectively.

2. The standard concentration of lysozyme for efficient cell wall
lysis of enterococci, listeria, and other streptococci is 10 mg/
mL, but we greatly improve the results by increasing it up to
50 mg/mL for 30 min. Lysozyme does not work efficiently at
pH � 8.0.
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3. The cell wall of staphylococci and streptococci is naturally
resistant to the lysis by lysozyme and/or detergents. For sta-
phylococci, plasmid extraction should include a pretreatment
with lysostaphin that specifically cleaves its peptidoglycan either
alone or in combination to lysozyme [23]. For streptococci and
clostridium, prior treatment with 0.5% glycine (a destabilizer of
newly synthesized cell walls), mutanolysin (200 U/mL), lyso-
zyme in excess (50 mg/L), and lysostaphin (0.3 mg/mL) is
recommended [27]. Upon treatment with glycine or lysosta-
phin, cells possess a compromised cell wall and should be
stabilized osmotically by adding sucrose to lysozyme/lysosta-
phin. Sucrose prevents premature lysis and the release of intra-
cellular proteases that can degrade lysozyme/lysostaphin
enzymes. For lactobacilli, lysozyme in conjunction with deter-
gents such as SDS has been conventionally used. Detailed
protocols for staphylococci are given in see ref. 24.

4. Phenol is used to selectively precipitate the denatured plasmid
DNA from the CCC plasmid DNA in lysates after the neutrali-
zation (pH ¼ 8–9) step. The lysate may be adjusted to 3%
(w/v) NaCl with an equal volume of phenol equilibrated with
an equal volume of an aqueous 3% (w/v) NaCl solution in
some old protocols. After stirring and centrifuging (5 min at
3500 � g), the aqueous phase is separated from the phenol
phase, and the residual phenol is removed from the aqueous
layer by extraction with an equal volume of chloroform/iso-
amyl alcohol (14:1). The recovery of CCC plasmid DNA is
enhanced (approximately tenfold) when using phenol in com-
parison with using chloroform/isoamyl alcohol. The use of
isoamyl alcohol is optional, but it is often included as an anti-
foaming agent. Store the phenol solutions at 4 �C, and equili-
brate the mixture at room temperature before use. Both phenol
and phenol-chloroform-isoamylic acid solution should be equi-
librated at pH of 8.0 that is required for nucleic acid partition-
ing to the aqueous phase.

5. Ethidium bromide solution (stock solutions of 10 mg/mL in
water are available from several commercial companies) is
prepared in 0.5� TBE or water at a final concentration of
0.5 μg/mL (for conventional agarose gels) or 1 μg/mL (for
PFGE gels). The solution must be stored in a dark bottle and
may be reused five to six times before discarding. Ethidium
bromide and other mutagenic agents should be handled with
nitrile gloves. Dispose all hazard reagents according to waste
disposal guidelines.

6. Proteinase is normally used at a final concentration of
50–200 μg/mL, with activity at temperatures between
20 and 60 �C and pH of 8.0 (activity range of 7.5–9.0). The
solution can be easily prepared with water or according
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manufacturer’s instructions and stably maintained at �20 �C.
Stock solutions are made at 25 mg/mL.

7. Agarose of low EEO (electroendosmosis) can stand high vol-
tages and allows more rapid DNA migration. Different types
may be used to improve the transfer and quality of gels run
in PFGE.

8. Remarkable differences between commercial brands of S1
nuclease enzyme are noted in our hands. From our experience,
Takara® (Bio Inc.) is the best option. The 10� S1 nuclease
buffer can be prepared in-house when it runs out before the
enzyme does (300 mM sodium acetate, pH ¼ 4.6, 2.8 mM
NaCl, 10 mM ZnSO4).

9. We recommend using ladders to cover bands of ~5–400 kb.
Thus, commercial PFGE markers of low (4–48 kb) and high
molecular weight (40–400 kb) are needed. Standard in-house
ladders can be prepared using genomic digested DNA from
known strains [28].

10. Different labeling and detection commercial methods are avail-
able. Both hybridization and labeling protocols here described
use the Gene Images AlkPhos Direct labeling and detection
commercial kit (GE Healthcare) based on the chemilumines-
cence produced by the thermal decomposition of
1,2-dioxetane. Detection is carried out using a dioxetane sub-
strate (CDP-Star reagent), which is catalyzed by the probe-
bound alkaline phosphatase generating a rapid light output.

11. Primers included in PCR typing systems (replication initiation
proteins, relaxases, toxin-antitoxin systems). Available in refs.
5, 13, 16. See comments in ref. 21.

12. Nylon membranes have a great tensile strength and can be
reused several times without breaking or losing the bound
DNA. Positively charged nylon membranes have the additional
advantage of binding DNA covalently after transfer in an alka-
line buffer (0.4 N NaOH). Nonetheless, high backgrounds
often occur when alkaline blotting is performed using a chemi-
luminescent detection system. This drawback may be solved by
adjusting the stringency conditions.

13. If the probe signal is too strong (e.g., common with 16S or 23S
rRNA probes), use a 0.5% SDS stripping solution, and replace
it in the middle of stripping (after 1 h).

14. Cell lysis using SDS and NaOH should not be prolonged over
5 min in small-scale protocols as that described herein. None-
theless, keep on mind that large-scale protocols add an incuba-
tion step at 37 �C ranging from 5 to 10 min in Anderson and
McKay [9] and up to 30–45 min in Currier and Nester [7]. In
these cases, an additional shearing step (centrifuge from 30 s to
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2 min at high speed for volume up to 100 mL) is crucial to
reduce the viscosity of the lysate and guarantee the optimal
alkaline denaturation.

15. For some microorganisms, we greatly improve the results by
increasing this neutralization step up to 2–3 h.

16. Several protocols skip this step and only consider the first
extraction with phenol-chloroform-isoamylic acid. However,
the use of chloroform after phenol-chloroform extractions is
useful to facilitate the removal of phenol that remains in the
protein-free DNA aqueous phase and that can inhibit the
activity of enzymes in downstream applications.

17. For best results, increase this time to 2–3 h. The DNA is
stabilized with the addition of ethanol, and such solution can
be stored at �20 �C for some days before extraction is
completed.

18. A visible white pellet is expected, and its size usually determines
the yield of plasmid extraction. Wash carefully to avoid losing
the plasmid pellet.

19. Avoid using elution buffers other than ultrapure water (e.g.,
EDTA), as they can interfere with downstream applications.
The volume of water (30 μL) can be adjusted depending on the
pellet size (>15 μL) to concentrate plasmid DNA. Plasmid
DNA can be stored, either at 4 �C or �20 �C, which results
in nicking of CCC plasmid molecules leading to an increase in
the proportion of OC forms and poor quality of gels; the ideal
is to run freshly plasmid DNA preparations.

20. The key to the plasmid profiling is a good separation of differ-
ent plasmid forms in agarose gel electrophoresis and the recog-
nition of the “smile effect” of the chromosomal DNA bands.
The same plasmid can be visualized as supercoiled double-
stranded DNA molecules with a covalently closed circular
(CCC) topology (the way they exist in nature to fit within the
cell) and as open circular (OC) or linear (L) “damaged” forms
obtained in the lysis step and/or renaturation steps and not
discarded in the final protocol steps. Hence, care should be
taken in order to minimize loss of CCC forms. Restriction
digestion helps to differentiate strains that harbor a single
plasmid.

21. DNA concentration can be measured as OD260 in a spectro-
photometer (e.g., NanoDrop), but keep in mind chromosomal
DNA/RNA (often present if the extraction is not optimal) will
contribute to this measure. Thus, the visualization of plasmids
in agarose gels greatly helps to check the quality of the plasmid
preparation (contaminated chromosomal DNA appears as
smear that contrasts with faint/none plasmid bands).
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22. Overnight enzymatic digestions are recommended to assure
optimal plasmid fingerprinting, except for smart enzymes that
take only 2–3 h. The restriction enzyme choice should be based
on previous experience, the available literature. As examples,
EcoRI, ClaI, andHindIII are used for antibiotic-resistant plas-
mids of enterococci [16], while AccI, HindIII, or HaeIII are
preferred for digestion of multiresistant staphylococcal plas-
mids [17]. Another option is to compare the in silico restric-
tion maps of fully sequenced plasmids with different enzymes
using available free software (e.g., NEBcutter program, http://
tools.neb.com/NEBcutter2). Follow the supplier’s instruc-
tions of the enzymes carefully, store them at �20 �C to pre-
serve enzyme activity (they do not freeze as usually contain
glycerol), keep enzymes on ice when removed from the freezer,
and restore them at �20 �C as soon as possible.

23. A nucleic acid stain can be incorporated in the agarose gel
ONLY for digested plasmid DNA and NEVER for undigested
plasmid DNA preparations. Ethidium bromide intercalates
into DNA and negatively supercoiled CCC molecules become
positively charged promoting open and relaxed conformations
(OC). Linear plasmid DNA is slightly affected.

24. For determining the sizes of CCC plasmids, we must use
ladders of undigested plasmids, which are not commercially
available. Bacterial strains stably carrying plasmids of known
size have been extensively used, namely, Escherichia coli strains
V517 (NCTC accession number 50193; 8 plasmids of 2.1, 2.7,
3.0, 3.9, 5.1, 5.5, 7.2, and 53.4 kb) [29] and strain 39R861
(NCTC accession number 50192; 4 plasmids of 7, 36.2, 63.8,
and 148.5 kb) [30]. These strains must be included in the
protocol together with samples (as they are Gram-negative,
the lysozyme step can be avoided). For sizing digested plasmid
DNA, regular molecular markers commercially available
(0.1–25 kb) are appropriate.

25. Digestion time and amount of enzyme can slightly vary for
every bacterial species or among strains of the same species.
Adjust when strong backgrounds appear.

26. The electrophoresis conditions may be adjusted if to gather
plugs digested with different enzymes in the same gel is needed
(5–30 s for 22 h is also suitable). Make note of the initial
milliamp (mAmp) reading on the instrument. The initial
mAmps should be between 110 and 170 mAmps. A reading
outside of this range may indicate that the 0.5� TBE buffer
was prepared improperly and the buffer should be remade.

27. PCR products should be purified before labeling to remove
nucleotides and primers. Amplicon sizes of 300–1000 bp at
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concentrations of 10 ng/mL give optimal results when chemi-
luminescent detection is performed.

28. The optimal hybridization temperature (Thyb) depends on the
GC content and length of probe but is normally carried out
below the Tm for the probe/target. It can be calculated as
follows: Tm ¼ 49.82 + 0.41 (% G + C) � 600/length and
Thyb ¼ Tm � (20 �–25 �C), where Tm is the melting point of
probe-target hybrid and (% G + C) the % of G and C residues in
probe sequence. In general, a hybridization temperature of
55 �C is suitable for many DNA probes and might be adjusted
to 60–70 �C if increased stringency conditions are needed
(<50 �C are not recommended due to the risk of unspecific
hybridization bands). The volume of hybridization buffer can
be calculated and optimized in function of the bottle and
membrane sizes (0.125–0.25 mL/cm2). For a large membrane
(10 � 15 cm ¼ 150 cm2), we usually add 30 mL of hybridiza-
tion buffer (0.2 mL/cm2 � 150 cm2).

29. The hybridization buffer containing the labeled probe can be
stored in the sterile 50 mL plastic tube (mark the probe name
and date) at �20 �C for reutilization in a further hybridization
assay using the same probe (this process can be done at least
two times). For reuse, thaw and denature by heating to 100 �C
for 10 min, and place 10 min on ice. When the signal intensity
of the probe gets too faint, discard the hybridization buffer
added of the respective probe.

30. Nylon membranes can be hybridized with different DNA
probes several times (we reused successfully up to
10–14 times without significant loss of signal strength, though
the most usual is to reuse for about six to eight times). When
re-probing is planned, the membrane should be kept wet
between hybridization and probe removal steps.
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Chapter 3

Detection, Isolation, and Characterization of Plasmids
in the Environment

Khald Blau, Sven Jechalke, and Kornelia Smalla

Abstract

Plasmids play a major role in the bacterial adaptation to changing and stressful environmental conditions
caused by antibiotics, heavy metals, and disinfectants. However, the investigation of the ecology and
diversity of environmental plasmids is challenging due to their typically low abundance in soil bacterial
communities and the low cultivability of their hosts. Here we discuss the potentials and limitations of
cultivation-dependent and cultivation-independent approaches for detecting and quantifying plasmids in
total community DNA from environmental samples. Protocols for PCR-based detection of plasmid-specific
sequences in total community DNA are presented. Furthermore, protocols to obtain and characterize
plasmids either from isolates (endogenous plasmid isolation) or by capturing into a recipient strain by
biparental and triparental mating will be provided.

Key words Total community DNA, Quantitative PCR, PCR-Southern blot hybridization, Plasmid,
Biparental and triparental mating, Transconjugants, Conjugation assay, Host range assay

1 Introduction

Plasmids play a major role in the bacterial adaptation to changing
environmental conditions. Examples of exchanged traits are resis-
tances against antibiotics, heavy metals, and disinfectants and deg-
radative pathways. The isolation of plasmid-carrying bacteria from
the environment is challenging, since it is estimated that only a low
percentage of cells (down to ppm range for low-nutrient environ-
ments) are cultivable with the available techniques [1]. Therefore,
polyphasic approaches including also cultivation-independent
methods are mandatory to investigate the plasmidome (totality of
plasmids in bacteria of a respective sample). The analysis of total
community (TC)-DNA directly extracted from environmental sam-
ples (soil, sewage sludge, manure) or from pellets of detached cells
(above- or belowground parts of plants) or enrichment (bacterial
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growth; filtration) offers the chance to detect and quantify plasmids
in any bacterial host. TC-DNA obtained after a harsh lysis is used
for the detection and quantification of plasmid-specific sequences
by PCR coupled with Southern blot hybridization and quantitative
real-time PCR, respectively [2]. However, detection of plasmids in
TC-DNA might fail when the plasmids under study are present in
the so-called rare microbiome. Detection limits are an issue, and it
is assumed that below an abundance of 104 or 105 cells per g or ml,
these sequences might remain undetected without prior enrich-
ment. Another limitation of detecting plasmid-specific sequences
in TC-DNA is that sequence information are required in order to
develop primers and probes. Thus, this method typically works only
for the detection and quantification of plasmids previously charac-
terized by sequencing that are hosted in bacterial populations with
abundances above 105 cells per g. Aquatic samples could be con-
centrated by filtration. Inserting an enrichment step might facilitate
the detection of plasmid-specific sequences for those plasmids
residing in hosts that grow under the conditions chosen. Direct
sequencing of TC-DNA (metagenomics) or directly extracted plas-
mid DNA (plasmidomics) allows the detection of novel plasmids
although they do have to be present in high abundance.

In contrast, endogenous and exogenous isolation of plasmids
from isolates or recipients that captured plasmids in biparental or
triparental matings, respectively, have the advantage that also novel
conjugative or mobilizable plasmids from environmental bacteria
can be captured. Another advantage of the exogenous plasmid
isolation is independency from the cultivability of the original
host, while this is on the other hand a disadvantage as the original
host remains unknown. However, the transfer still requires cells of
sufficient metabolic activity, since the conjugation process, involv-
ing type IV secretion machinery, is energetically costly [3]. Further-
more, the success of the exogenous capturing methods depends on
the transfer and replication range of the plasmid as well as on the
expression of selection markers. The triparental mating enables the
plasmid capturing dependent on their plasmid-mobilizing capacity.
Once the plasmid is being transferred into a new recipient such as
Escherichia coli CV601 or Pseudomonas putida KT2442, the plas-
mids can be easily phenotypically and genotypically characterized.
Accordingly, exogenous capturing has been used in numerous
studies to capture and characterize environmental plasmids from
diverse environments such as soil, rhizosphere, phyllosphere,
manure, digestates, sewage sludge, sediment, and surface water.
However, only when the abundance of the plasmid-carrying popu-
lation is high enough and allows a sufficient number of transfer
events, transfer frequencies can be calculated and compared
between different environmental compartments and treatments
[4–9]. In the recent study of Blau et al. [10], the transferable
resistome of bacteria associated with produce (cilantro, arugula,
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and mixed salad) was investigated by means of exogenous plasmid
isolation (biparental mating). In parallel, tetracycline-resistant
E. coli strains were isolated on selective medium. Plasmid carriage
by these isolates and transconjugants was characterized. While
direct detection of IncF or IncI plasmids in TC-DNA by qPCR or
PCR coupled with Southern blot hybridization failed, these plas-
mid groups became detectable in TC-DNA extracted from cells
grown after incubating leaf samples in buffered peptone water at
37 �C overnight. This demonstrated that cultivation-independent
DNA-based methods are not always sufficiently sensitive to detect
plasmids or plasmid-derived traits in environmental bacterial com-
munities, due to their low abundance in the rare microbiome.

However, as mentioned before, the original host of exoge-
nously captured plasmids remains unknown. Thus different
approaches can be used to determine the host range of plasmids
under study, mainly by inoculation of plasmid-carrying strains and
isolation of environmental transconjugants, e.g., by flow
cytometry-based cell sorting with subsequent cultivation or
sequencing [11–13]. Furthermore, it is important to note that
only plasmids can be captured that transfer to and are replicating
in the selected recipient.

Plasmid DNA extraction is the basis for the genotypic charac-
terization. The most suitable plasmid DNA extraction protocols
depend on the plasmid size and copy numbers. Several established
protocols work better for E. coli than for environmental strains. To
select plasmids for sequencing, a pre-screening by initial PCR or
Southern blot hybridization of restricted plasmid DNA might be
helpful.

In this book chapter, we present protocols for cultivation-
dependent and cultivation-independent methods to study plasmids
from environmental isolates and compartments and give an over-
view of approaches used for phenotypic and genotypic plasmid
characterization (Fig. 1). Although the properties and conditions
of environmental compartments are vastly diverse, the described
experimental conditions and settings in our opinion provide a good
starting point for investigations that might need to be modified and
optimized according to the particularities of the environments
sampled. There is no doubt that polyphasic approaches comprising
both cultivation-dependent and cultivation-independent
approaches for investigating plasmids in environmental bacteria
are required. The methods described here represent mainly proto-
cols used in our laboratory, and thus some methods previously
reported by others might be missing.
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2 Materials

2.1 Equipment

and Tools

1. Incubator (37 and 28 �C).

2. Incubator with orbital shaker (37 and 28 �C).

3. Basic laboratory material including 1.5 and 2 ml microcentri-
fuge tubes, 15 and 20 ml centrifuge tubes, Petri dishes, pip-
ettes, Erlenmeyer flasks, dispenser, Millipore filters (0.22 μm),
test tube, forceps, PCR tubes (0.2 ml), inoculation loop,
96-well sterile microdilution plate, sterile cotton swab, and
sterile scalpels.

4. PCR and real-time PCR machine.

5. Thermo mixer.

6. Gel electrophoresis equipment.

7. UV light.

8. Vortex mixer.

Fig. 1 Flow diagram of the experimental procedure to capture, isolate, and characterize plasmids from
environmental bacterial communities and isolates
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9. Tabletop centrifuge.

10. Stomacher equipment.

11. Restriction enzymes (10 U/μl) (i.e., NotI, PstI, and
Bst1107I).

12. Genomic DNA, TC-DNA, and plasmid DNA extraction kits:
silica-based kit (silica bead DNA extraction kit), FastDNA spin
kit for soil, and QIAGEN plasmid mini or midi kit.

13. Hybond-N hybridization membrane for Southern blot.

14. Laminar flow cabinet.

15. Antibiotic discs.

16. Densitometer (suspension turbidity detector).

2.2 Media

and Solutions

1. 0.85%NaCl solution: 8.5 g of NaCl in 1 l of distilledH2O. Ster-
ilized by autoclaving at 121 �C for 15 min.

2. Tryptic soy broth (TSB): 17 g of peptone from casein, 3 g of
peptone from soy, 2.5 g of glucose, 5 g of NaCl, 2.5 g of
dipotassium phosphate in 1 l of distilled H2O, pH 7.3. Ster-
ilized by autoclaving at 121 �C for 15 min.

3. Buffered peptone water (BPW): 10 g of proteose peptone, 5 g
of NaCl, 3.5 g of disodium phosphate, 1.5 g of monopotas-
sium phosphate in 1 l of distilled H2O, pH 7.2. Sterilized by
autoclaving at 121 �C for 15 min.

4. Luria-Bertani (LB) broth: 10 g of tryptone, 5 g of yeast extract,
5 g of NaCl in 1 l of distilled H2O, pH 7.2. Sterilized by
autoclaving at 121 �C for 15 min.

5. Luria-Bertani (LB) agar: 10 g of tryptone, 5 g of yeast extract,
5 g of NaCl, 15 g of agar in 1 l of distilled H2O, pH 7.2.
Sterilized by autoclaving at 121 �C for 15 min.

6. R2A media: 0.5 g of yeast extract, 0.5 g of proteose peptone,
0.5 g of casein hydrolysate, 0.5 g of glucose, 0.5 g of soluble
starch, 0.5 g of sodium pyruvate, 0.3 g of dipotassium phos-
phate, 0.024 g of magnesium sulfate, 15 g of agar in 1 l of
distilled H2O, pH 7.2. Sterilized by autoclaving at 121 �C for
15 min.

7. Plate count agar (PCA): 5 g of tryptone, 2.5 g of yeast extract,
1 g of glucose, 15 g of agar in 1 l of distilled H2O, pH 7.0.
Sterilized by autoclaving at 121 �C for 15 min.

8. Müller-Hinton (MH) agar: 2 g of beef infusion solids, 17.5 g of
casein hydrolysate, 1.5 g of starch, 17 g of agar in 1 l of distilled
H2O, pH 7.3. Sterilized by autoclaving at 121 �C for 15 min.

9. Nutrient agar (NA): 1 g of meat extract, 5 g of peptone, 5 g of
NaCl, 2 g of yeast extract, 15 g of agar in 1 l of distilled H2O,
pH 7.1. Sterilized by autoclaving at 121 �C for 15 min.
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10. Nutrient broth (NB): 1 g of glucose, 15 g of peptone, 6 g of
NaCl, 3 g of yeast extract in 1 l of distilled H2O, pH 7.5.
Sterilized by autoclaving at 121 �C for 15 min.

11. Eosin methylene blue (EMB): 10 g of peptone, 10 g of lactose,
2 g of dipotassium hydrogen phosphate, 0.4 g eosin Y, 0.065 g
methylene blue, 15 g agar in 1 l of distilled H2O, pH 6.8.
Sterilized by autoclaving at 121 �C for 15 min.

12. ChromoCult Coliform (CCA) agar: 5 g of NaCl, 4.9 g phos-
phate buffer, 3 g of peptone, 1 g of sodium pyruvate, 1 g of
tryptophan, 1 g of sorbitol, 0.36 g of chromogene, 0.1 g of
sodium heptadecyl sulfate (Tergitol-7), 10 g of agar in 1 l of
distilled H2O, pH 6.8. Sterilized by autoclaving at 121 �C for
15 min.

13. Müller-Hinton broth (MH broth): 2 g of beef infusion solids,
17.5 g of casein hydrolysate, 1.5 g of starch in 1 l of distilled
H2O, pH 7.3. Sterilized by autoclaving at 121 �C for 15 min.

14. Agarose: 0.8%, 1%, 1.5%, or 2.5% (w/v) in TBE buffer.

15. 70% ethanol.

16. Freezing medium: 15% glycerol stock solution in LB broth.
Sterilized by autoclaving 15 min at 121 �C. One full loop of
bacterial culture is mixed in 1 ml of glycerol stock solution and
stored at �80 �C.

17. Tris-borate-EDTA (TBE) buffer: 108 g of Tris, 55 g of boric
acid, and 40 ml of 0.5 M EDTA pH 8.0 in 2000 ml of H2O.

18. 0.5 M EDTA pH 8.0: 37.2 g of disodium
ethylenediaminetetra-acetate (EDTA-Na2) in 100 ml of
H2O. Adjust pH to 8.0 with 10 N NaOH, and add H2O to
200 ml. Sterilized by autoclaving at 121 �C for 15 min.

19. Ethidium bromide (EtBr): 15 μl of EtBr in 150 ml of distilled
H2O.

20. Stock solutions of disinfectants and heavy metals:

(a) Sodium azide (Na-Azide): 200 mg of Na-Azide in 1 ml
of H2O.

(b) Benzyldimethyldodecylammonium chloride (BAC-C12):
1 g of BAC in 1 l of distilled H2O sterilized by filtration
(0.22 μm).

(c) Didecyldimethylammonium chloride (DADMAC-C10):
0.3 g of DADMAC in 1 l of distilled H2O sterilized by
filtration (0.22 μm).

(d) Mercury chloride (HgCl2): 30 g ofHgCl2 in 1 l of distilled
water sterilized by filtration (0.22 μm).

21. Stock solutions of antibiotics:

(a) Rifampicin (RIF): 25 mg of RIF in 1 ml of methanol.

(b) Tetracycline (TET): 10 mg of TET in 1 ml of 50%
ethanol.
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(c) Gentamicin (Gm): 50 mg of Gm in 1 ml of distilled H2O
sterilized by filtration (0.22 μm).

(d) Kanamycin (KAN): 50 mg of KAN in 1 ml of distilled
H2O sterilized by filtration (0.22 μm).

(e) Cycloheximide (CYC): 10 mg of CYC in 1 ml of distilled
H2O sterilized by filtration (0.22 μm).

(f) Streptomycin (STR): 50 mg of STR in 1 ml of distilled
H2O sterilized by filtration (0.22 μm).

(g) Sulfadiazine (SDZ): 50 mg of SDZ in 1 ml of 0.25 N
NaOH sterilized by filtration (0.22 μm).

2.3 Bacterial Strains (a) E. coli CV601 gfp+, RIFr, and KANr.

(b) E. coli J53 Na-Azider.

(c) P. putida KT2442 gfp+, RIFr, and KANr.

(d) E. coli pSM1890 IncQ gfp+, STRr, and Gmr.

(e) Cupriavidus necator JMP228; RIFr.

(f) P. putida KT2442 RIFr.

(g) Cupriavidus necator JMP228 gfp+, RIFr.

(h) Ensifer meliloti RM1021 RIFr.

3 Methods

3.1 Endogenous

Plasmid Isolation

The endogenous plasmid isolation technique has been used to
detect the presence of plasmids in cultivable bacteria from the
environment. This section describes a procedure for isolation of
resistant bacteria toward antibiotics, disinfectants, or heavy metals
from environmental samples (Fig. 2a).

3.1.1 Direct Plating

of Environmental Bacteria

1. Serial tenfold dilutions of environmental samples are prepared
in 0.85%NaCl solution, and appropriate dilutions are plated on
selective or non-selective media (i.e., EMB, CCA, R2A, NA,
etc.) supplemented with CYC (100 mg l�1) and with appropri-
ate concentrations of antibiotics, heavy metals, or disinfectants
to isolate resistant environmental bacteria.

2. All plates are incubated at optimal conditions for the bacteria
targeted.

3.1.2 Isolates from

Enrichment Culture

of Environmental Bacteria

1. Enrichment cultures of environmental bacteria are prepared in
non-selective media such as BPW, TSB, LB, etc. (see Note 1).

2. Appropriate dilutions of the enrichment cultures are plated on
selective or non-selective media supplemented with CYC
(100 mg l�1) to avoid fungal growth, and with antibiotics,
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heavy metals, or disinfectants to obtain isolates of resistant
environmental bacteria. All plates are incubated at 28 �C or
37 �C for 1–5 days.

These bacterial isolates are used as “donor” in the conjugation
assay described in the following subsection, which allows investi-
gating plasmid transferability and plasmid-derived changes of the
recipient’s phenotype.

3.2 Conjugation

Assay

To investigate the ability of environmental bacteria (donor) to
transfer resistance plasmids into plasmid-free well-characterized
recipients such as rifampicin- and kanamycin-resistant E. coli
CV601 or sodium azide (Na-Azide)-resistant E. coli J53, a conju-
gation assay can be performed as described in Fig. 2b.

3.2.1 Conjugation Assay

in Liquid Culture

1. Overnight cultures of donor and recipient are grown in LB
broth or TSB supplemented with appropriate antibiotics, dis-
infectants, or heavy metals at 28 �C or 37 �C with 200 rpm
agitation. For the optimum conditions of E. coli CV601 (see
Note 2).

2. 1 ml of the overnight cultures of the donor and recipient are
centrifuged at 3100� g for 5 min and washed twice in 1:10 LB
broth or TSB, and the pellets are resuspended in 1 ml 1:10 LB
broth or TSB.

3. 0.5 ml of overnight cultures of each donor and recipient are
mixed in 1 ml LB broth or TSB and incubated at appropriate
temperature for 24 h with gentle shaking.

Fig. 2 Experimental procedure for the conjugation assay into E. coli CV601 as recipient in (a) liquid culture and
(b) on filter plates
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4. 100 μl of the donor, recipient, and mixture are plated on
appropriate selective or non-selective media (i.e., LB; MH,
EMB agar, etc.) containing RIF (50 mg l�1) and KAN
(50 mg l�1) or Na-Azide (100 mg l�1) as selective marker for
the recipients and appropriate concentration of antibiotics,
heavy metals, or disinfectants as selective marker for the resis-
tance plasmids and incubated at 28 �C or 37 �C for 1–3 days.

3.2.2 Conjugation Assay

on Filter Plates

1. Overnight cultures of donor and recipient are prepared as
described in Subheading 3.2.1.

2. 1 ml of the centrifuged and washed overnight grown cells of
each donor and recipient are mixed (1:1 ratio) in 50 ml centri-
fugation tubes and centrifuged at 3100 � g for 10 min.

3. The supernatant is discarded, and the pellets are resuspended in
200 μl of 1:10 LB broth or TSB, transferred on mating filters
(0.22 μm), and placed on appropriate non-selective media
supplemented with CYC (100 mg l�1) to avoid fungal growth.

4. All the plates are incubated at 28 �C or 37 �C for 24 h.
Afterward, the bacteria from mating filters are resuspended in
1–2 ml of 0.85% NaCl solution in 50 ml centrifugation tubes
by vortexing for 1 min.

5. 100 μl of the mixture, donor, and recipient are plated on
appropriate selective or non-selective media supplemented
with appropriate substances as described in Subheading 3.2.1.
All the plates are incubated at 28 �C or 37 �C for 1–3 days.

3.3 Exogenous

Plasmid Isolation

3.3.1 Biparental Mating

This section describes a procedure for exogenous plasmid isolation
from environmental samples, namely, biparental mating, using
selected bacterial strains as recipients. In biparental mating, the
transconjugants are being selected based on the selective advantage
conferred by plasmid carriage, such as acquired resistance against
antibiotics, disinfectants, or heavy metals as well as degradative
traits (Fig. 3a).

Preparation of Recipients 1. Overnight cultures of the recipient strains E. coli CV601 or
P. putida KT2442 [8, 14] are grown in TSB, supplemented
with RIF (50 mg l�1) and KAN (50 mg l�1) as selective marker
for the recipients with 200 rpm agitation at 28 �C or 37 �C.

2. Next day, 1 ml of the overnight culture is transferred into a
sterile microcentrifuge tube and centrifuged at 3100 � g for
5 min, and the supernatant is discarded.

3. Bacterial cells are washed twice by resuspension in 1 ml of 1:10
TSB and centrifugation at 3100� g for 2 min. The cell pellet is
resuspended in 1 ml of 1:10 TSB.
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Preparation of Donor Cells

by Enrichment

For environmental samples with a low abundance of indigenous
bacteria carrying plasmids, enrichment prior to the capturing of
conjugative plasmids is necessary to increase the number and activ-
ity of donor cells. An example for the exogenous capturing of
plasmids from detached bacteria of cilantro, arugula, and mixed
salad leaves was described previously [10].

1. The enrichment of indigenous bacteria can be performed by
using non-selective liquid media such as BPWor TSB and, e.g.,
an incubation step with 200 rpm agitation at 28 �C or 37 �C
overnight.

Preparation of Donor Cells

by Direct Extraction

For environments with a higher load of bacterial donor cells such as
agricultural soil, rhizosphere, manure, or wastewater (seeNote 3), a
preceding enrichment step is usually not required. To prepare the
bacterial fraction from these environmental samples, the following
procedure is used:

1. 5–10 g of manure, soil, or plant roots are shaken in 45–90ml of
1:10 TSB (1:10 dilution) for 2 h at appropriate conditions on

Fig. 3 Experimental procedure for exogenous plasmid isolation by (a) biparental mating and (b) triparental
mating
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the day of mating. A preceding washing step can be required
for environmental samples to remove inhibitors (see Note 4).

2. The suspension is allowed to settle for 10 min.

3. Afterward the supernatant is collected.

Filter Plate Mating 1. About 0.5 ml of each recipient cell suspension and an appro-
priate bacterial fraction (15–30 ml) from enriched or
non-enriched indigenous environmental bacteria (donor) are
mixed in 50 ml centrifugation tubes (see Note 5). As back-
ground control, 5 ml of bacterial fraction (enriched or
non-enriched) and 200 μl of each recipient cell suspension are
processed the same way as the samples.

2. All mixtures are centrifuged at 3100� g for 10 min. The pellets
are resuspended in 200 μl of 1:10 TSB and transferred on filters
placed onto PCA or R2A agar supplemented with CYC
(100 mg l�1) to avoid fungal growth.

3. After incubation overnight at 28 �C or 37 �C, bacteria from the
mating filters are detached in 50 ml centrifugation tubes by
adding 2–5ml of 0.85%NaCl solution and vortexing for 1 min.

4. Serial tenfold dilutions are prepared, and appropriate dilutions
to obtain single colonies are plated onto R2A agar for P. putida
KT2442 or PCA agar for E. coliCV601 and supplemented with
RIF (50 mg l�1), KAN (50mg l�1), and CYC (100mg l�1) and
with appropriate concentrations of other antibiotics, e.g., tet-
racycline concentrations used for capturing tetracycline resis-
tance plasmids (see Note 6) and sulfonamide resistance
plasmids (see Note 7), heavy metals, or disinfectants to select
for transconjugants. Undiluted suspensions of the filter with
background controls and recipient controls are applied onto
the same media used for the transconjugant screening.

5. The numbers of recipient cells are determined by drop plate
method (all mating mixes) with three times 20 μl for each serial
dilution (10�5 to 10�8) on PCA or R2A agar supplemented
with RIF (50 mg l�1), KAN (50 mg l�1), and CYC
(100 mg l�1).

6. All plates are incubated at 28 �C or 37 �C for up to 3 days until
sufficient growth of the transconjugants.

3.3.2 Triparental Mating This section describes a procedure for exogenous plasmid isolation
from environmental samples, namely, triparental mating, using
selected bacterial strains as recipients. In triparental mating, the
transconjugants are selected based on the ability of environmental
plasmids from donor 1 to mobilize an IncQ plasmid from donor
2 into the recipient (Fig. 3b).
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1. Overnight cultures of E. coli pSM1890 (donor 2) and the
recipient strains (Cupriavidus necator JMP228 or P. putida
KT2442) are prepared in TSB supplemented with appropriate
antibiotics and harvested as described in Subheading 3.3.1.

2. The bacterial suspension from environmental samples is
prepared by means of enrichment or without enrichment, as
described in Subheading 3.3.1, and is then used as source of
mobilizing plasmids (donor 1).

3. Donor 2 and recipient cells (500 μl each, in 1:1 ratio) are mixed
in centrifugation tubes (50 ml) with 15–30 ml of bacterial
suspension (donor 1) from environmental samples (seeNote 4).

4. All mixes are centrifuged at 3100 � g for 10 min, the superna-
tant is discarded, and the pellets are resuspended in 200 μl of
1:10 TSB, applied on a sterile filter, and placed onto PCA agar
plates supplemented with CYC (100 mg l�1) to avoid fungal
growth.

5. After 24 h of mating at 28 �C, bacteria from the mating filters
are detached in 50 ml centrifugation tubes by adding 2–5 ml of
0.85% NaCl solution and vortexing for 1 min.

6. The numbers of transconjugants are determined by serial ten-
fold dilutions and plating appropriate dilutions to obtain single
colonies on PCA agar, supplemented with the appropriate
antibiotics encoded by pSM1890 and the recipient.

7. For the background control of the bacterial suspension from
environmental samples (donor 1), control of recipients, and
donor 2, the respective cells are incubated separately on mating
filters and plated on the same media used to select for
transconjugants.

8. Colony-forming units (CFU) are counted, and the transfer
frequencies are calculated as follows: transfer frequency ¼ total
number of transconjugants/total number of recipients.

3.4 Confirmation

of Transconjugants

3.4.1 GFP Screening

GFP fluorescence of putative transconjugants obtained from bi-
and triparental assays is confirmed under UV light.

3.4.2 Genomic DNA

Extraction

Genomic DNA is extracted from pellets that are obtained from
overnight culture of transconjugants, recipients, and donor 2 incu-
bated in NB medium with the silica-based kit (silica bead DNA
extraction kit).

3.4.3 Detection

of the IncQ Plasmid by

Polymerase Chain Reaction

(PCR)

The presence of the IncQ plasmid in the transconjugants obtained
from triparental mating is confirmed by PCR amplification of IncQ
oriV [15]. In short:
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1. PCR is performed under standard conditions: PCR reaction is
set up in 25 μl, containing 2.5 U of Taq DNA polymerase, 1�
buffer, 0.2 mM deoxynucleoside triphosphates, 3.75 mM
MgCl2, 0.2 μmol each of primer I and primer II, and 1 μl
(<1000 ng) of DNA template.

2. PCR conditions used for amplification: 5 min at 94 �C, fol-
lowed by 35 cycles of denaturation at 94 �C for 1 min, and
annealing at 57 �C for 1 min and extension at 72 �C for 1 min,
followed by a 10 min final extension step at 72 �C.

3. The PCR products are analyzed by electrophoresis in 1% aga-
rose gel with Tris-borate-EDTA (TBE) buffer, followed by
staining with ethidium bromide (0.0001%) and visualization
under UV light.

3.4.4 BOX-PCR BOX-PCR is performed to confirm the identity of transconjugants
from the genomic DNA as described previously [16].

1. PCR mixture is set up in 25 μl, containing 2.5 U of Taq DNA
polymerase, 1� buffer, 0.2 mM deoxynucleoside tripho-
sphates, 3.75 mM MgCl2, 5% DMSO, 0.2 μmol of the primer
BOX-A1R (50CTA CGG CAA GGC GAC GCT GAC G 30),
and 1 μl (< 1000 ng) of DNA template.

2. PCR conditions used for amplification are 7 min at 94 �C,
followed by 30 cycles of denaturation at 94 �C for 1 min, and
annealing at 53 �C for 1 min and extension at 65 �C for 8 min,
followed by a 16 min final extension step at 65 �C.

3. The PCR products are analyzed by electrophoresis in a 1.5%
agarose gel with TBE buffer, followed by staining with ethi-
dium bromide (0.0001%) and visualization under UV light.

3.5 Host Range

Assays

The host range of the obtained plasmids by endogenous and exog-
enous isolation is evaluated by conjugative transfer to different
bacterial strains, P. putida KT2442, C. necator JMP228, and
E. meliloti RM1021, belonging to the Gamma-, Beta-, and Alpha-
proteobacteria, respectively [14]. The obtained transconjugants
from endogenous and exogenous plasmid isolation (in this case
the donors) and all recipients are grown at appropriate conditions
(seeNote 3) in LB or TSB medium supplemented with appropriate
concentrations of antibiotics, heavy metals, or disinfectants. Con-
jugation assays in liquid culture or on mating filters between the
donor and each of the recipients are carried out at appropriate
conditions, as described in Subheading 3.2.

3.6 Phenotypic

Characterization

of Transconjugants

Antibiotic susceptibility testing is performed by the disc diffusion
method on Müller-Hinton (MH) agar, according to the European
Committee on Antimicrobial Susceptibility Testing (EUCAST;
http://www.eucast.org/) or Clinical Laboratory Standards Insti-
tute (CLSI; https://clsi.org):
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1. Transconjugants are streaked onto LB, R2A, or PCA agar
supplemented with their selective antibiotics, heavy metals, or
disinfectants. The recipients and donor 2 are used as a negative
control. The bacterial suspension is prepared from a single
transconjugant colony resuspended in saline (0.85% NaCl) to
a density of 0.5 McFarland turbidity standard.

2. The bacterial suspension is spread onto MH agar plates with a
sterile cotton swab (see Note 8).

3. After drying, antibiotic discs are placed on the plates by means
of a dispenser.

4. All the plates are incubated at appropriate temperature for
18–24 h.

5. The inhibition zones are measured, and results are interpreted
according to the guidelines of EUCAST or CLSI.

The minimum inhibitory concentration (MIC) of the obtained
transconjugants toward antibiotics or disinfectants is determined
by the broth microdilution method, according to ISO standard
20,776–1 (https://www.iso.org):

1. Choose a suitable range of antibiotic or disinfectant concentra-
tions for the organisms to be tested. Agent dilution range is
prepared (e.g., antibiotic dilution range 0.25–128 mg l�1).

2. Transconjugants are streaked onto LB, R2A, or PCA agar
supplemented with their selective antibiotics, heavy metals, or
disinfectants. The recipients and donor 2 are used as a negative
control. The bacterial inoculum is prepared from a single trans-
conjugant colony in MH broth, and the inoculum is adjusted
to a density equivalent to approximately 5� 105 CFUml�1 (see
Note 8).

3. Label a 96-well sterile microdilution plate (capacity �200 μl)
with the appropriate agent dilutions.

4. Appropriate volumes of each agent dilution are added into two
rows of wells.

5. Add appropriate volume of test organism suspension into one
row and appropriate volume of control organism suspension
into the second row of wells.

6. The microdilution plate is covered with a lid and incubated at
37 �C or 28 �C for 18–24 h (see Note 2).

7. Read the MICs at the lowest concentration of the agent
completely inhibiting visible growth. The results are inter-
preted according to the guidelines of EUCAST or CLSI.

The MICs of the obtained transconjugants toward heavy
metals are determined as follows by gradually increasing the con-
centration of tested compounds (i.e., concentrations of HgCl2
ranging from 1.33 � 10�3 to 1358 μg ml�1) on NA plates [17]:
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1. Overnight cultures of the transconjugants, recipients, and
donor 2 are prepared in non-selective media such as TSB, LB
broth, etc. and incubated at appropriate conditions.

2. 100 μl of overnight culture of the transconjugants is plated on
NA plates containing different concentrations of heavy metals.
Afterward, all plates are incubated at appropriate temperature
for up to 10 days.

3. The culture of the transconjugants growing on the NA plates
with the highest concentration is transferred to new NA plates
with higher concentrations. The MIC is noted when the trans-
conjugants failed to grow on plates even after the incubation
period.

3.7 Extraction

and Characterization

of Plasmids

3.7.1 Plasmid DNA

Extraction

For subsequent analysis, the plasmids are extracted from the trans-
conjugants as follows:

1. Transconjugants, recipients, and donor 2 are grown in NB, LB,
or TSB medium supplemented with their selective antibiotics,
followed by incubation at appropriate temperature for 24 h.

2. The cells are harvested in 1 ml of MgSO4, centrifuged at
13,000 � g, and washed two times with 1 ml MgSO4.

3. The pellets are used for plasmid DNA extraction using QIA-
GEN plasmid mini kit according to the manufacturer’s instruc-
tions or by phenol/chloroform extraction (see Note 9). The
quality of the plasmid DNA is checked by agarose gel (0.8%)
electrophoresis after staining with ethidium bromide
(0.0001%).

3.7.2 Plasmid DNA

Digestion and Southern

Blot Hybridization

The diversity and affiliation to plasmid incompatibility (Inc) group
is determined by Southern blot hybridization (see Note 10) as
follows:

1. Plasmid DNA is digested with appropriate restriction enzymes.
For plasmid DNA digestion, typically 1 μl (10 U/μl) of the
restriction enzyme, 1 μl of restriction enzyme 10� buffer, 3 μl
Milli-Q water, and 5 μl (1 μg/μl) of plasmid DNA are used.
The mix is incubated according to the manufacturer’s
instructions.

2. Plasmid fragments are separated by electrophoresis on a 1%
agarose-TBE gel and Southern blotted as described previously
[18]. The plasmid DNA of the recipients and donor 2 is
included as a negative control.

3. Southern blot hybridization is performed with digoxigenin
(DIG)-labeled probes generated from PCR amplicons which
are obtained from reference plasmids such as R751 for IncP-1β
[6], pHNSHP45 for IncI2 and IncF plasmids, etc. The primers
and PCR conditions are listed in Table 1.
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3.7.3 Detection of Target

Genes by PCR and RT-

qPCR

The presence of target genes on plasmid DNA extracted from the
transconjugants can be easily determined by PCR-based methods.
Examples for target genes are antibiotic, disinfectant, or heavy
metal resistance genes such as tet(A), sul1, sul2, qacEΔ1, bla
genes, and merRTΔP. Furthermore, genes specific for plasmid Inc
groups and mobile genetic elements can be tested such as korB
specific for IncP-1 plasmids, intI1 and IntI2 for class 1 and 2 inte-
grons, or traI for IncF and IncI plasmids. As negative control,
recipients and donor 2 are included in PCR or RT-qPCR analyses.
The primers and PCR and RT-qPCR conditions are listed in
Tables 1 and 2.

3.7.4 PCR-Based

Replicon Typing (PBRT)

PBRT is used to identify the Inc groups of plasmids in the trans-
conjugants (see Note 11). This is performed by PCR amplification
on DNA of the transconjugants using primer sets for 30 replicons,
HI1, HI2, I1, I2, X1, X2, X3, X4, L, M, N, FIA, FIB, FIC, FII,
FIIS, FIIK, FIB KN, FIB KQ, W, Y, P1, A/C, T, K, U, R, B/O,
HIB-M, and FIB-M, representative of major Inc groups of plasmids
among Enterobacteriaceae [19, 20]. PCR products are separated by
electrophoresis on a 2.5% agarose-TBE gel and stained with ethi-
dium bromide (0.0001%).

3.7.5 Complete

Sequencing of Plasmids

Representative plasmids are selected for complete sequencing
according to the phenotypic and genotypic characterization (see
Note 12).

1. Bacterial cells are prepared as described in Subheading 3.7.1.

2. Plasmid DNA is extracted using Qiagen midi kit according to
the manufacturer’s instructions.

3. SMRTbell™ template library is prepared according to the
instructions from Pacific Biosciences, and then the sequencing
is carried out on the PacBio instrument following the instruc-
tions of the manufacturer.

3.8 Detection

of Plasmids

in Environmental

TC-DNA

3.8.1 Sample

Preparation

For environmental samples with a high density of the bacterial
community such as some soils, manure, plant rhizosphere, sludge,
sediment, etc., 0.1–0.5 g is taken for TC-DNA extraction. If a low
bacterial density is expected, e.g., for microbial communities from
leaves of produce (i.e., lettuce, cilantro, arugula, etc.) or the rhizo-
plane, 25 g is cut and transferred in Stomacher bags. The samples
resuspended in 0.85% NaCl are treated by means of a Stomacher at
high speed for 1 min, and this step is repeated three times as
described previously by [10]. The supernatants obtained after
each Stomacher treatment are combined, and the microbial pellet
is obtained by centrifugation 3100 � g at 4 �C for 10 min.

For environmental samples such as treated wastewater or phyl-
losphere with a low microbial abundance, non-selective
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Table 2
Primers and probes for qPCR quantification (TaqMan assay) of a selection of resistance genes,
integrons, mobile genetic elements, and 16S rRNA genes in environmental samples

Gene
targets

Primers and
probes 5

0
-3

0
sequence

Product
size (bp) Reference

16S
rRNA

Bact1369E
Prok1492R
TM1389F

CGGTGAATACGTTCYCGG
GGWTACCTTGTTACGACTT
CTTGTACACCGCCCGTC

460 [26]

tet(A) tetA-qfw
tetA_qfw
q-tetA-P

CCGCGCTTTGGGTCATT
TGGTCGCGTCCCAGTGA
TCGGCGAGGATCG

504 [27]

tet(Q) q-tetQ-Fw
q-tetQ-Rv
q-tetQ-P

AGGTGCTGAACCTTGTTTGATTC
0

GGCCGGACGGAGGATTT
0

TCGCATCAGCATCCCGCTC

69 [28]

tet(M) tetM-qfw
tetM-qrv
tetM_tp

GGTTTCTCTTGGATACTTAAATCAATCR
0

CCAACCATAYAATCCTTGTTCRC
ATGCAGTTATGGARGGGATACGCTA
TGGY

88 [29]

tet(W) q-tetW-Fw
q-tetW-Rv
q-tetW-p

GCAGAGCGTGGTTCAGTCT
GACACCGTCTGCTTGATGATAAT
TTCGGGATAAGCTCTCCGCCGA

66 [28]

aadA q-aadA-Fw
q-aadA-Rv
q-aadA-P

TTGATTTGCTGGTTACTGTG
0

CTTAGTGTGATCTCGCCTTT
TGGTAGGTCCAGCGGCGGAG

635 [30]

sul1 Fq sul-1653f
Rq sul-1719f
tp_sul1

CCGTTGGCCTTCCTGTAAAG
TTGCCGATCGCGTGAAGT
CAGCGAGCCTTGCGGCGG

965 [31]

qacE/
qacEΔ1

qacEall-F
qacEall-R
qacEall-P

CGCATTTATTTTCTTTCTCTGGTT
CCCGACCAGACTGCATAAGC
TGAAATCCATCCCTGTCGGTGT

69 [32]

intI1 intI1-LC1
intI1-LC5
intI1-P

GCCTTGATGTTACCCGAGAG
GATCGGTCGAATGCGTGT
ATTCCTGGCCGTGGTTCTGGGTTTT

196 [33]

intI2 intI2-LC2
intI2-LC3
intI2-P

TGCTTTTCCCACCCTTACC
0

GACGGCTACCCTCTGTTATCTC
0

TGGATACTCGCAACCAAGTTA
TTTTTACGCTG

195 [33]

kor(B) KorB-F
KorB-Fz
korB-R
korB-Rge
korB-Rd
korB-P
korB-Pgz

TCATCGACAACGACTACAACG
0

TCGTGGATAACGACTACAAACG
TTCTTCTTGCCCTTCGCCAG
TTYTTCYTGCCCTTGGCCAG
TTCTTGACTCCCTTCGCCAG
TCAGYTCRTTGCGYTGCAGGTTCTCVAT
TSAGGTCGTTGCGTTGCAGGTTYTCAAT

118 [34]
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enrichments are done to increase the density and activity of the
indigenous environmental bacteria. Non-selective enrichment cul-
tures are prepared from environmental samples as described in
Subheading 3.3.1. About 5–10 ml of enriched culture is centri-
fuged at 3100� g for 15 min at 4 �C. The supernatant is discarded,
and the pellet is stored at �20 �C until TC-DNA extraction.

3.8.2 TC-DNA Extraction Total community (TC)-DNA is extracted from environmental sam-
ples directly or after enrichment by a harsh lysis step using the
FastDNA spin kit for soil. The quality of extracted TC-DNA is
initially determined by agarose gel electrophoresis. If needed for
downstream applications, the TC-DNA can be purified or diluted.
However, purification can cause a substantial reduction in DNA
concentration, lowering the sensitivity of following PCR-based
detections. The extracted DNA is stored at �20 �C until further
analysis.

3.8.3 Detection

of Plasmids by PCR

and RT-qPCR in TC-DNA

RT-qPCR is used to detect and quantify plasmids (e.g., IncI, IncF,
IncP-1, etc.) in TC-DNA extracted from environmental samples
directly or after an enrichment step (see also Subheading 3.7.3). The
primers typically target plasmid backbone genes, and the design of
primers and probes needs to take the diversity of plasmid sequences
into account. Importantly, no mismatches compared to the target
sequence should be present in the last bases at the 30end of the
primer. To increase the sensitivity of detection, PCR-Southern blot
hybridization with digoxigenin-labeled probes (see Note 10) is
performed, which can be considered as a semiquantitative method
(see also Subheading 3.7.2 for the protocol). The primers and PCR
conditions used for PCR and qPCR are listed in Tables 1 and 2.

4 Notes

1. NaCl in the medium, e.g., in TSB, can inhibit the growth of
many bacteria. Therefore, the usage of media without NaCl for
enrichments and platings, such as R2A and PCA, might
increase the diversity of bacteria obtained.

2. For E. coli CV601, prepare the overnight culture in LB broth
or TSB, and incubate at 37 �Cwith 200 rpm agitation.C. neca-
tor JMP228, P. putida KT2442, and E. meliloti RM1021
should be incubated in TSB or LB broth at 28 �C.

3. For getting a high density of bacterial donor cells from treated
wastewater, 5–10 l of treated wastewater should be filtered by
vacuum filtration. Afterward, the bacteria on the filter are
resuspended in buffered solutions.

4. To remove inhibitors affecting the growth of the recipients,
environmental samples such as polluted soils, manure,
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sediment, or sludge should be washed twice with 0.85% NaCl
solution, followed by centrifugation at 3100� g for 10min (see
e.g., [21]).

5. The donor and recipient ratio of the biparental and triparental
mating as well as the mating time can be altered and adjusted to
optimize the transfer efficiency. Plasmid-encoded pili deter-
mine whether liquid or surface matings ensure better transfer
efficiencies. Plasmid-carrying hosts should be agitated gently in
order to not affect the pili formed.

6. The recipient strains differ in susceptibility against certain anti-
biotics. For capturing tetracycline resistance plasmids by bipa-
rental mating, the PCA and R2A agar should be supplemented
with 15 and 30 mg l�1 tetracycline for E. coli CV601 and
P. putida KT2442, respectively. Furthermore, the MICs
against other antibiotics of choice should be determined for
each recipient before the experiment.

7. MH agar is used for capturing sulfonamide resistance plasmids.
The selective concentration is 50 mg l�1 SDZ for E. coli
CV601.

8. Plates must be inoculated within 30 min of standardizing the
inoculum, to avoid changes in inoculum density.

9. For plasmid DNA extraction, the protocol is adapted to the
copy number of the plasmid as well as to the properties of the
host bacterium, which can influence cell lysis, plasmid yield,
and extractability. For example, in case of high copy number
plasmids, commercial plasmid DNA extraction kits can be used.
For plasmids in environmental bacteria, typically present in low
copy number, midi or maxi kits or phenol/chloroform extrac-
tion is recommended.

10. Plasmid diversity and affiliation to incompatibility groups are
initially deciphered by restriction digestion and subsequent
Southern blot hybridization with probes targeting backbone
genes. This approach might be advantageous compared to a
PCR-based screening of plasmid DNA as information on the
size of the fragment containing the target sequence is obtained
and false-positive amplification is avoided. For TC-DNA from
environmental samples, plasmids are likely in low abundance,
and thus detection by PCR-Southern blot hybridization is
recommended to increase the sensitivity and specificity. How-
ever, probe and primer systems target only the known diversity
and do not allow studying novel plasmids.

11. PBRT is used to identify the Inc groups of plasmids extracted
from the transconjugants, which are obtained by conjugation
assay from environmental enteric bacteria or by exogenous
plasmid isolation into E. coli.
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12. The most straightforward approach to characterize novel plas-
mids is sequencing preferably with NGS techniques providing
long reads. The sequences then will be the basis for developing
novel detection methods [22].
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Chapter 4

Bacteriophage Isolation and Characterization:
Phages of Escherichia coli

Juan Jofre and Maite Muniesa

Abstract

Here we introduce methods for the detection, enumeration, and isolation of bacteriophages from Escher-
ichia coli. In bacteria, horizontal gene transfer may be mediated by virulent and temperate phages. Strict
virulent phages, able to propagate in a suitable strain following the lytic pathway, can be isolated directly
from different natural environments. In temperate phages, the lytic cycle must be activated, and phages are
detected after their induction. In both cases, detection is based on the production of visible plaques in a
confluent lawn of the host strain using a double agar layer method. Further purification and characteriza-
tion are achieved by density gradients, electron microscopy studies, and genomic analysis. This straightfor-
ward methodology can be applied to the detection, enumeration, and isolation of bacteriophages from any
bacterial species, using the appropriate host strain, media, and culture conditions.

Key words Bacteriophage, Virulent phage, Temperate phage, Lysogeny, Double layer agar method,
Lytic plaques, Induction

1 Introduction

Phages are responsible for a considerable degree of horizontal gene
transfer in bacteria (HGT) [1–5]. There are a large number of
phages capable of mobilizing bacterial sequences, via generalized
or specialized transduction [5–7], or using other mechanisms, still
not entirely understood [8]. As a consequence of these processes,
and their continuous interaction with bacteria and other phages,
bacteriophage genomes are characterized by an unusually high
degree of horizontal genetic exchange that influences their
evolution [9].

Phages regulate and mobilize themselves, although they can
also be sequestrated by nonmobile elements that use phage capsids
to spread [10–13]. Different parts of the bacterial genome are
mobilized by phages, and to date, we are not certain whether
mobilization occurs randomly or if it is orchestrated to favor the
transfer of some particular genes. It is possible that the transfer of
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genes related to the virulence or metabolism of the host strain is
favorably selected among the population.

To dig deeper in these studies, the isolation and characteriza-
tion of phages responsible of HGT are required. There are two
types of phages, virulent and temperate, which display two different
biological cycles, known, respectively, as the lytic and the lysogenic
pathways.

Both pathways are mediators of HGT and demand specific
methods for their study. During their lytic pathway, virulent phages
may cause generalized transduction. During this process, mistakes
during phage propagation lead to the erroneous packaging of
bacterial DNA into phage capsids. This error occurs in a certain
proportion of the virions produced by virulent phages but also in
certain temperate phages, such as phage P1 or P22 [6, 14]. Some
authors claim that the frequency of generalized transduction may
be even greater than previously thought [15]. However, the detec-
tion of transductants in experiments performed under laboratory
conditions is difficult, because generalized transducing particles do
not confer immunity to their infected hosts. Once transductants are
produced, they do not become resistant to superinfection by other
phage particles; hence they can be lysed by non-transducing phages
present in the same culture.

In theory, all bacterial genes are susceptible to mobilization by
generalized transduction with the same probability. However,
metagenomic studies have shown that phage particles carrying
genes needed to cover special requirements of the host bacteria
are more abundant. This suggests that there may be a positive
selection of certain genes required by the bacterial population
[16]. Remarkable examples of generalized transduction are the
mobilization of photosynthesis genes in cyanobacteria [17] or the
bacterial 16S rRNA gene [18].

Many phages are capable of generalized transduction, but there
are some phages that are specifically dedicated to it, such as P22 in
Salmonella or P1 in E. coli [19]. Both are temperate phages and
confer immunity to superinfection. As a consequence, there is a
higher frequency of isolation of transductant colonies. It should be
noted, however, that particles resulting from generalized transduc-
tion are not phages anymore, since their capsid does not contain
phage genome. The study of generalized transduction requires
methods for the isolation of free phages from habitats where their
bacterial host is expected.

Different methods are required for the detection of temperate
phages. Although these phages can be occasionally found as free
viral particles, their preference for the lysogenic pathway implies
they are usually integrated in the bacterial chromosome or circular-
ized in the form of a plasmid [20–24]. Detection of these phages
requires induction of the lytic cycle, forcing the prophage to revert
to the lytic pathway, to generate free virions. Although some
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temperate phages may conduct generalized transduction during
this process, in most cases, they are involved in specialized trans-
duction. This process occurs when the prophage incorporates genes
adjacent to its attachment site in the bacterial chromosome, as a
consequence of its incorrect excision. These genes are incorporated
into the viral particle, and the process leads to their mobilization
into new hosts [4]. Although different genes can be mobilized by
specialized transduction, many examples involve virulence determi-
nants, such as toxins. The shiga toxin of E. coli and Shigella, the
diphtheria toxin of Corynebacterium, the cholera toxin of Vibrio,
and the cytolethal distending toxin of Escherichia and Campylobac-
ter are classical examples [2].

Temperate and virulent phages exchange DNA with their bac-
terial host and other phages co-infecting the cell. This means that
phage genomes are often a sort of genetic “mosaic,” in which
different sequences are readily interchanged, thereby increasing
diversification [22]. This diversification process sometimes plays a
direct role in bacterial pathogenesis [10].

Recently, genomic and metagenomic studies have provided
substantial information on the abundance of prophages inserted
into bacterial chromosomes [20, 25, 26] and about the phageome of
different environments [12, 19]. Genetic databases used to collate
the sequences obtained from metagenomic samples must however
be curated with the complete sequences of well-characterized
phages. Generating accurate phage databases is required not only
for metagenomics but also to evaluate the impact of transduction
on HGT and, recently, for the potential use of phages as antimicro-
bial agents. For all these reasons, the isolation, identification, and
characterization of virulent and temperate phages remain a funda-
mental task. This chapter provides methodologies used for this
purpose. Methods described here are focused on the isolation of
phages from E. coli. However with only a few modifications, these
methods can be adapted to different phages and bacterial species.

2 Materials

2.1 Preparation

of Host Strain

Inoculum for Phage

Analysis

1. Bacteriophage host strain.

2. Luria broth (LB): 10 g peptone, 5 g yeast extract, 10 g NaCl in
1 l distilled water, autoclave sterilized, pH 7.2.

3. Incubator at 37 �C.

4. Spectrophotometer equipped with 500–650 nm (�10 nm)
filter.

2.2 Isolating Phages

Directly from Sewage

1. PES (polyethersulfone) or PVDF (polyvinylidene fluoride) low
protein-binding membrane filters (0.22 μm pore size,
Millipore).
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2. Sterile syringes or filter holders.

3. Chloroform.

4. Bench centrifuge.

2.3 Phage

Enumeration

1. Host strain inoculum culture.

2. LB.

3. LA plates: 10 g peptone, 5 g yeast extract, 10 g NaCl, 15 g agar
in 1 l distilled water, autoclave sterilized, pH 7.2.

4. Semisolid agar tubes (ssLA), 10 g peptone, 5 g yeast extract,
10 g NaCl, 7 g agar in 1 l distilled water, autoclave sterilized,
pH 7.2.

5. 0.1 M calcium chloride solution (filter sterilized). Can be
stored in the dark at 4 �C up to 6 months.

6. Water bath at 44 �C.

7. Phage buffer: 10 ml 1 M Tris pH 7.5, 10 ml 1 M MgSO4, 4 g
NaCl, 980 ml dd H2O.

2.4 Isolation

of Phages from

Plaques

1. Phage buffer: 10 ml 1 M Tris pH 7.5, 10 ml 1 M MgSO4, 4 g
NaCl, 980 ml dd H2O.

2. Chloroform.

3. Bench centrifuge.

4. Sterile 1.5 ml tubes.

5. Sterile needle.

6. 0.2 μm pore-size low protein-binding membrane filter (PVDF
or PES).

2.5 Preparation of a

High-Titer Phage

Suspension

1. Phage suspension.

2. Host strain inoculum culture.

3. LA plates.

4. LB.

5. Phage buffer: 10 ml 1M Tris–HCl pH 7.5, 10 ml 1MMgSO4,
4 g NaCl, 980 ml dd H2O.

6. Chloroform.

7. Bench centrifuge.

8. 0.2 μm pore-size low protein-binding membrane filter (PVDF
or PES).

9. Incubator at 37 �C.

2.6 Induction

of Temperate

Bacteriophages

1. Host strain inoculum culture.

2. LB.

3. Sterile glass tubes.
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4. 0.5 μg/ml mitomycin C.

5. Aluminum foil.

6. Orbital incubator or shaker (180 rpm) at 37 �C.

7. Spectrophotometer.

2.7 Phage

Concentration

1. Ultracentrifuge.

2. Ultracentrifuge tubes.

3. Centrifugal ultrafiltration concentrators (with 100 KDa
cutoff).

4. Bench centrifuge.

5. PEG 8000.

6. High-speed centrifuge.

7. Centrifuge tubes.

8. �20 �C refrigerator or melted ice.

2.8 Phage DNA

Extraction

1. 100 mg/ml DNase I.

2. High-speed centrifuge.

3. Bench centrifuge.

4. Incubator at 37 �C.

5. Thermal block at 80 �C.

6. Freezer �20 �C or melted ice.

7. 20 mg/ml proteinase K.

8. Buffer for proteinase K: 1 ml 1 M Tris–HCl, pH 8.0, 2 ml
0.5 M EDTA, pH 8 2, 10 ml 10% SDS, up to 100 ml H2O.

9. Chloroform.

10. Phenol-chloroform (1:1) (v:v).

11. 100% ethanol.

12. 3 M sodium acetate.

13. 2 ml Phase Lock Gel tubes (5 Prime, VWR International,
Madrid, Spain).

2.9 Plaque Blot

Hybridization

with DIG-Labeled

Probe

1. Denaturalizing buffer: 20 g NaOH, 87.66 g NaCl, 1 l
ddH2O. Do not sterilize. Store at Rt.

2. Neutralizing buffer: 87.66 g NaCl, 500 ml 1 M Tris–HCl,
pH 7.4, 500 ml ddH2O. Sterilize at 121 �C 15 min. Store
at Rt.

3. Hybridization membranes negatively charged.

4. UV transilluminator.

5. Blotting paper (Whatman).

6. Hybridization oven and tubes.
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7. Prehybridization buffer: 50 ml 20� SSC, 2 ml 10% (w:v) N-
lauryl sarcosine, 0.4 ml 10% SDS, 2 g blocking reagent
(Roche), 145 ml ddH2O. Store at �20 �C.

8. Hybridization buffer: 50 ml prehybridization buffer, 10 μl
labeled probe.

9. Buffer 1: 100 ml 1 M Tris–HCl, pH 7.5, 100 ml 1.5 M NaCl,
800 ml ddH2O.

10. Stock buffer for 20� SSC: 175.32 g NaCl, 88.23 g sodium
citrate, 1 l ddH2O. Sterilize at 121 �C 15 min. Store at Rt.

11. Stock 10% SDS: 10 g SDS, 100 ml ddH2O. Sterilize 121 �C
15 min. Store at Rt.

12. Buffer 2� SSC + 0.1% SDS: 50 ml 20� SSC, 5 ml 10% SDS,
445 ml ddH2O. Do not sterilize, store at Rt.

13. Buffer 0.04� SSC+ 0.1% SDS: 1 ml 20� SSC, 5 ml 10% SDS,
494 ml ddH2O. Do not sterilize; store at Rt.

14. Buffer SSC 2� + SDS 1%: 50 ml 20� SSC, 50 ml SDS 10%,
400 ml ddH2O. Do not sterilize; store at RT.

15. Buffer 2: 5 g blocking reagent (Roche), 1 l Buffer 1. Store at
�20 �C.

16. Buffer antibody anti-digoxigenin: 10 μl anti-digoxigenin anti-
body (Roche), 50 ml Buffer 2.

17. Buffer 3: 100 ml 1 M Tris–HCl, pH 9.5, 100 ml 1 M NaCl,
50 ml 1MMgCl2, 750 ml ddH2O. Prepare fresh; do not store.

2.10 Phage

Purification by CsCl

Density Gradients

1. CsCl gradient. Volumes and CsCl amounts will depend on the
number of samples, according to the following table:

Density CsCl/sample H2O/sample

1.7 g/ml 1.124 g 0.875 ml

1.5 g/ml 0.908 g 1.09 ml

1.3 g/ml 0.624 g 1.375 ml

Once prepared, each density gradient is filter sterilized and
kept at 4 �C.

2. 20% (w/v) sucrose.

3. Ultracentrifuge.

4. Swing balance rotor (SW41).

5. Ultra-clear tubes (Beckman).

6. Sterile Pasteur pipette.

7. Sterile needles.

8. Sterile 1.5 ml tubes.
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9. Dialysis membranes (Medicell Membranes Ltd.).

10. Dialysis buffer: 0.1 M Tris–HCl, 0.2 mM EDTA, pH 8.0.

2.11 Electron

Microscopy

1. High-density phage suspensions (>107 particles/ml).

2. Electron microscopy grids.

3. Soaking paper.

4. Negative staining (phosphotungstic acid (PTA), uranyl acetate,
or ammonium molybdate).

5. Electron microscope.

2.12 Determination

of Host Sensitivity

1. Host strain inoculum culture.

2. LB tubes.

3. ssLA agar.

4. LA plates.

5. Water bath at 50 �C.

6. Sterile loop.

7. Incubator at 37 �C.

3 Methods

3.1 Preparation

of Host Strain

Inoculum Culture

for Phage Analysis

Methods described here apply to bacteriophages infecting E. coli.
By adapting the media and the conditions of incubation, other
bacterial genera may be used. Strains commonly used for detection
of virulent phages are E. coli B and C derivatives. Typical examples
are DH5α [27], C600 [28], and WG5 [29].

1. Thaw one vial of stock culture at room temperature (Rt), or use
an agar plate containing the host strain, and streak on a LA
plate. Incubate 24 h at 37 �C. Alternatively, a liquid LB culture
of the strain grown overnight (18 h) at 37 �C could be used to
prepare the inoculum culture.

2. Inoculate 2–3 colonies from the plate or 0.1 ml from the
overnight liquid culture in 10 ml of pre-warmed LB, and
incubate at 37 �C. After 1 h, measure absorbance at 620 nm
every 30 min until the culture reaches OD620 0.3–0.5, which
shall correspond to approximately 5.108 CFU/ml (seeNote 1).

3. Take the inoculum culture from the incubator, and quickly cool
the culture by placing it in melting ice. Use within 6 h (see
Note 2).

3.2 Isolating Phages

Directly from Sewage

Bacteriophages can be recovered from almost any environmental
sample where their host strain can be found. If the sample is
expected to contain a high phage concentration, then it should be
diluted before attempting isolation. If, on the contrary, a low phage
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titer is expected, then enrichment (see Subheading 3.5) and other
concentration procedures (see Subheading 3.7) should be applied.

Phages infecting E. coli are very abundant in raw sewage. From
there, they can be obtained by two easy procedures:

1. Filter 3–10 ml of samples through low protein-binding mem-
brane filters. Different membrane filters are available (seeNotes
3 and 4). If necessary, phages could be concentrated as shown
in Subheading 3.7.

2. Add (1:10) (v:v) chloroform to an equal volume of sample,
shake gently for 5 min, centrifuge at 3000 � g for 5 min, and
recover the supernatant (see Note 5).

3.3 Phage

Enumeration by Plaque

Assay

Verification of the presence of phages in the samples should be done
by plaque enumeration. The most commonly used method is the
double agar layer method. When the sample is expected to contain
a high phage titer, such as in raw sewage, a dilution is required.
Serial decimal dilutions in phage buffer prior to enumeration (see
Note 6) should be prepared. Dilutions from 1:10 to 1:105 are
recommended.

1. Add 1 ml of the inoculum culture grown at OD600 0.3–0.5 and
1 ml of the corresponding dilution to be tested to 2.5 ml of
melted ssLA (see Notes 7 and 8).

2. Mix well avoiding bubble formation and pour onto a LA plate.

3. Allow to solidify and incubate plates upside down overnight at
37 �C.

4. After incubation, count the number of lytic plaques, and calcu-
late the number of plaque-forming units (PFUs) per ml
depending on the sample dilution analyzed.

3.4 Isolation

of Phages from

Plaques

1. Carefully excise the desired plaque from the over layer of
semisolid agar using a sterile needle.

2. Resuspend the phages in the plaque in phage buffer.

3. Add chloroform at 1:10 (v:v). Mix vigorously for 5 min. Cen-
trifuge at 16,000 � g for 5 min.

4. Recover supernatant.

5. Inoculate 1 ml of supernatant with 9 ml of host strain inocu-
lum, and incubate overnight at 37 �C.

6. Add chloroform at 1:10 (v:v). Mix vigorously for 5 min. Cen-
trifuge at 16,000 � g for 5 min. Carefully transfer the aqueous
supernatant to a sterile empty agar plate avoiding solvent phase.

7. Filter the supernatant through a 0.22 μm pore-size low
protein-binding membrane filter (PVDF or PES membranes)
(see Notes 3 and 4).

8. Enumerate the phages in the suspension. If higher phage titer is
desired, repeat steps 5–8 using 1 ml of the suspension.
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3.5 Preparation of a

High-Titer Phage

Suspension in Liquid

Media

1. Use 0.5 ml of phage suspension obtained in Subheading 3.4
(step 4).

2. Add to 9 ml of a OD600 0.1 culture of the host strain. Incubate
overnight at 37 �C.

3. Recover phages in the supernatant as described in Subheadings
3.6 and 3.7.

3.6 Phage

Propagation on Agar

1. Use 1 ml of phage suspension obtained in Subheading 3.4
(step 4). Prepare serial dilutions as described in Subheading
3.3. To 1 ml of each dilution, add 1 ml of the inoculum culture
grown at OD600 0.3–0.5 and 2.5 ml of melted ssLA. Prepare a
control assay in which 1 ml of phage suspension buffer is added
to the inoculum culture.

2. Mix well avoiding bubble formation and pour onto an LA
plate.

3. Allow to solidify and incubate plates upside down overnight at
37 �C.

4. After overnight incubation, identify dilutions yielding plates
with confluent lysis. These plates are characterized by a lack
of bacterial growth or the presence of a few isolated colonies.
Compare with the lawn observed in the control plate to identify
them. Add 5 ml of phage buffer to a plate showing confluent
lysis. Incubate 15 min at 4 �C.

5. Carefully recover the liquid from the surface with a sterile
pipette.

6. Add an equal volume of 1:10 (v:v). Mix vigorously for 5 min.
Centrifuge at 16,000 � g for 5 min.

7. Recover the supernatant and filter it through a 0.22 μm pore-
size filter.

8. If the phage assayed produces barely visible plates, please see
Note 8.

3.7 Induction

of Temperate

Bacteriophages

Temperate phages follow the lysogenic pathway, integrating into
the host chromosome after infection or residing as a circularized
plasmid. These stages are collectively known as prophage states. To
isolate these phages, it is necessary to reverse their prophage stage
to the lytic pathway, forming virions that are released from the host
cell. The most common method to induce lysis uses mitomycin C,
and it is described here.

1. Dilute an overnight culture of the lysogenic strain carrying the
temperate phage 1:100 in fresh LB, and incubate until
mid-exponential phase OD600 (0.3–0.4). Divide the culture
into two fractions.
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2. Add mitomycin C to a final concentration 0.5 μg/ml in one
fraction. Incubate in the dark at 37 �C, under 180 rpm orbital.
Keep the second fraction uninduced under the same culture
conditions.

3. Measure OD600 absorbance every 30 min, and compare results
from the induced and the uninduced fractions. Check that the
induced fraction experiences a decrease in OD600 levels, com-
pared to the uninduced.

4. After 6 h (see Note 9), purify phages from the induced culture
either by filtration through low protein-binding membranes or
by addition of chloroform, as previously described.

Temperate phages could be enumerated following the protocol
described for virulent phages. It should be noted, however, that
due to integration in the host genome, most temperate phages will
produce barely visible plaques. In these cases, more sensitive
method such as plaque blot hybridization (described in Subheading
3.11) may be required. Given that the virion yield is lower in
temperate phages, many will also require the induction of larger
cultures and/or concentration of the phage particle solution. This
can be achieved either by ultracentrifugation (Subheading 3.8), by
protein concentrators (Subheading 3.9), or by PEG precipitation
(Subheading 3.10).

3.8 Phage

Concentration by

Ultracentrifugation

For 100 ml phage suspension:

1. Distribute the phage suspension in 10 � 10 ml volume ultra-
centrifuge tubes.

2. Balance the tubes in the rotor.

3. Centrifuge at 121,000 � g for 4 h at 4 �C.

4. Recover the pellet in phage buffer after the centrifugation step.

3.9 Phage

Concentration by

Protein Concentrators

Phage particles may be concentrated by means of commercially
available centrifuge ultrafiltration devices that allow protein con-
centration. This procedure is suited for volumes up to 100 ml.
Phage concentration by this method, however, has been observed
to reduce infectivity, probably due to the rupture of phage tails.

1. Add your phage suspension to the upper reservoir of the pro-
tein concentration tube.

2. Centrifuge at 1000 � g (do not exceed 1000 � g) at 4 �C in a
swinging bucket rotor for an undetermined time, until the
volume reduces to the desired volume (see Note 10).

3. Recover the concentrated phage suspension with a pipette (see
Note 11). If necessary, additional phage buffer could be used
to rinse the upper part of the concentrator tube and increase
recovery.
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3.10 Phage

Concentration by PEG

1. Add to the phage suspension a quarter volume of a solution
20% PEG 8000 (see Note 12). Shake vigorously until dissolve
(Note 13).

2. Add 2.5 M NaCl, and shake until dissolve.

3. Incubate 1 h on ice or at �20 �C.

4. Centrifuge 20,000 � g for 20 min at 4 �C.

5. Resuspend the pellet in phage buffer.

3.11 Phage DNA

Extraction

This protocol can be used to extract phage DNA from environmen-
tal samples or virions obtained after propagation and enrichment.

1. DNase treatment (optional) is required when it is necessary to
remove any bacterial or unpacked phage DNA. Add 20 μl of
100 mg/ml DNase to the phage suspension, and incubated 1 h
at 37 �C. Inactivate DNase at 80 �C for 10 min.

2. Add 12 μl of 20 mg/ml proteinase K and 1 ml of proteinase K
buffer to 0.5 ml of phage suspension. Incubate 1 h at 55 �C.

3. Mix the sample with 1:1 (v:v) phenol-chloroform into 2 ml
Phase Lock Gel tubes. Centrifuge at 16,000 � g for 5 min (see
Notes 14 and 15). After centrifugation, recover the
upper part.

4. DNA is then precipitated with 10% 3 M sodium acetate and
two volumes of frozen absolute ethanol. Precipitation is
allowed for at least 2 h at �70 �C.

5. Add an equal volume of chloroform to the sample, and centri-
fuge in 2 ml Phase Lock Gel tubes at 16,000 � g for 5 min at
Rt. Recover the supernatant.

6. Precipitate DNA with 0.1 volume of 3 M sodium acetate and
2 volumes of absolute ethanol. Incubate at least 2 h at �70 �C
or kept overnight at �20 �C.

7. Recover precipitated DNA by centrifugation at 16,000 � g for
30 min.

8. Carefully remove the supernatant and wash DNA in 300 μl of
70% ethanol. Centrifuge at 16,000 � g for 30 min. Discard the
supernatant.

9. Repeat the washing step twice.

10. Air-dry the DNA pellet for 2–3 h and elute in sterile double
distilled water.

3.12 Plaque Blot

Hybridization

Plaque blot allows visualization and enumeration of faint lysis
plaques on a double agar layer (Fig. 1). This step is necessary
when the phage produces small plaques, when there is a mixture
of phages producing different plaques, or when assessing whether a
particular gene is carried by the phage. The lower threshold for
detection by DNA hybridization is a probe of 23 bp.
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1. Place a nylon membrane over the LA plate containing the
plaques of lysis, and keep for a few seconds.

2. Place the membrane over a 3 mm blotting paper with denatur-
alization buffer for 20 min. Dry on a new blotting paper for
5 min.

3. Apply neutralizing buffer to a new piece of blotting paper, and
place the membrane over it for 5 min. Again, dry the mem-
brane on blotting paper for 5 min.

4. Wash the membrane in 2� SSC for 5 min, and allow it to dry.

5. Spot a positive control, like a PCR product containing the
target sequence onto the membrane. Allow the spot to dry.

6. Cross-link DNA exposing the membrane to UV light for
2 min. Apply 2 min. of UV light to each side of the membrane.
At this step, the membrane can be stored at 4 �C (seeNote 16).

7. Introduce the membrane in a plastic bag or hybridization tube
with clean forceps. Add 7 ml of hybridization buffer for each
10 cm2 of the nylon membrane.

8. Equilibrate the membrane with hybridization buffer at the
hybridization temperature (see Note 18) for 1 h.

9. Add 3.5 μl of DIG-labeled probe (see Note 17) for 7 ml of
hybridization buffer. Incubate at the hybridization temperature
overnight (see Note 18).

10. Place the membrane in a petri dish, and wash the membrane
twice by gently shaking in 2� SSC + 0.01% SDS for 5 min, at
room temperature.

11. Place the membrane into a hybridization tube or bag. Wash the
membrane twice in 0.04� SSC + 0.01% SDS for 15 min at the
hybridization temperature.

Fig. 1 (a) Typical lytic plaques of phages infecting E. coli grown on ssLA. (b) Plaque blot results of the same
plaque after hybridization with a DIG-labeled probe
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12. Equilibrate the membrane for 5 min at Rt in washing buffer by
gently shaking.

13. Equilibrate the membrane for 30 min at Rt with buffer 2.

14. Add 10 μl of the antibody anti-digoxigenin in 10 ml of buffer
2. Incubate the membrane for 30 min at Rt by gently shaking.

15. Wash the membrane twice, gently shaking with washing buffer
for 15 min at Rt.

16. Equilibrate the membrane for 5 min in buffer 3 (see Note 19).

17. Place the membrane in a plastic bag, and add 10 ml of buffer
3 and 40 μl of NBT/BCIP. Seal the bag with a thermal sealer.
Store the membrane in the dark at Rt until the signal is visible.
Stop the reaction by washing with distilled water.

3.13 Phage

Purification by CsCl

Density Gradients

Phage purification by CsCl gradients is used to purify and retrieve
virions from a phage suspension

1. Use a 10 ml ultra-clear tube. Each tube can contain up to 3 ml
of phage suspension.

2. Add 2 ml of 20% sucrose to each tube.

3. Introduce an open Pasteur pipette into the ultra-clear tube.
Gently pour 1 ml of the 1.3 g/ml CsCl solution through the
pipette, until it fills the bottom of the tube. Sucrose will remain
on top.

4. Through the Pasteur pipette, add 1 ml of the 1.5 g/ml solu-
tion. This heavier solution will displace the previous solution
from the bottom of the tube.

5. Repeat the previous step with 1 ml of the 1.7 g/ml solution.
This solution will displace the previous one at the bottom of
the tube.

6. Remove the Pasteur pipette carefully to avoid disturbing the
gradient.

7. Add 0.5 g CsCl per ml of phage suspension, and let it dissolve
by gently shaking.

8. Add the page suspension very carefully on top of the gradient.

9. With an indelible pen or similar means, mark the interphase of
each layer in the tube. This will help identifying them after the
centrifugation step. Balance the tubes (see Note 20).

10. Ultracentrifuge 22,000� g for 2 h at 4 �C in a swinging bucket
rotor.

11. If the concentration of phages is high enough, a gray-white
band will be visible between 1.3 and 1.5 g/ml bands after
centrifugation (Fig. 2).

12. Clean the wall of the tube with ethanol-soaked paper.
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13. Add a piece of scotch to the side of the tube, covering the
puncture area.

14. Puncture the tube with a sterile needle a few mm below the
visible band, beveled side up. Collect the band by allowing
drops to fall through the needle to a sterile 1.5 ml tube (see
Note 21).

15. Fill a dialysis membrane with the recovered band, seal, and soak
it in dialysis buffer. Incubate at 4 �C overnight (see Note 22).

16. Alternatively, the protocol described in Subheading 3.9 may be
used. For this purpose, add 1 ml of the recovered band, and
centrifuge at 6000 � g. Then wash twice with phage buffer or
ddH2O.

3.14 Electron

Microscopy

1. Add no more than 10 μl of concentrated phage lysates to the
top of copper or gold electron microscopy grids prepared with
FORMVAR.

2. Allow to adsorb for 30 s. Remove excess of liquid with a paper.

3. Add the negative staining (either solutions of 2% KOH phos-
photungstic acid, pH 7.2, uranyl acetate, or ammonium
molybdate), and incubate at Rt for 2.5 min.

4. Remove excess of liquid with a paper.

5. Allow the grid to dry (see Note 23). Visualize using a suitable
transmission electron microscope operating at 80 kV.

Fig. 2 (a) Scheme showing the preparation of the CsCl density gradients. The phage band corresponds to the
gray area shown by the red arrow on the right of the figure
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3.15 Determination

of Host Sensitivity by

the Spot Method

The spot method is recommended when testing the sensitivity of a
given strain to different phages.

1. Add 1 ml of an exponentially growing host bacterium culture,
containing approximately 5 � 108 cells/ml (OD600 ¼ 0.3) to
2.5 ml of ssLA.

2. Mix gently and spread out on the LA agar plates. Allow to dry.

3. Add carefully 5–8 μl drops of the different phage suspensions
containing about 108 PFUs/ml onto the bacterial lawn. When
the liquid dries off, incubate the plates side up at 37 �C for
18 h.

4. Examine the presence of zones of lysis for infectivity.

3.16 Determination

of Host Sensitivity by

the Streak Method

This method is preferred when determining the ability of a given
phage to infect different bacterial strains.

1. Melt ssLA and stabilize the temperature at 50–55 �C.

2. Add a bacteriophage suspension to the melted ssLA, to a final
concentration of 108 PFUs/ml. Mix and pour the mixture
onto a LA plate. Allow to dry completely.

3. Once dry, immediately inoculate slants of the bacterial strains
to be tested for sensitivity on the surface of the agar. Incubate
the plates at 37 �C for 18 h.

4. Consider those showing good growth as the resistant hosts,
whereas sensitive hosts show no growth where the slant was
performed (see Note 24).

4 Notes

1. Performing a calibrating curve between CFU/ml and OD600
values is recommended. While an OD600 ¼ 0.3 roughly corre-
sponds to 108 CFP/ml, different strains/species may yield
different results.

2. Pay attention to the density achieved by the host strain.
Overgrown host lawns will make the multiplication of the
phage difficult to detect.

3. If the filter unit becomes clogged, change to a new one in
subsequent steps.

4. Larger volumes are possible when using PES membranes
instead of PVDF [30].

5. Some phages of Inoviridae family may lose their infectivity if
they are exposed to chloroform. For these phages, use filtration
methods instead. Chloroform will not affect phages from the
Myoviridae, Siphoviridae, Podoviridae, orMicroviridae families,
the most abundant infecting E. coli [31] (Fig. 3).
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6. Another popular buffer for phage dilution is SM, equivalent to
phage buffer but with the addition of 2% gelatin. Phosphate
buffers are not recommended because they reduce slightly the
infection efficiency.

7. The gel strength of ssLA is critical to obtain good results, and,
if possible, different agar concentrations should be tested. We
routinely employ 0.7% agar, but other concentrations may be
required for bacteria other than E. coli. The optimal ssLA gel
strength shall produce the highest plaque counts, but avoid
confluent or very small plaques.

8. Addition of 0.5% (v,w) of glycerol, 0.2% (v,w) glucose, or
sub-inhibitory concentration of antibiotics (<5 μg/ml) to
ssLA will produce larger plaques [32].

9. Longer incubation periods may be necessary. Some strains
require up to 18 h to yield a good phage titer.

10. Centrifuging at speeds above 1000 � g may reside in physical
damage to the phage capsid. Loss of virion integrity may result
in reduced infectivity and increased sensitivity to DNAse deg-
radation. Spin for longer times to reduce the volume further
and increase concentration, but do not let the filter go dry.

Fig. 3 Electron micrographs of different E. coli DNA phages. Pictures show isolated phages or in groups.
Negative staining with 2% ammonium molybdate, pH 7.2. Scale bar corresponds to 100 nm
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11. A desired volume of phage buffer may be used to wash the
upper parts of the tube and increase phage recovery.

12. Similar efficiency is obtained when using PEG 6000 at 10%.

13. PEG is difficult to dissolve, but a complete dilution is required
for a good phage recovery. Shake vigorously until it dissolves
completely.

14. If a thick white interphase appears, this is sign of a high load of
protein debris. Repeat phenol-chloroform extractions until this
thick interphase disappears.

15. Phase Lock Gel tubes improve the recovery of the aqueous
phase, but they can be substituted by conventional 1.5 ml
tubes. If the latter are used, pay caution on not disturbing the
interphase when pipetting.

16. Membranes kept at 4 �C should be wrapped in plastic film and
kept flat (e.g., inside a book) to avoid wrinkling.

17. This applies to DIG-labeled probes. Other labeling molecules
may be used and detected following the manufacturer’s
instructions.

18. The hybridization temperature is determined by the probe. For
short probes (<25 bp), use 5 �C below the melting tempera-
ture. For longer probes, as dUTP-DIG-labeled PCR frag-
ments, and probes targeting E. coli chromosome, typical
temperatures range 60–64 �C.

19. For hybridization with DIG-labeled probes: If spotty back-
ground is observed, do not include MgCl2 in the Buffer
3. Change the plates at each washing step.

20. If necessary, use ddH2O to balance tubes before placing them
in the rotor.

21. It could take some minutes until the first drop falls. The needle
may be rapped gently to remove air bubbles and allow drops
to fall.

22. Alternatively, Amicon tubes can be used to remove CsCl salts.
In this case, add the volume corresponding to the gray band to
the Amicon tube. Centrifuge and rinse the concentrate with
the same volume of phage buffer. Repeat the procedure twice.

23. The grid may be kept at RT for some weeks if it is placed inside
a desiccator to avoid humidity.

24. Perform a negative control growing the strain on ssLA without
bacteriophages.
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Chapter 5

Detection and Characterization of Transposons in Bacteria

Catherine Guynet, Phan Thai Nguyen Le, Michael Chandler,
and Bao Ton-Hoang

Abstract

Bacterial transposons, through their ability to transfer DNA sequences from one position in the genome to
another, play a central role in the shape and the evolution of genomes. Extensive studies have been
performed during the last five decades to understand the molecular mechanisms involved in the transposi-
tion of a variety of elements. Among the methods used, the papillation and the mating out coupled to
arbitrary primed PCR assays described in this chapter are widely used as very powerful approaches to detect
and characterize transposition events in vivo.

Key words Transposition, Transposon, Mating out, Arbitrary primed PCR, Papillation

1 Introduction

Bacterial transposons, also referred to as “jumping genes,” have
been studied extensively for more than half century. These are
discrete segments of DNA that can move and mobilize DNA
sequences into many different sites within a genome, using original
mechanisms that do not involve large regions of DNA homology
between the transposon and their target. Understanding these
mechanisms is fundamental to decipher the structure and dynamics
of evolution of genomes and also provides powerful tools for
genetic engineering from random mutagenesis in prokaryotes to
gene therapies in human. The major transposition mechanisms
have been uncovered by the study of a relatively small number of
transposons, revealing that transposition occurs by a handful of
mechanisms that are used in different combinations. These
mechanisms are associated with several intrinsic characteristics of
the transposons, including the length and sequence of their ends,
the nature of transposition intermediates, the target sequences into
which they insert, the gain or loss of DNA sequence upon inser-
tion, but principally the enzymes that catalyze their movement,
their transposases [1–3]. Several families of transposases have
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been identified. They can be broadly divided into two groups
depending on the chemistry of the cleavage reactions. The first
group comprises transposases that form a covalent intermediate
with DNA, such as the serine (S), tyrosine (Y and Y1), and rolling
circle (or Y2) transposases, and the second group that do not. This
latter group includes transposases that carry a conserved triad of
acidic residues, the DDE motif, which coordinates two metal ions
required for DNA cleavage and strand joining.

Here, we describe two complementary methods for estimating
the frequency of transposition that have contributed to important
achievements in the characterization of numerous transposition
pathways in bacteria, such as those of the paradigms of the DDE
transposons (including IS911, Tn5, Tn10, Tn7, and Mu) and the
Y1 and the Y2 transposons. These are called accordingly to types of
transposases where DDE and Y correspond to residues constituting
their respective catalytic sites. It should be noted that these meth-
ods do not permit determination of absolute transposition frequen-
cies. For accurate measures of the number of events per cell per
generation, the relatively laborious Luria and Delbrück fluctuation
test [4] remains the chosen method. The first method, the papilla-
tion assay, permits straightforward in vivo analysis of transposition
activity. The second method is the mating out assay. This allows
detection of transposition events and measurement of transposition
frequencies in vivo and may be completed by the sequencing of the
insertion sites by arbitrary primed PCR. These two assays can thus
be further used as a routine test to characterize transposon ends and
analyze transposase mutants and the impact of host factors on the
mobility. Papillation and mating out assays are complementary
methods and can be further completed by in vitro studies (see
also Chapter 12).

1.1 Papillation Assay The papillation assay is a powerful and widely used technique
initially developed for the analysis of Tn10 and Tn5 transposition
activities [5, 6]. This method was then largely exploited for other
bacterial transposable elements such as Tn7 [7], IS1 [8], IS903
[9, 10], Mu [11, 12], and Tn4430 [13]. Independently of transpo-
sition mechanisms, the assay allows the visual detection of transpo-
sition within a bacterial colony after prolonged incubation. It
monitors transposition events of a synthetic transposon as colored
microcolonies (papillae), growing on colorless E. coli colonies on
indicator plates, with each papilla representing an independent
transposition event. The synthetic transposon carries a cryptic
lacZ reporter gene (no start codon or promoterless to create trans-
lational or transcriptional fusion upon transposition). The plasmid
carrying this synthetic transposon alone cannot confer a Lac phe-
notype to a lac� bacterial strain on indicator plates. Successful
transposition-dependent rearrangements which bring lacZ into an
active transcriptional unit in the appropriate orientation and in
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frame will permit the expression of the gene seen as Lac+ papillae on
Lac� colonies. The advantages of this assay are the sensitivity and
the possibility to screen simultaneously a large number of mutants
of transposase or host factor mutants generated by random muta-
genesis [7, 9, 10, 13]. The overall transposition frequency within
each colony (each mutant) can be semi-quantified as the number of
papillae per colony. In the assay described here, papillation effi-
ciency can be modulated over a wide range of concentration of
inducer used to express the transposase. The assay is also adjustable
by varying several factors and necessitates optimization for each
transposon to permit modulation of transposition frequency to
variable levels. For each particular transposon system, it is easier
to work with two compatible plasmids providing a synthetic trans-
poson and transposase separately although both components can
be combined on the same plasmid [12].

1.2 Mating Out Assay The mating out assay described here is adapted from Galas and
Chandler, 1982 [14], for IS1, but has been developed for studying
a number of other transposons (e.g., Tn9 [14], Tn5 [15], IS911
[16], IS91 [17], IS608 [18]). This method consists in conjugative
transfer of a plasmid used as a target for transposon insertions from
donor to recipient Escherichia coli cells. The transposon donor is
carried by a second non-mobilizable plasmid. The transposon
donor carries usually a modified transposon containing a selectable
marker gene (such as an antibiotic gene) or a synthetic transposon
composed of a selectable marker gene flanked by the ends of the
transposon. In the latter case, the transposase can be produced from
the same plasmid or a second plasmid. The frequency of transposi-
tion is then determined by scoring for the presence of the transpo-
son in the recipient cell. In the strictest sense, it is therefore not a
true measure of the frequency, expressed as events per cell per
generation. However, if each mating is performed in an identical
manner, and if each culture undergoes the same number of genera-
tions of growth, the relative proportion of plasmids having received
the transposon provides a reasonable estimate of the relative fre-
quency of these events [14]. A similar assay, which is not described
here, has been also used to monitor in vivo transposition levels
[19]. In this “lambda hop” assay, the transposon derivative trans-
poses from a replication and integration defective variant of bacte-
riophage lambda upon phage infection. The mating out assay can
be associated with the sequencing of transposon insertion sites on
the target conjugative plasmid by using the arbitrary primed PCR
method. This consists of two cycles of low stringency PCR amplifi-
cation followed by a higher stringency PCR [20]. It has been used
to characterize the target specificity of different transposons
[21, 22].
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2 Materials

For batch cultivation, LB (Luria-Bertani) medium is commonly
used, supplemented where necessary with appropriate selective
antibiotics: 10 or 30 μg/ml chloramphenicol (Cm); 20 μg/ml
kanamycin (Km); 100 μg/ml ampicillin (Ap); 30 μg/ml spectino-
mycin (Sp); and 20 μg/ml streptomycin (Sm).

2.1 Papillation

2.1.1 Bacterial Strains

1. The standard lac� strain DH5α can be used as papillation
indicator strain (F� endA1 glnV44 thi-1 recA1 relA1 gyrA96
deoR nupG purB20 φ80dlacZΔM15 Δ(lacZYA-argF)U169,
hsdR17(rK

�mK
+), λ�) (see Note 1).

2.1.2 Plasmids 1. Synthetic transposon donor plasmid:
The donor plasmid is usually a pBR322-based replicon carrying
the bla gene encoding ampicillin resistance (ApR) and a syn-
thetic transposon where the cognate transposase gene is
replaced by Δ1–8 truncated lacZ gene translationally fused to
the left transposon end (see Note 2).

2. Transposase donor plasmid:
The second compatible plasmid drives inducible expression of
the transposase gene. In this replicon (a p15A or pSC101
derivative; see Note 3), the transposase-encoding gene is
expressed under the control of the inducible promoter ara-
BAD (see Notes 4 and 5).

2.1.3 Indicator Plates 1. 20% (w/v) lactose: Dissolve 40 g of lactose in 200 ml water,
and autoclave 30 min at 110 �C (see Note 6). Store at room
temperature.

2. 20% (w/v) arabinose: Dissolve 20 g of arabinose in 100 ml
water, and autoclave at 110 �C during 30 min. Store at room
temperature.

3. 40 mg/ml X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galacto-
pyranoside): Dissolve 40 mg of X-Gal in 1 ml of N,N-
dimethylformamide. Store at �20 �C.

4. 0.05% lactose, 40 μg/ml X-Gal LA plates: Prepare 1 l of LB
medium, and add 15 g·l�1 of agar. Autoclave 20 min at 120 �C.
Add 2.5 ml of 20% lactose and 1 ml of 40 mg/ml X-Gal just
before pouring plates (see Note 7).

5. 1% lactose MacConkey plates: Dissolve 40 g of MacConkey
agar base in 950 ml of distilled water (see Note 8). Autoclave
20min at 120 �C. Add 50ml of lactose 20% just before pouring
plates (see Note 7).
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2.2 Mating Out Assay

2.2.1 Bacterial Strains

1. Donor strain: the standard DH5α strain can be used (F� endA1
glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20
φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK

�mK
+),

λ�) (see Note 1).

2. Recipient strain: any strain that can be counter-selected (see
Note 9).

2.2.2 Plasmids The assay requires the use of three replicons that are carefully
chosen as a function of their compatibility and the antibiotic resis-
tance genes they carry for selection.

1. Transposon donor plasmid:
The standard transposon donor plasmid is a pBR322-based
replicon carrying a synthetic transposon composed of the left
and right transposon ends flanking the chloramphenicol acet-
yltransferase gene (CmR; see Note 10).

2. Target plasmid:
The conjugal transposon-free replicon pOX38Km is used as a
target.

3. Transposase donor:
The transposase donor plasmid carries the transposase gene
expressed under the control of the inducible promoter ara-
BAD from a p15A- or pSC101-based plasmid (see Subheading
2.1.2 and Notes 3–5).

2.2.3 Arbitrary Primed

PCR for Insertion

Sequencing

1. Oligonucleotides:
Primers 1 and 2 are transposon-specific primers. These should
both be standard primers withTm of 60–65 �C. Primer 1 should
be more distal from the transposon end and used in the first
PCR cycle, and Primer 2 is more proximal to the transposon
end and used in the second PCR cycle. ARB1 is a degenerate
arbitrary primer designed to hybridize promiscuously at low
annealing temperatures, and ARB2 is designed to hybridize to
the products of ARB1 in the second PCR cycle.
Primer 1: a 20 nt oligonucleotide complementary to the trans-

poson left end (within the 150 bp of the transposon
end).

Primer 2: a 20 nt oligonucleotide complementary to the trans-
poson left end, more proximal than Primer 1.

ARB1: a degenerate arbitrary primer designed to hybridize
promiscuously at low annealing temperatures.

ARB1: 50 GGCCACGCGTCGACTAGTAC(N)10GACTG.
ARB2: 50 GGCCACGCGTCGACTAGTAC.

2. Taq polymerase.

3. PCR purification kit.
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3 Methods

3.1 Papillation 1. Co-transform the indicator strain with the synthetic transposon
donor and the transposase plasmids.

2. Plate suitable dilutions to obtain approximately 100 colonies
per plate on indicator plates (MacConkey lactose or LB agar
lactose X-Gal) with appropriate antibiotics and arabinose
(depending on specific systems, test different concentrations
of arabinose, usually up to 10�1%).

3. Count the total number of colonies and papillae after various
periods of incubation for up to 120 h at 37 �C (seeNote 2). In
the case of specific mutants, score approximately 500 colonies
for each condition. The frequency of papillation is then
expressed as the ratio of the number of papillae per colony.

3.2 Mating Out Assay

3.2.1 Mating Out

1. Introduce the transposon donor, the transposase donor, and
the target plasmids into the DH5α strain to get the donor
strain.

2. Inoculate a 10 ml LB pre-culture, containing necessary anti-
biotics to select all three plasmids with an isolated colony of the
donor strain on LB agar, and incubate overnight at 37 �C
under agitation.

In parallel, inoculate a 10 ml LB pre-culture, containing
necessary antibiotics with an isolated colony of the recipient
strain on LB agar, and incubate overnight at 37 �C under
agitation.

3. Dilute the pre-culture of the donor strain 200-fold in 30 ml of
fresh LB medium containing appropriate arabinose concentra-
tion (to induce transposase expression) but without antibiotics,
and incubate at 37 �C under agitation until OD600nm � 0.5.

Dilute the pre-culture of the recipient strain 200-fold in
30 ml of fresh LB medium without antibiotics, and incubate at
37 �C.

4. Once the donor strain culture reaches an OD600nm � 0.5, stop
agitation, and incubate for 1 h at 37 �C. In parallel, dilute the
recipient cells again so that the culture reaches an OD600nm� 1
after 1 h incubation at 37 �C with agitation (see Note 11).

5. Mix the donor cells with the recipient at a 1:1 ratio, and
incubate for 1 h at 37 �C.

6. Plate suitable dilutions on LB agar plates supplemented with
appropriate antibiotics to select transconjugants carrying the
marker of the conjugative plasmid for scoring transfer and
transconjugants carrying the transposon marker for scoring
integration. Incubate at 37 �C overnight.
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7. Calculate the transposition frequency as the number of trans-
conjugants carrying the transposon divided by the number of
transconjugants carrying the marker of the conjugative
plasmid.

8. The target plasmid in the transconjugant cells can be further
characterized by PCR and restriction digestion.

3.2.2 Insertion

Sequencing: Arbitrary

Primed PCR

1. Suspend single colonies from a plate resulting from the mating
out assay that contain transconjugants carrying the marker of
the conjugative plasmid in 1.5 ml tubes containing 100 μl of
sterile water.

2. Carry out the first PCR cycles with Primer 1 and ARB1 in a
final volume of 50 μl (38 μl of H2O, 5 μl of 10�Taq buffer, 1 μl
of 10 mM dNTP, 2 μl of 20 mM Primer 1, 2 μl of 20 mM
ARB1, 2 μl of bacterial suspension, and 0.2 μl of Taq) with the
following conditions: 5 min at 95 �C, 6 cycles (30 s at 95 �C,
30 s at 30 �C, 1 min 30 s at 72 �C), 30 cycles (30 s at 95 �C,
30 s at 45 �C, 2 min at 72 �C).

3. Carry out the second round of PCRwith Primer 2 and ARB2 in
a final volume of 50 μl (38 μl of H2O, 5 μl of 10� Taq buffer,
1 μl of 10 mM dNTP, 2 μl of 20 mM Primer 2, 2 μl of 20 mM
ARB2, 2 μl of first PCR, and 0.2 μl of Taq) with the following
conditions: 5 min at 95 �C, 30 cycles (30 s at 95 �C, 30 s at
52 �C, 2 min at 72 �C).

4. Purify PCR products with a commercial kit.

5. Sequence the purify PCR products using Primer 2.

4 Notes

1. Other standard E. coli lac� strains such as MC1061recA or
JM109 can be used. recA eliminates homologous recombina-
tion, thus reducing deletion formation and plasmid
multimerization.

2. The step of synthetic transposon construction is crucial. The
host strain harboring the transposon donor plasmid alone (and
empty transposase donor plasmid) should remain Lac� on
indicator plates even after long incubation to ensure that no
accidental activation occurs without transposase and to facili-
tate papillae detection. The expression unit should be pro-
tected from external transcription by transcription
terminators. The translational fusion construction carries the
lacZ gene lacking transcriptional and translational signals
(Δ1–8), fused to the left transposon end sequence to generate
an open reading frame extending through the extremity into
the lacZ gene. Transposition of the element (appropriately
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oriented and in frame) into expressed genes will result in lacZ
gene fusion. For some specific systems (low transposition activ-
ity or site-specific insertion), a transcriptional fusion (synthetic
transposon carrying a promoterless lacZ gene flanked by left
and right ends) can be useful. In these cases, if necessary, the
transposase promoter present in the left end should be inacti-
vated without affecting transpositional activity. Indeed, in both
assays, the transposase is expressed in trans under the control of
inducible external promotor.

If necessary, papillae can be streaked on selective plates to
obtain individual colonies, and insertion sites can be defined by
arbitrary PCR.

3. In the papillation and the mating out assays described here,
transposon and transposase are supplied on pBR322-based and
compatible p15A- or pSC101-based plasmids, respectively.
Depending on systems, other combinations can be tested.

4. Choosing the best expression system depends largely on the
cognate transposase and its level of expression. The araBAD
promoter is repressed more efficiently than lac-derived promo-
ters, reducing any unwanted basal expression. Protein expres-
sion from the araBAD promoter may be modulated to a
limited extent by varying inducer concentrations, and in the
case of transposase basal expression without addition of arabi-
nose, various concentrations of glucose should be tested to
better control expression levels.

5. In the case of weak transposition activity, transposon and trans-
posase modules can be assembled in the same pBR322-derived
plasmid.

6. The lactose powder must be dissolved carefully before auto-
claving. Alternatively, the solution may be filter-sterilized.

7. We recommend pouring the indicator plates the day before use
and allowing them to dry overnight at room temperature.

8. We recommend adding 4 g/l more agar to that contained in
the standard MacConkey agar (usually 13.5 g/l) to obtain
plates which are easier to work with.

9. Recipient strain: any strain that can be counter-selectable.

10. The chloramphenicol acetyltransferase gene is a good select-
able candidate marker for scoring rare events such as transposi-
tion since the level of appearance of spontaneous antibiotic-
resistant mutants upon chloramphenicol selection is very low.

11. If using a recA+ E. coli strain, dilute to an OD600nm � 0.2, and
incubate 1 h at 37 �C with agitation.
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Chapter 6

Measuring Plasmid Conjugation Using Antibiotic Selection

Jorge Rodriguez-Grande and Raul Fernandez-Lopez

Abstract

Plasmid conjugation is intimately linked to the transmission of antibiotic resistances, and many naturally
occurring plasmids carry antibiotic resistance genes. Here we describe classical methods based on the
transmission of antibiotic resistance determinants routinely used to quantify plasmid conjugation under
laboratory conditions. Methods described here are suitable for most plasmid incompatibility groups from
Proteobacteria and can be readily adapted to other bacterial species.

Key words Plasmid conjugation, Antibiotic resistance, Bacterial conjugation

1 Introduction

Joshua Lederberg discovered bacterial conjugation observing the
genetic exchange of a selectable trait between two bacterial popula-
tions, one acting as a donor (D) and another one acting as the
recipient (R) [1]. From this seminal observation onward, experimen-
tal measurements of plasmid transfer have been carried out with the
help of selectable genetic markers. In the early years of bacterial
genetics, these markers were mainly auxotrophies and bacteriophage
susceptibility/resistance genes [2–4]. These first genetic markers,
however, were later replaced by antibiotic resistance genes, which
offered a more robust, faster alternative [5]. Nowadays, antibiotic
selection is themost commonmethod to determine and quantify the
ability of a given plasmid to conjugate under laboratory conditions.
It is based on three different antibiotic resistance genes. The donor
population contains a plasmid-encoded resistance A and a chro-
mosomally encoded antibiotic resistance B, while recipient cells
encode a third, chromosomally encoded, resistance C. Measuring
conjugation by antibiotic selection requires determining the number
of viable cells recovered in plates containing A + C selection (which
corresponds to the number of transconjugants T), compared to the
number of cells growing in B and C alone (donor and recipient
counts, respectively). While the specifics of the protocol vary
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depending on the bacterial species or the plasmid analyzed, all conju-
gation protocols involve putting in contact the donor and recipient
population for a certain period of time, followed by plating in select-
ing media (Fig. 1a). The method described in this chapter is tailored
for the conjugative transfer of common plasmid incompatibility
groups in Proteobacteria. Specific modifications to the protocol to
adapt it to plasmids from different incompatibility groups are shown
in Table 1.

Fig. 1 (a) Scheme of the procedure for conjugation on solid surfaces (D ¼ donor, R ¼ recipient, T ¼ trans-
conjugant) (b) A typical result from a droplet plating assay. D, R, and T cells were retrieved using LA plates
with appropriate antibiotics. Numbers indicate the dilution factor applied. Dilutions showing isolated colonies
(10�4 and 10�5) are selected for the spread plate assay

Table 1
Conjugation conditions for main incompatibility groups

Inc. group Cta Tb Solid/liquid References

IncF 1 h 37 �C Solid/liquid [6, 7]

IncW 1 h 37 �C Solid [6, 7]

IncN 1 h 37 �C Solid [6, 7]

IncP 1 h 37 �C Solid [6, 7]

IncH 2 h 25 �C Solid/liquid [8]

IncI 1 h 37 �C Solid/liquid [6, 9]

IncA/C 6 h 37 �C Solid [7, 10]

IncL/M 2 h 37 �C Solid [6, 7]

IncT 1 h 25 �C Solid/liquid [11]

IncX 1 h 37 �C Solid [6, 7]

aConjugation standard time, in hours
bIncubation temperature for conjugation and D growth
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2 Materials

2.1 Preparing Donor

and Recipient Bacteria

1. Luria broth (LB) basal medium (10 g peptone, 5 g yeast
extract, 10 g NaCl in 1 l distilled water). Adjust the pH to
7.2. Sterilize in the autoclave at 121 �C for 15 min.

2. Selecting antibiotics for D and R strains and for the conjugative
plasmid.

3. Incubator with orbital shaking.

4. OD600 spectrophotometer and appropriate cuvettes.

5. Centrifuge.

2.2 Conjugation

on Solid Surfaces

1. LB agar(LA): LB+ 15 g/l of agar-agar. Autoclave at 121 �C for
15 min.

2. 24-well plates.

2.3 Conjugation

on Liquid Media

1. Incubator with orbital shaking.

2. Vortex.

2.4 Plating

in Selective Media

1. PBS (phosphate-buffered saline) 1�: 8 g/l NaCl, 0.2 g/l KCl,
1.44 g/l Na2HPO4, 0.24 g/l KH2HPO4, pH ¼ 7.4,
autoclaved.

2. Eppendorf tubes (1.5 ml).

3. 90 mm. Petri plates.

4. Selecting antibiotics for D and R strains and for the conjugative
plasmid.

3 Methods

3.1 Growing Donor

and Recipient

Bacterial Cultures

1. Inoculate D and R strains in 10ml LB flasks supplemented with
appropriate antibiotics. Incubate overnight (>15 h) at 37 �C
with orbital shaking.

2. Wash overnight cultures 2�. For that purpose, centrifuge cul-
tures for 100 at 1200 � g, and resuspend the bacterial pellet in
10 ml of fresh LB, without antibiotics. Repeat the procedure
twice to eliminate any trace of residual antibiotics (seeNote 1).

3. Prepare a 1/50 dilution of donor and recipient cultures in fresh
LB without antibiotics. Incubate at 37 �C with orbital shaking
for 2 h (see Note 2).

3.2 Conjugation

on Solid Surfaces

1. Add 1 ml of LA to each of the wells of a 24-well plate. Let LA
solidify and dry for 1 h in a laminar flow cabinet or near the
flame, to prevent contamination.

2. Measure the OD600 absorbance of donor and recipient cul-
tures. Dilute with fresh LB to adjust both cultures to the
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same OD600. Ideally, cultures should be at approximately
OD600 0.5.

3. In a 1.5 ml tube, gently mix 500 μl of donor bacteria with
500 μl of recipients (see Note 3).

4. Centrifuge the conjugation mix for 5 min at 1200� g. Remove
the supernatant, and resuspend the pellet in ~50 μl of LB. Do
not use vortex to resuspend the bacterial pellet.

5. Place 15 μl of the mating mix over the LA surface, in the
24-well plate. Spread the droplet evenly on the surface of
the well.

6. Incubate at 37 �C for 1 h. Different incubation temperatures
and times may be used, depending on the incompatibility
group of the plasmid. Standard temperatures/times are
shown in Table 1. Since plasmid transfer increases geometri-
cally with time, control the incubation time carefully to mini-
mize dispersion in the experimental results.

7. Stop the conjugation by thoroughly pipetting 1 ml of PBS up
and down. Transfer cells to a 1.5 ml tube.

3.3 Conjugation

on Liquid Media

1. Measure the OD600 absorbance of donor and recipient cul-
tures. Dilute with fresh LB to adjust both cultures to the
same OD600. Ideally, cultures should show OD600 < 0.6 (see
Note 3).

2. In a 10 ml tube, add 1 ml of donors +1 ml of recipient bacteria.
Mix gently.

3. Incubate at 37 �C for 1 h. Use mild shaking (<60 rpm) to avoid
breaking the conjugative pilus. Different incubation tempera-
tures and times may be used, depending on the plasmid incom-
patibility group, as shown in Table 1. Since plasmid transfer
increases geometrically in time, control the incubation time
carefully to minimize dispersion in the experimental results.

4. Stop conjugation by vortexing for 1 min.

3.4 Droplet Plating 1. Prepare LA plates supplemented with the appropriate antibio-
tics. For D selection, include the antibiotic encoded by the
plasmid and the chromosomal resistance of the donor strain.
For R enumeration, include the chromosomally encoded resis-
tance of the recipient strain. For T counting, include the plas-
mid resistance and the resistance carried by the recipient strain.
Let LA plates dry in a sterile laminar hood cabinet, or under the
flame.

2. Fill 1.5 ml tubes with 900 μl of PBS for serial dilution. Prepare
at least five tubes for each sample.

3. Prepare serial dilutions by mixing 100 μl of the bacterial sus-
pension with 900 μl of sterile PBS. Make sure to mix
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thoroughly and change the pipette tip between dilutions. Pre-
pare tubes with dilution factor from 10�1 to 10�6.

4. On the selection plates, carefully deposit a 10 μl droplet of each
dilution. Avoid mixing droplets from different dilution factors.
Let the droplets dry on the surface of the agar.

5. Incubate the selection plates at 37 �C overnight.

6. Check which dilution factor(s) produce isolated colonies
(Fig. 1b). Those dilution factors will be used to obtain cell
counts in the spread plate assay.

3.5 Spread Plate

Assay

1. Repeat the protocol from Subheading 3.1 to 3.2, step 7 for
conjugation on solid surfaces or, alternatively, to Subheading
3.3, step 5 for conjugation in liquid media.

2. Prepare the appropriate selecting LA plates. Each dilution will
be plated by triplicate, and typically two dilutions are plated per
D/R/T counting. Thus, prepare at least six plates per sample.

3. Prepare serial dilutions in sterile PBS as in Subheading 3.4.

4. For dilution factors that rendered isolated colonies in the drop-
let plating assay, spread 100 μl of the bacterial suspension on
top of the LA plate. Spread the culture thoroughly on the
surface of the plate. Plate each sample by triplicate.

5. Incubate plates at 37 �C overnight.

6. Count the number of colonies appearing in each plate, applying
the appropriate dilution factor to obtain the actual counts of D,
R, and T cells.

3.6 Calculating

Conjugation

Frequencies

Conjugation efficiency is usually measured in terms of the conjuga-
tion frequency, that is, the amount of transconjugant cells observed
per donor (FCD ¼ T/D) or recipient cell (FCR ¼ T/R). For
conjugation mixes with approximately 1:1 D/R ratio, FCD and
FCR values are usually similar. In order to calculate FCD or FCR,
average D, R, and T counts from the three plating replicates. Since
transconjugant number increases geometrically (T cells can act as
plasmid donors), a considerable number of biological replicates
(independent experiments) are usually required to achieve values
with good statistical significance. For plasmids with FCD ~
0.01–0.1 T/D h�1, typically at least seven independent measure-
ments are required.

4 Notes

1. Residual antibiotics have a deleterious effect on conjugation
frequencies; thorough washing is required to obtain reproduc-
ible conjugation frequencies.
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2. It might be necessary to adjust the dilution factor/incubation
time, depending on the growth rate of donor and recipient
bacteria. The goal is to get both cultures into exponential
phase, before making the conjugation mix. Avoid vigorous
shaking to prevent breaking of the conjugative pilus.

3. While 1:1 D/R maximizes the number of transconjugants
generated, for some applications, it is convenient to modify
this ratio. For example, if we are analyzing the effect of some
mutation occurring in D cells, it is appropriate to prepare a
conjugation mix in which donor cells become the limiting
factor (1 D, 100 R). Similarly, there might be instances in
which we want to make sure that every recipient cell gets in
contact with a suitable donor. In those cases we can prepare a
100 D:1 R mix. It is important to realize that FCD and FCR
values are specific of the D:R ratio employed; thus they are not
comparable between experiments unless similar D:R propor-
tions have been used.
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Chapter 7

Measuring Plasmid Conjugation Using Fluorescent
Reporters

Carolina Palencia-Gandara, Raul Ruiz, and Raul Fernandez-Lopez

Abstract

Fluorescence-based methods are increasingly popular because they (1) offer a faster alternative to labor-
intensive traditional methods, (2) enable the development of automated high-throughput screening
procedures, and (3) allow direct visualization of biological processes. Here we describe three
fluorescence-based methods applicable for the detection and quantitation of plasmid conjugation. The
first method uses flow cytometry as a fast and reliable alternative to traditional plating methods. A second
one employs fluorescence expression for high-throughput analysis of plasmid conjugation. Finally we
review a third method that enables direct visualization of plasmid transfer under the microscope.

Key words Plasmid conjugation, Bacterial conjugation, Flow cytometry, Fluorescent proteins, SeqA

1 Introduction

Quantifying bacterial conjugation involves measuring the number
of transfer events occurring when a population of plasmid-
containing cells (the donors) gets in contact with a population of
susceptible bacteria (the recipients), for a certain amount of time.
Classically, the enumeration of donor, recipients, and transconju-
gants is based on some selectable marker, typically an antibiotic
resistance gene, encoded by the conjugative plasmid. While antibi-
otic selection is still the most common method to quantify plasmid
transfer, fluorescent reporters are an increasingly popular alterna-
tive. Here we describe three different methods to quantify plasmid
conjugation employing fluorescence reporters. The first one is
conceptually similar to classical methods based on antibiotic selec-
tion, and it is based on transconjugant detection by flow cytometry
[1–6]. A gene encoding some fluorescent protein (FP) is intro-
duced in the genome of the conjugative plasmid, while donors
and/or recipients are tagged with a different FP(s). This way,
donors, recipients, and transconjugants produce different fluores-
cence profiles, allowing their discrimination using a flow cytometer
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(Fig. 1a). A second method involves the specific production of
fluorescence upon the transfer of a conjugative plasmid. In this
method, production of the FP is repressed in the donors but
allowed in the transconjugants (Fig. 2a). Thus, the total fluores-
cence produced by a culture provides a proxy for the amount of
transconjugants present in the population (Fig. 1b). This method is
particularly suited for high-throughput screening of compounds or
mutants affecting plasmid transfer [7–9]. Finally, the third method
described here is based on an FP-tagged derivative of protein SeqA
[10]. This method is able to detect conjugation based on the
formation of distinct fluorescent foci, observable by fluorescence
microscopy (Fig. 2a). This method does not depend on the label-
ling of the transferred DNA molecule and allows direct visualiza-
tion of horizontal gene transfer.

2 Materials

2.1 Measuring

Conjugation Using

Flow Cytometry

1. A donor strain containing the FP-tagged conjugative plasmid
(see Note 1).

2. A recipient strain with a compatible FP inserted into the chro-
mosome or located in a non-mobilizable plasmid (see Note 1).

Fig. 1 (a) Scheme of the FP-based assay for determination of plasmid transfer rates using flow cytometry. A
gene for GFP expression is inserted in the conjugative plasmid (green arrow), while a gene for RFP expression
is inserted in the chromosome of the recipient cells (red arrow). Upon transfer of the plasmid, transconjugants
express both FPs (b) Flow cytometry scatter plots. On the x-axis, fluorescence levels, in logarithmic scale, for
GFP (Ex. 488 nm/Em. 530/30 nm). On the y-axis, fluorescence levels, in logarithmic scale, for RFP
(Ex. 488 nm/Em. 670 LP). Donor cells are shown on the left panel, and recipient cells are shown in the
middle panel. The right panel shows cells retrieved after 1 h conjugation. GFP+ RFP+ cells, corresponding to
transconjugants, appear in the upper-right quadrant
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Fig. 2 (a) Scheme for the FP-based assay for high-throughput screening of compounds/mutants affecting
plasmid transfer. A gene for GFP expression (green arrow) is inserted in the chromosome of the plasmid under
a T7 RNApol-dependent promoter. E. coli BL21 (T7 RNApol +), on the right, is used as a recipient, allowing the
detection of conjugation by monitoring GFP expression (b) Upper chart shows the normalized fluorescence/
OD600 distribution obtained using a library of 1400 different mutants as donors. Red areas denote values
below and above 4σ significance, selected for secondary screening. Lower chart shows the values retrieved
for the 1400 mutants tested, and red lines indicate the 4σ threshold
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3. Luria broth (LB) medium: 10 g peptone, 5 g yeast extract, 10 g
NaCl in 1 L distilled water. Adjust the pH so that after sterili-
zation, it will be 7.2. Sterilize in the autoclave at 121 �C for
15 min.

4. Sterile 24-well plate.

5. Luria broth agar 1.5% (LA).

6. Bench centrifuge.

7. Filter sterilized phosphate-buffered saline (PBS) 1�: 8 g/L
NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 0.24 g/L
KH2HPO4, pH ¼ 7.4 (see Note 2).

8. 4% paraformaldehyde (PFA) in 1� PBS (optional).

9. Flow cytometer.

2.2 Measuring

Conjugation Using

Fluorescence Profiling:

High-Throughput

Conjugation

1. Donor strain, carrying an FP-tagged conjugative plasmid.

2. Recipient strain: Escherichia coli BLB21 (DE3).

3. Luria broth (LB) medium: 10 g peptone, 5 g yeast extract, 10 g
NaCl in 1 L distilled water. Adjust the pH so that after sterili-
zation, it will be 7.2. Sterilize in the autoclave at 121 �C for
15 min.

4. Luria broth agar 1.5% (LA).

5. 96-well deep-well plates (Axigen).

6. 96-well microtiter plates (Bioster).

7. 1 mM IPTG (isopropyl-β-D-thiogalactopyranoside).
8. Sterile 96-well sealing mats.

9. Sterile 10 mL tubes.

10. Centrifuge.

11. Liquid handling robot/multichannel pipette.

12. Incubator at 37 �C.

13. PBS (phosphate-buffered saline) 1�: 8 g/L NaCl, 0.2 g/L
KCl, 1.44 g/L Na2HPO4, 0.24 g/L KH2HPO4, pH ¼ 7.4,
autoclaved.

14. 96-well microtiter plates.

15. Liquid handling robot.

16. Fluorescence plate reader.

2.3 Measuring

Conjugation Using

Fluorescence

Microscopy

1. Donor strain: carrying a conjugative plasmid or an Hfr strain.

2. Recipients: E. coli MG1655 dam- SeqA-YFP [10].

3. M9 medium: M9 salts supplemented with 100 μM CaCl2,
20 mM MgSO4, 0.2% casamino acids, and 0.5% glucose (see
Note 3).

4. Agarose.
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5. Bench centrifuge.

6. Incubator at 37 �C.

7. 24-well culture plate.

8. Microscope slides and coverslips.

9. Incubation chambers (Frame-Seal™ Incubation Chamber,
Bio-Rad).

10. Inverted epifluorescence microscope.

3 Methods

3.1 Measuring

Conjugation Using

Flow Cytometry

Quantifying plasmid transfer requires measuring the proportion of
donor, recipient, and transconjugant cells present in a complex
population. This, in turn, requires tagging these subpopulations
with some detectable marker. The wide palette of FPs with different
spectral properties constitutes a suitable option for the discrimina-
tion of these subpopulations using flow cytometry [11]. The ratio-
nale of the assay is expression of different FPs in each of the
subpopulations. The cloning of one FP in the genome of the
conjugative plasmid allows the detection of donor cells. The clon-
ing of a second, distinguishable FP in the genome (or in a
non-mobilizable plasmid) in the recipients allows the detection of
these cells in a second fluorescence channel. Transconjugants,
which express both FPs, produce a signal in both fluorescence
channels. This way, flow cytometry is able to determine the number
of each species in a complex conjugation mix (Fig. 1b).

3.1.1 Preparation

of Donor and Recipient

Cultures

1. The basic requisite for the performance of this protocol is that
the FPs selected must be compatible, that is, fluorescence bleed
through from one fluorescence channel to the other should not
prevent the clear differentiation between both fluorophores (see
Note 4). The protocol described here is based on plasmid and
bacteria tagged with constitutively expressed FPs [1] but can be
modified to induce FP expression if needed [6].

2. Inoculate donor and recipient strains in LB supplemented with
appropriate antibiotics. Include a negative control, an isogenic
strain without FP tagging, for proper calibration of the cyt-
ometer. Incubate overnight at 37 �C with agitation.

3. Refresh cultures making a 1/100 dilution in fresh LB contain-
ing appropriate antibiotics. Incubate at 37 �C with agitation
for 2 h.

4. Wash the cultures twice to eliminate traces of antibiotics.
For this purpose, centrifuge cultures for 10 min at 2000 � g,
remove the supernatant, and resuspend it in the same volume
of fresh LB.
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3.1.2 Calibration of Flow

Cytometry Parameters

1. Prepare three tubes with 1 mL of sterile PBS. Add 10 μL of
donor, recipient, and control cultures.

2. In the flow cytometer, using the negative control (untagged
strain), calibrate laser intensity and photomultiplier (PMT)
voltage for a clear discrimination of the bacterial population
in a log/log forward scatter (FSC)/side scatter (SSC) plot (see
Note 5). Collect at least 20,000 events.

3. Using pure donor and recipient cultures, calibrate laser and
PMT voltages for clear discrimination of donor and recipient
fluorescence, drawing the appropriate quadrants in FP/FP
scatter plots, as shown in Fig. 2b.

4. Mix pure donor and recipient cultures in a 1:1 ratio, and check
that no events show up in the quadrant corresponding to
double positive cells, where transconjugants are expected to
appear. Save parameters and proceed with the conjugation
assay.

3.1.3 Conjugation Assay 1. Fill the wells of a sterile 24-well plate with 1 mL of LA. Let the
agar to solidify and dry for 30 min in a laminar flow cabinet.

2. Prepare a donor/recipient mix in 1:1 ratio, with 400 μL final
volume. Centrifuge and resuspend the cell pellet in 40 μL of
fresh LB.

3. Deposit 10 μL of the conjugation mix on the LA surface in the
24-well plate. Spread the droplet uniformly in the well. Incu-
bate at 37 �C for 1 h.

4. Resuspend bacterial cells using 1 mL of sterile PBS. Proceed
directly to flow cytometry assay (Subheading 3.1.5) or to
paraformaldehyde fixation (Subheading 3.1.4) if the analysis
is to be performed later.

3.1.4 Paraformaldehyde

Fixation

1. Immediate analysis by flow cytometry is preferred because it
yields more reproducible results. However, if needed, cells can
be treated with paraformaldehyde and stored at 4 �C until
analyzed. The following steps are thus optional but should be
performed if cells are expected to be in PBS for more than 1 h
after conjugation is interrupted.

2. Pellet cells by centrifugation and resuspend them in 4% PFA in
1� PBS solution.

3. Incubate for 15 min at room temperature.

4. Harvest cells by centrifugation and wash twice with 1� PBS.
Store at 4 �C (see Note 6).

3.1.5 Flow Cytometry 1. Apply the appropriate voltages and gates, defined in Subhead-
ing 3.1.2.
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2. Set the flow cytometer to slow flow, and acquire data at a rate
below 1000 events per second. Acquire at least 20,000 events.

3. Determine the number of donors, recipients, and transconju-
gants depending on the events appearing in each of the quad-
rants defined in Subheading 3.1.2 (Fig. 1b).

3.2 Measuring

Conjugation Using

Fluorescence Profiling:

High-Throughput

Conjugation

Fluorescence profiling allows high-throughput screening of large
libraries of compounds or mutants, for fast assessment of their
effect on the conjugation ability of a given plasmid. These methods
have been successfully applied to plasmids R388 and F [9], but the
protocol described here can be applied to any other conjugative
plasmid. The only requirement is that the conjugative plasmid is
tagged with a FP, under a transcriptional control circuit that allows
its expression only in the transconjugant cells. Here we employ
plasmid R388 tagged with a gfp gene under the control of a PT7
promoter. Using recipient cells encoding T7 RNA polymerase, we
guarantee GFP production only in transconjugant cells (Fig. 2a).
Other differential expression strategies, such as Lac repression in
the donors, have been also successfully employed and are concep-
tually equivalent to the method described here [6].

3.2.1 Preparation

of Donor and Recipient

Cultures

1. Inoculate donor and recipient strains in LB supplemented with
appropriate antibiotics. If libraries of donor/recipient strains
are to be used, inoculate cells in deep-well 96-well plates. Grow
at 37 �C overnight.

2. Make a 1/1000 dilution in fresh LB without antibiotics, and
grow the cultures overnight (see Note 7). Inoculate at least
three wells with a wild-type strain which will serve as an internal
positive control (see Note 8). Grow at 37 �C overnight.

3.2.2 Preparation

of Conjugation Substrate

1. Melt LA stock (1.5%), and dilute the agar concentration to 1%
by adding 1/3 sterile LB. If FP expression is under the control
of an inducible promoter, add the appropriate concentration of
inducer to the LB. For PT7 expression, add IPTG to a final
concentration of 1 mM. Keep the melted LA in a warm water
bath to avoid premature solidification.

2. If a library of compounds is to be tested, using a liquid
handling robot or an multichannel pipette, add the appropriate
amount of compound to each well prior to the pouring of the
LA. If the compounds to be tested are dissolved in DMSO, do
not exceed 10% final DMSO concentration, because higher
ratios have a negative impact on plasmid conjugation efficiency
[7, 12].

3. Fill a 96-well microtiter plate with LA. For this purpose, pour
150 μL of LA in each well. Leave it to dry for approximately
30 min in a laminar flow cabinet, cover with a sterile sealing
mat, and store.
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3.2.3 Conjugation 1. Using a liquid handling robot or a multichannel pipette, add
200 μL of recipient culture to each well in the donor culture
plate.

2. Gently shake the plate to ensure proper mixing of donor and
recipient bacteria.

3. Using a liquid handling robot, or a multichannel pipette,
deposit 10 μL of the donor/recipients mix on top of each of
the LA agar of the plate prepared in Subheading 3.2.2. Take
care to ensure that the droplet is deposited on top of the agar,
and not pierced into the well.

4. Gently shake the plate for the culture to distribute equally
around the well.

5. Take the conjugation plate to 37 �C, and leave it uncovered for
about 45 min to ensure complete drying and adsorption of the
conjugative mix.

6. Once the plate is dry, cover the plate with a sealing mat, and let
conjugation to occur for 6 h at 37 �C.

3.2.4 Measurements 1. With a liquid handling robot or a multichannel pipette, pour
190 μL of sterile PBS, and resuspend the mating mixture with
at least 4 cycles of aspiration/release. Transfer 150 μL to a new
96-well plate in order to measure OD600 and fluorescence.

2. In a plate reader, measure OD600 and fluorescence values for
each cell, and calculate the fluorescence/OD600 ratio.

3. Normalize fluorescence/OD600 values by the average obtained
for the 3 wells containing positive controls.

4. In order to identify those mutants/compounds that affect
conjugation, represent the distribution of normalized fluores-
cence/OD600 values. Upon inspection of the distribution,
choose the appropriate thresholds to determine which com-
pounds/mutants shall be included in further screenings.
Typically, values with 3–4 standard deviation significance
(0.997–0.9999) are selected for secondary screening (Fig. 2b).

3.3 Measuring

Conjugation Using

Fluorescence

Microscopy

The following method was developed by Babic et al. [10] and
allows direct visualization of plasmid transfer using fluorescence
microscopy. Its main advantage is its independence from plasmid
labelling. Plasmid visualization is based on a FP-tagged protein
present in recipient cells; thus the procedure is directly applicable
to wt plasmids, without the need of genetic manipulation. Plasmid
visualization depends on the ability of protein SeqA to bind hemi-
methylated DNA [13]. In wild-type cells, Dam methylase incorpo-
rates a methyl group at the A residue of 50GATC sequences. Since
this sequence is palindromic, both DNA strands are usually methy-
lated. The physiological role of SeqA is to bind to newly replicated,
hemimethylated GATC sequences, preventing premature DNA
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replication [13]. Thus, in a wt cell, a SeqA-YFP fusion forms foci on
active replication forks. In a dam– mutant, however, SeqA-YFP
generates a uniform, diffuse fluorescence pattern [10]. Conjugation
from a dam+ strain into a dam- strain generates a DNA molecule
that becomes permanently hemimethylated. SeqA-YFP binds this
molecule, forming a distinct fluorescent focus that can be observed
under the microscope (Fig. 3). The number of foci thus is an

Fig. 3 (a) Scheme of the SeqA-YFP assay for visualization of plasmid conjugation under the microscope. The
assay is based on a dam– SeqA-YFP receptor cell (on the right), which upon receiving a plasmid by
conjugation forms a distinct fluorescent focus (b) Typical images of a SeqA-YFP conjugation assay, as
visualized using a 100� 1.4 NA objective. Upper-left panel shows the phase-contrast image. Upper-right
and Lower-left correspond, respectively, to the YFP and RFP fluorescence channels. Lower-right image
corresponds to the merge of YFP and RFP channels. RFP+ cells correspond to E. coli Bw27781 carrying
conjugative plasmid R1drd19 (donors). Foci formation in recipient cells is indicated by a yellow arrow
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indication of the number of horizontally transferred plasmids. For
clearer interpretation of the microscopy images, donor cells are
usually tagged with a second FP. Although fluoresce microscopy
is a labor-intensive procedure, this method can be coupled to
microfluidic devices for high-throughput microscopy [14, 15].

3.3.1 Preparation

of Donor and Recipient

Cultures

1. Donor bacteria can include any dam+ strain containing a mobi-
lizable DNA molecule. Donor and recipient strains should be
grown in full M9 medium, supplemented with appropriate
antibiotics. Grow cultures at 37 �C, with agitation, overnight.

2. Dilute o/n cultures 1:200 in pre-warmed full M9. Incubate at
37 �C, with agitation for 2–3 h, until they reach OD600 of
approximately 0.4. This secondary growth phase ensures that
cells will be in exponential growth during mating.

3.3.2 Conjugation 1. Prepare conjugation plates by melting 1.5% agarose supple-
mented with full M9 medium. In a 24-well plate, fill each
well with 1 mL of agarose+M9.

2. Wash the cultures twice to eliminate traces of antibiotics. For
this purpose, centrifuge cultures for 10 min at 2000 � g,
remove the supernatant, and resuspend it in the same M9
volume.

3. Prepare a donor/recipient mix in 1:1 ratio, with 400 μL final
volume. Centrifuge and resuspend the cell pellet in 40 μL of
full M9.

4. Plate 15 μL of the concentrated conjugation mix on top of the
agarose-M9 in the 24-well plate. Spread it uniformly and incu-
bate it at 37 �C for 1 h. During this incubation time, move to
Subheading 3.3.3.

5. Recover cells from the well surface using 500 μL of full M9.

3.3.3 Preparation

of Agar Pads

1. Stick an adhesive frame (Frame-Seal™ Incubation Chamber,
Bio-Rad) on a clean microscope slide.

2. In the cavity formed by the adhesive frame, add 200 μL of hot
M9 medium +1.5% agarose, and immediately place another
clean microscope slide over the frame.

3. Allow pads to cool down for 30 min at room temperature.
Using a sterile scalpel, cut a square of about 0.25 cm2 of the
agarose gel. Discard the rest of the agarose, leaving only the
small agarose square.

4. Deposit 2 μL of the conjugation mix on the M9 pad. Let the
droplet dry for at least 5 min before sealing the chamber with
the coverslip.

5. Seal the chamber with a clean coverslip, and let the pad stabilize
for at least 20 min. If microscopy is to be performed in an
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environmentally controlled chamber, let the pad stabilize at the
same temperature that will be used during image acquisition.

6. Microscopic analysis depends on the microscope, magnifica-
tion, and numerical aperture of the microscope. Images shown
in Fig. 3b were acquired using a 100� Zeiss objective with
NA 1.3.

4 Notes

1. Classical conjugation protocols recommend using RecA–
strains to avoid plasmid recombination and DNA conduction.
RecA– strains, however, should be avoided in flow cytometry
experiments. They exhibit high size heterogeneity (filamenta-
tion is common) and reduced viability, which complicates con-
siderably the interpretation of results.

2. PBS sterilization by autoclaving should be avoided. Autoclaved
PBS produces small salt accretions that show up as debris in the
FSC/SSC plots in the flow cytometer. Appropriate sterilization
can be achieved by filtering PBS through a 0.2 μm filter.

3. M9 is preferred to LB due to its lower autofluorescence. To
achieve optimal growth rates, supplementation with 0.2% casa-
mino acids and 0.5% glucose is required. Alternatively, M9 can
be supplemented with 10% LB. This latter option allows fast
growth while keeping autofluorescence values low.

4. The maturation time of the plasmid-encoded FP should be
short; otherwise transconjugants would be detectable only
after a long incubation period. In practical terms, this implies
that GFP derivatives, with maturation times around 5 min, are
preferred over red fluorophores like mCherry or RFP, which
display much longer maturation times.

5. Slow flow and less than 1000 events per second are required for
good discrimination of bacterial cells.

6. PFA fixation reduces GFP and RFP fluorescence significantly. If
FPs are expressed in low quantities, PFA fixation might yield
lower transconjugant counts.

7. Minimizing the impact of residual antibiotics from donor/
recipient cultures is important for reproducible results. If a
multi-well plate centrifuge is available, it is recommendable to
wash donor/recipient cultures before re-inoculation.

8. Evaporation in multi-well plates is asymmetric and higher at the
edges of the plate. For this reason, it is strongly recommended
that the outermost wells are filled only with LB, since results
from these wells tend to be highly variable. If several experi-
ments are to be performed, inoculation plates can be replicated
using a 96-pin replicator and kept as frozen glycerol stocks.
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Chapter 8

Methods to Quantify DNA Transfer in Enterococcus

Carla Novais, Ana R. Freitas, Ricardo León-Sampedro, Luı́sa Peixe,
and Teresa M. Coque

Abstract

DNA uptake in Enterococcus normally occurs by conjugation, a natural process that is replicated in
biomedical research to assess the transferability of different mobile genetic elements and chromosomal
regions as well as to study the host range of plasmids and other conjugative elements. More efficient
artificial methods to transform cells with foreign DNA as chemotransformation and electroporation are
widely used in molecular genetics. Here, we described conjugation protocols to quantify DNA transfer
among Enterococcus and revise current perspectives and lab strains. Protocols of electrotransformation have
been previously described in this series.

Key words Conjugation, Plasmids, Conjugative transposons (CTn), Integrative conjugative elements
(ICEs), Horizontal gene transfer (HGT), Enterococcus

1 Introduction

Characterization of genes from Enterococcus is of utmost relevance
in the fields of Biomedicine, Food Safety, and Biotechnology. In
contrast to Gram-negative bacteria, Gram-positive cells possess a
thick peptidoglycan envelope which, in some genera, physically
restricts passage of exogenous DNA into the cell. DNA uptake
occurs by the natural process of conjugation, which is relevant in
biomedical research to assess the transferability of different ele-
ments and chromosomal regions and also the host range of plas-
mids and other conjugative elements. More efficient artificial
methods to transform cells with foreign DNA as chemotransforma-
tion and electroporation are used in molecular genetics. Here, we
will revise protocols to transfer and quantify uptake of DNA by
conjugation that are used for Enterococcus. Protocols for electropo-
ration have previously been described and are implemented nowa-
days in many labs including ours [1, 2].

In Gram positives, the contact between the donor (D) and the
recipient (R) cells normally occurs in solid media (exemplified by

Fernando de la Cruz (ed.), Horizontal Gene Transfer: Methods and Protocols, Methods in Molecular Biology, vol. 2075,
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elements containing surface proteins of the sortase type) and,
exceptionally, in broth media (exemplified by pheromone-
responsive plasmids of E. faecalis). Protocols for assessing the con-
jugation in Enterococcus are mostly based on the “end-point
method” described by Simonsen in 1990 [3], which estimates the
conjugation rate from a single time-point measurement
[4–7]. Most of them are small-scale protocols and, thus, time-
consuming and often non-reproducible. Different efforts to quan-
titatively characterize the conjugation processes have been focused
on describing the transfer rate of specific plasmids in certain con-
ditions (revised in [8]). Methods based on plasmid tagging with
green fluorescent protein (GFP) are available for specific plasmids
and integrative conjugative elements (ICEs) [9, 10]. Large-scale
methods using 96-well microtiter plate coupled with filters allow
performing multiple mating assays in a single experiment but have
only been used for RCR streptococcal plasmids (e.g., pMV158)
tagged with GFP [11, 12]. Horizontal gene transfer occurring in
complex matrixes, as biofilms, requires alternative protocols (e.g.,
[13, 14]).

Conjugation depends on both D and R strains. The specificity
of the process (reflected in the narrow host of most plasmids and
some ICEs), the interplay between elements [15], the frequent
mosaicism of plasmids from clinical isolates [16, 17], and the
variability of lab strain recipients [18] limit the wide use of more
recent and sophisticated protocols mentioned above. Two com-
monly used conjugation protocols to transfer plasmids and ICEs
carrying antibiotic resistance genes among Enterococcus are here
described. They work well for most species and elements although
exceptions due to the nature of each element should be considered
individually.

2 Materials

All materials should be sterilized. Experiments should be developed
in sterile conditions.

2.1 Conjugation

Assays

l Antibiotic powder.

l Autoclave.

l Automatic pipettes (1 mL; 0.2 mL) and respective tips.

l Glassware beakers.

l Microcentrifuge (no need of refrigeration).

l Culture media: brain heart infusion (BHI) broth and BHI agar
powder.

l Distilled water.

l Falcon tubes (50 mL).
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l Glassware flasks for culture media preparation.

l Dry incubator (37 �C).
l Loop.

l Microwave or boiling bath.

l Nephelometer.

l Nitrocellulose filters (0.45 μm or 0.22 μm pore size).

l Saline solution.

l Electronic scale (with millesimal digits).

l Spatulas (small and large size).

l Drigalsky spreaders.

l Test tubes (1.5 mL Eppendorf tubes and 5 mL of plastic or
glassware tubes).

l Tweezers.

l Vortex.

l Recipient strains (Table 1).

3 Methods

The filter mating protocol is adapted from the original described by
Werner et al. [7] according to our experience for the characteriza-
tion of plasmids of different families [16–18] and ICEs [29, 34]. It
works nicely for different species of Enterococcus.

The broth mating protocol is adapted from the original
described by Dunny et al. [4] and Christie et al. [26]. Recipient
lab strains widely used are comprehensively described in Table 1.

3.1 Filter Mating

Assays

3.1.1 Conjugative Mating

Assay from Donors

to Recipients

1. Inoculate a BHI agar plate of donor (D) and recipient
(R) strain using cells from a glycerol stock or a single col-
ony and a sterilized pipette or loop, respectively. Incubate the
plates overnight at 37 �C. Check for purity, and confirm anti-
biotic resistance markers.

2. Pick 4 or 5 colonies of each D and R strains, inoculate them in
BHI broth, and incubate the tubes at 37 �C overnight until late
exponential growth phase (ca. 1� 109CFU/mL) (seeNote 1).

3. Make suspensions of the D and R strains in BHI broth up to
0.5 McFarland (1.5 � 108 CFU/mL) (see Notes 2–4 and 9).
Then, incubate at 37 �C during 3–4 h up to bacterial exponen-
tial phase.

4. Mix the D and R strains from the previous step at a 1:1 ratio
(2 � 1 mL) (see Note 5).
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5. Centrifuge theD+Rmix culture at 13,000 rpm (or 16, 200� g),
wash them once with saline, and resuspend the pellet in a
0.2 mL.

6. Place a nitrocellulose membrane filter onto a BHI agar plate.

7. Sample the 0.2 mL D + R mixture onto the filter, and let the
mixture air-dry (see Note 6). Incubate the plate with the filter
mating at 37 �C overnight.

8. Take the filter with sterilized tweezers, and displace it in the
bottom of a 50 mL falcon tube containing 1 mL of saline with
the bacterial mixture growth facing up. Vortex until all visible
bacterial growth is removed from the filter to the 1 mL saline.

9. Take 0.5 mL from the tube, and add to a 4.5 mL 0.9% NaCl
solution. Vortex vigorously. Sequentially dilute in this manner
through eight tubes (from the undiluted 100 to 1:10�8). Vor-
tex and change pipettes each dilution.

10. Sample the bacteria (D, R, and D + R mix). Two options are
possible:

Spread plate method. Spread 0.1 mL of both the undiluted
and diluted suspensions in BHI agar supplemented with the
suitable antibiotics, namely, BHI supplemented with antibiotic
(s) “x” (selective(s) marker for D), BHI supplemented with
antibiotic(s) “y” (selective(s) marker for R), and BHI supple-
mented with antibiotic “x” + antibiotic “y” (selective for trans-
conjugants) (see Notes 7–9).

Spot method. Sample and spot 0.025 mL of D and R from
step 3 and D + R mix from step 9 onto each of three plates of
BHI with the suitable antibiotics as mentioned in “spread plate
method.” Start with the most diluted tube, and progress up to
the most concentrated. Make the experiment in duplicate (two
plates of each media) (see Notes 8–10).

Incubate the plates at 37 �C during 24–48 h (seeNotes 11
and 12).

3.1.2 Calculation

of Mating Efficiency

(see Notes 9 and 13)

Count the number of colonies for each D, R, and transconjugant
cells on their respective plates.

For the spread plate method:

1. Select those dilutions in which it is possible to count between
10 and 300 colony-forming units (CFU).

2. Try to count three different dilutions.

3. Calculate the CFU/mL by considering the dilution of the tube
sampled (i.e., �1, �2, �3, . . . �8) and the 0.1 mL volume of
the dilution inoculated in the plates. Calculate the mean of the
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counts from different dilutions after converting numbers to
CFU/mL.

For the spot method (Fig. 1):

1. Select those dilutions in which it is possible to count between
5 and 30 CFU.

2. Count the number of CFU in each circle (try to count three
different dilutions).

3. Calculate the CFU/mL by:

(a) Considering the dilution of the tube sampled (i.e., �1,
�2, �3, . . . ..-8) and multiply according with it (i.e.,
�101, �102, �103 . . ., �108).

(b) Converting CFU/0.025 mL to CFU/mL by multiplying
� 40.

(c) Averaging the counts from different dilutions after con-
verting to actual CFU/mL.

4. Count recipient colonies to test any bias that would result from
having a larger number of transconjugants than recipients at
that given dilution.

10-5 10-610-7 10-8

BHI supplemented with antibiotic/s “x” 
(selective marker for donor strain)

Incubation:37ºC/24-48h

D+R
(serial culture dilution)

0,0025 mL each

BHI supplemented antibiotic/s “y”  (selective 
markers for recipient strain).

Incubation:37ºC/24-48h

BHI supplemented antibiotic “x” + antibiotic 
“y” (selective for transconjugants).

Incubation:37ºC/24-48h

10-1

10-2

10-3

10-410-5

10-6

10-7

10-8

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

10-8

100

10-1

10-2

10-3

10-410-5

10-6

10-7

10-8

100

10-1

10-2

10-3

10-410-5

10-6

10-7

10-8

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

10-8

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

10-8

100

Duplicate

0 10-1 10-3 10-4 10-5 10-610-7 10-8

100 10-1 10-3 10-4 10-5 10-610-7 10-8

Dilution direction

Donor (D), 
(serial culture dilutions)

Recipient (R), 
(serial culture dilutions)

Fig. 1 Spot method [35]. Dilutions and inoculation of the donor, recipient, or mating growth. The intensity of
growth presented to each dilution is an example, depending on the features of donors, recipients, and mobile
genetic elements transferred
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5. Calculate the mating efficiency as the number of transconju-
gant CFU divided by the number of donor CFU. Multiply by
100 to obtain efficiency value per donor cell (i.e., 0.1 mL of the
mating growth suspension diluted at 10�4 originate 100 CFU.
Thus in 1 mL, it contains 107 CFU).

3.1.3 Confirming Mating

Efficiency

1. Select 3–5 colonies of transconjugants, and isolate them in BHI
agar plates to check purity and to confirm transconjugant
identity. Incubate at 37 �C overnight.

2. Confirm transconjugants by (1) species identification (when
donor and recipient strains belong to different species);
(2) antibiotic susceptibility test (seeNote 14); (3) amplification
of the gene transferred by PCR (see Note 15); or (4) compari-
son of genomic DNA restriction patterns of transconjugants, D
and R (e.g., PFGE).

3. Save the transconjugant strains [e.g., freeze at �80 �C in
tryptic soy broth (TSB) or BHI with 15% of glycerol].

3.2 Broth Mating

Assay (Adapted from

Dunny et al. [4]

and Christie et al. [26])

(See Note 16)

1. Carry out steps 1 and 2 from Subheading 3.1.1.

2. Mix 0.05 mL of the overnight donor culture and 0.5 mL of the
overnight recipient culture (D:R ratio 1:10) in 4.5 mL of fresh
BHI broth (see Note 5).

3. Incubate 4 h at 37 �C (up to bacterial exponential phase) with
gentle shaking.

4. Vortex the mating mix.

5. Carry out steps 9–10 of Subheading 3.1.1, followed by steps
of Subheadings 3.1.2 and 3.1.3.

4 Notes

1. Inoculating 4 or 5 colonies overcomes the possibility of choos-
ing a colony lacking the genetic element to be studied.

2. Start adding small quantities of the overnight bacterial growth
to a 1.5 mL BHI broth, measuring cell density in a nephelom-
eter until reaching the 0.5 McFarland.

3. The strains to be tested may have different growth rates and not
reach the desired concentration after 3–4 h growth. If a very
similar amount of D and R is needed for a specific conjugation
assay, D and R strain suspensions can be adjusted again to 0.5
McFarland before mixing. Nevertheless, be aware that nephe-
lometer measures concentration of suspended particles; thus
dead and injured cells could contribute to the 0.5 McFarland
value (this is especially important for E. faecalis carrying
pheromone-responsive plasmids that form aggregates or
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“clumps” in liquid cultures). Therefore, if the 0.5 McFarland
bacterial suspension is plated for colony count, a value of
1.5 � 108 CFU/mL might not be obtained.

4. A wash step with saline or BHI broth is needed to remove
antibiotics when they are used to D and/or R growth. Other-
wise, the antimicrobial compounds might kill either the D or
the R strains when they are mixed.

5. Disparate D/R ratios are recommended in different protocols.
Be aware that an excess of the D strain especially influences the
conjugation of Enterococcus faecalis pAD1 and pAM373 plas-
mids (see ref. [36]).

6. Place the total volume of the D + Rmixture in the center of the
filter. Other option is to filter the D + R mixture.

7. If the conjugation frequency is expected to be low, large Petri
dish plates of 150mm in diameter are preferred. You can spread
0.5 mL of diluted and undiluted D + R mixtures or inoculate
the whole undiluted bacterial mixture (1 mL) in three different
large Petri plates of 150 mm (~0.3 mL each) to increase the
recovery of transconjugants.

8. Antibiotic concentrations used as selective markers vary with
the R strain and gene/element being transferred (see Table 1).
Rifampicin (30 mg/L), fusidic acid (20 mg/L), and tetracy-
cline (5 mg/L) are common markers of enterococcal R strains.
When the recipient E. faecium GE1 is used, the concentration
of rifampicin on selective plates should be lowered to 10mg/L,
due to poor growth of this strain on such selective plates
[7]. Supplementation with both rifampicin and fusidic acid
minimizes the risk of selecting D rifampicin mutants, especially
when low conjugation frequencies (10�6 or less) are expected.
Streptomycin and spectinomycin (250 mg/L) are also com-
mon markers for some R strains [18]. Examples of other anti-
biotic concentrations used to select transconjugants containing
the genetic element conferring resistance to antibiotics are
vancomycin (5 mg/L) [7]; ampicillin (10 mg/L) [29]; line-
zolid (2 mg/L) or chloramphenicol (10 mg/L) [17]; and
tetracycline (5 mg/L), erythromycin (8 mg/L), or gentamicin
(125 mg/L) [18]. Antibiotic solutions should be prepared
according to the CLSI or the manufacturer’s
recommendations.

9. We always calculate the concentration of D and R from the
tubes in step 3 (Subheading 3.1.1), which would accurately
reflect the concentrations used in the D + R mix. Be aware that
some protocols quantify the D, R, and D + R mix from the
D + R mix tube after incubation at 37 �C, but this approach
overestimates the conjugation efficiency due to the decrease of
D and R cells during incubation of D + R mix or to the
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occurrence of secondary transfer events between transconju-
gants and R cells.

10. If the conjugation frequency is expected to be high (or you do
not know the conjugation rate), the spot method could be
used to save time and material. In this case, divide the 90 mm
Petri plates into eight pie slices (�1, �2, �3 dilution) using a
black pen. Sample a 0.025 mL aliquot of each dilution into
each agar pie slice and one aliquot in the center of the plate
(undiluted) [35].

11. To evaluate the frequency of spontaneous mutants for control
cultures of D and R strains, perform all steps 1–10 from
Subheading 3.1.1. Control cultures of D and R strains should
be treated in the same manner as the mating mix. Spread
0.1 mL (or use the spot method) of the D or R strain growth
recovered from the filter in the same type of plates used to
recover the transconjugants.

12. After an incubation period of 48 h, the probability of false-
positive transconjugants increases. This is particularly impor-
tant when transferring the pbp5 gene coding for ampicillin
resistance in Enterococcus faecium.

13. What the traditional protocols really quantify is the proportion
of transconjugants instead of the conjugation frequency. That is
calculated as the ratio between the number of transconjugants
per mL and D per mL (or R per mL). Currently, there is no
agreement to measure the rate of the genetic elements (plas-
mid, ICE) transferred. Such measure is influenced by the initial
cell densities (different in conjugation assays performed in solid
and liquid media) and D/R ratio among others, as demon-
strated by mathematical models evaluating the effectiveness of
plasmid transfer efficiency in surface-associated populations
[37]. Nonetheless, classical protocols are easy to perform and
estimate the success of the conjugation assay in the conditions
applied.

14. Different antibiotic susceptibility tests (disk diffusion, Epsilon
(E) test diffusion, agar dilution, microdilution methods) may
be used to identify the transconjugant, with the resistance
markers of the R strains (rifampicin + fusidic acid or strepto-
mycin + spectinomycin, for Enterococcus spp. of Table 1) plus
the antibiotic resistance gene planned to be transferred from
the D strain.

15. It is critical to guarantee that the R strain does not carry any
copy of the gene to be transferred. This is especially relevant in
the case of pbp5, a housekeeping gene of Enterococcus faecium
that can acquire mutations and confer resistance to ampicillin.
Resistance allele pbp5 variants may be located on either large
transferable chromosomal regions [29] or plasmids [38],
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which are often the targeted element of D strains. The need to
accurately identify the location and number of pbp5 genes in
the transconjugants is facilitated by using a recipient deficient
in pbp5. Note that the E. faecium GE1 and E. faecium D344S
recipient strains are the only Δpbp5 E. faecium described to
date (Table 1).

16. Broth matings are preferred to test conjugation by
pheromone-responsive plasmids. Nonetheless, pMG1 deriva-
tives also transfer at a high frequency to Enterococcus strains
during liquid mating, despite they do not respond to E. faecalis
pheromone, and do not show any homology with pheromone-
responsive plasmids pAD1, pAM373, and pPD1 or conjugative
plasmids of Inc18 family (pAMβ1 and pIP501) [39].
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Chapter 9

Quantifying and Characterizing Distributive Conjugal
Transfer in Mycobacterium smegmatis

Ryan R. Clark, Todd A. Gray, and Keith M. Derbyshire

Abstract

Horizontal gene transfer (HGT) in prokaryotes disseminates genetic information throughout a population
and can facilitate adaptation and evolution of the species. Mycobacteria utilize an atypical method of
conjugation called distributive conjugal transfer (DCT), which results in mosaic genomes and the potential
for accelerated evolution beyond that enabled by the more classical oriT-mediated conjugation. The
following is a description of the basic DCT protocol, some possible variations of the assay, and examples
of downstream applications to better understand mycobacterial functions.

Key words Conjugation, Mycobacteria, Transconjugant, Mosaic genome, HGT

1 Introduction

Genetic exchange is the basis of evolution; prokaryotes are no
exception to this rule. HGT is essential for promoting diversity in
prokaryotes because they divide by binary fission. Transformation,
transduction, and conjugation are the major forms of HGT that
bacteria employ to distribute DNA throughout a population
[1–3]. HGT most often occurs between bacteria of the same spe-
cies, but it can also occur between species and even across kingdoms
and, thus, is an important driver of gene flow. Conjugation is the
contact-dependent form of HGT and involves the movement of
DNA from a donor cell into a recipient cell [4, 5]. In most bacteria,
conjugation is encoded by plasmids and is initiated from the cis-
acting origin of transfer, oriT. Following transfer into the recipient,
the plasmid is re-circularized at oriT, and the transconjugant is now
a donor. If oriT integrates into the chromosome, the chromosome
becomes mobilizable, and the donor is referred to as an Hfr strain –
based on its high frequency of recombination, when first described
in E. coli [6, 7]. A single segment of Hfr chromosomal DNA is
transferred into a recipient cell. This transferred chromosomal
segment contains only the 50 leading end of oriT and cannot be
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circularized. Instead, the transferred DNA recombines with the
recipient chromosome by homologous recombination to generate
a transconjugant, which remains a recipient because oriT is not
re-generated.

While mycobacterial conjugation is contact dependent and
involves transfer of chromosomal DNA, there are many character-
istics that set it apart from traditional conjugation systems
[8]. Most strikingly, the transconjugant genomes contain multiple
segments of donor DNA resulting in transconjugant genomes that
are mosaic, earning it the name “distributive conjugal transfer”
(DCT) [9]. Current models posit that multiple segments of
donor DNA are transferred from the donor into the recipient,
which recombine into the recipient chromosome to create this
mosaicism [3]. There is no unique oriT equivalent, as all segments
of the donor chromosome are transferred with equal efficiency,
regardless of their chromosomal location, and a subset (~10%) of
transconjugants become donors [8]. DCT randomly blends the
donor and recipient genomes, more closely resembling meiotic
reproduction than typical oriT-mediated conjugation. Genetic ana-
lyses have also identified other unique characteristics of DCT,
separating it mechanistically from classical conjugation: (1) the
Type VII secretion systems, ESX-1 and ESX-4, are essential for
recipient function and are thought to facilitate donor-recipient
communication and subsequent conjugation [10–12]; (2) the
strains mediating DCT lack plasmids, and, thus, the process is
chromosomally encoded; and (3) the chromosome lacks the hall-
mark conjugation genes (e.g., those encoding relaxases, pili, or
integrases) encoded by plasmids or integrative conjugative
elements.

Mycobacteria are a GC-rich Gram-positive species belonging to
the actinomycetes. However, in contrast to most Gram-positive
bacteria, mycobacteria are surrounded by a lipid-rich envelope
that contains an outer (myco)membrane composed of mycolic
acid lipids [13]. This mycomembrane endows the mycobacterium
with a cell structure more closely resembling that of Gram-negative
diderms [14]. DCT was first described in Mycobacterium smegma-
tis, a fast-growing non-pathogenic mycobacterium. Many of the
genes encoded by M. smegmatis are conserved throughout myco-
bacteria, including the slow-growing pathogens, such as Mycobac-
terium tuberculosis and Mycobacterium leprae. As a consequence,
M. smegmatis is considered the model organism for molecular
genetic and biochemical studies for all Mycobacterium species
[15]. More recently, strains of Mycobacterium canettii, a member
of the Mycobacterium tuberculosis complex, have been experimen-
tally shown to perform DCT, generating transconjugants with
mosaic genomes [16]. Together, these observations suggest that
DCTwill be active throughout theMycobacterium genus and that it
will have contributed to its evolution. This is further supported by
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the mosaic genomes observed in natural isolates ofM. canettii and a
second, fast-growing pathogen Mycobacterium abscessus
[17, 18]. Our work, and this chapter, is focused on protocols for
M. smegmatis because of its safety and ease of use for both genetic
and biochemical experimental approaches.

We have developed a reliable and robust assay for mycobacterial
DCT [19]. This basic assay can be modified depending on the
experimental design and goals. In brief, donor and recipient cells
are grown to mid-log phase. Equivalent numbers of donors and
recipients are combined and thoroughly resuspended in medium
free of antibiotics and detergents. The suspension is spotted onto
antibiotic-free solid medium and incubated at 30 �C for 18–24 h.
The cells are then collected and grown on selective medium to
determine DCT transfer efficiency.

This basic assay is reliable and reproducible. A simplified
method can qualitatively assess DCT competency, or the method
can be expanded to a 96-well format for library-scale screening
[10, 11]. The materials collected after a successful DCT assay can
be further probed at the genetic level to ascertain the more complex
processes involved in mycobacterial conjugation by extracting RNA
for RNA-seq, Ribo-seq, and qRT-PCR or by analyzing genomes of
recovered transconjugants [9, 12].

2 Materials

2.1 Media

and Supplies

1. Trypticase soy agar (TSA) with and without antibiotic.

2. Trypticase soy broth (TSB).

3. TSB + 0.05% Tween 80 (TSB-T).

4. Antibiotics are dissolved in sterile water and used at the follow-
ing final concentrations:

200 μg/mL streptomycin, 50 μg/mL hygromycin, 10 μg/
mL kanamycin, 50 μg/mL zeomycin, and 12.5 μg/mL
apramycin.

5. Sterile 0.45 μm membrane filters (Millipore cat#
HAWP02500).

6. Test tubes 16 mm � 125 mm.

7. Glass beads or cell spreader.

2.1.1 Optional High-

Throughput Variation

(Subheading 3.3)

1. 96-well microplate (Corning cat# 3370).

2. OmniTray 86 mm � 128 mm (Thermo Scientific Nunc cat#
242811).

3. Disposable reagent reservoirs (VistaLab cat# 3054–1004).

4. Breathable rayon film, sterile (VWR cat# 60941–086).

5. Adhesive foil for microplates (VWR cat# 60941–112).
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6. Sterile velvets and replicating block shaped for OmniTray.

7. Sterile 30% glycerol.

2.2 Bacterial Strains 1. Donor strain: M. smegmatis mc2155. This strain can be effi-
ciently transformed with plasmids [20]. Selectable markers
(e.g., kanamycin or hygromycin) can be integrated at various
locations around the chromosome (e.g., at attL5 [21]) to allow
selection of chromosomal transfer.

2. Recipient strain:M. smegmatisMKD8 (streptomycin resistant).

3 Methods

3.1 Quantitative

Matings (See Fig. 1)

1. Grow 2 mL of donor and recipient bacteria separately
overnight in TSB-T with appropriate antibiotic at 37 �C (see
Note 1).

2. Measure OD600 and dilute both cultures to desired density in
5 mL TSB-T, and allow to grow to mid-log ~OD600 of 1.0–1.2
(see Note 2).

3. Combine equal volumes (500 μL) of each parental strain in
a 1.5 mL microcentrifuge tube, and collect cells by centrifuga-
tion at 15,700 RCF for 1 min. Discard supernatant (see
Note 3).

4. Resuspend cell pellet in 1 mL TSB by pipetting or vortexing.
Collect cells by centrifugation at 15,700 RCF for 1 min (see
Note 4).

5. Discard supernatant and resuspend cell pellet in 100 μL of TSB
(mating mix).

6. Place 0.45 μm membrane filters on pre-warmed (30 �C)
antibiotic-free TSA plates (see Note 5).

7. Carefully dispense 100 μL of coculture, or monoculture con-
trol, onto the sterile membrane filter. Allow liquid to absorb.

8. Transfer plates to 30 �C incubator, invert, and incubate for
18–24 h.

9. Next day, pre-warm plates containing antibiotics selective for
donor, recipient, and transconjugants.

10. While the plates are warming, dispense 900 μL TSB-T into six
1.5 mL microfuge tubes for serial dilutions.

11. Use sterile forceps to place membrane filters into a labelled
16 � 125 mm test tube, with the cells facing the inside of the
test tube.

12. Add 1 mL of TSB-T. Vortex and pipette thoroughly to evenly
resuspend the cells off the membrane filter. Remove membrane
filter (see Note 6).
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13. Transfer 100 μL from the resuspension mix (neat), and serially
transfer through tenfold dilutions to create a standard dilution
series to 10�6 (see Note 7).

14. Plate and spread 100 μL of the 10�1 and 10�2 dilutions on
TSA containing antibiotics selective for transconjugants.
Spread by desired method. Spread 100 μL of the 10�5 and
10�6 dilutions on appropriate single antibiotic plates to recover
either donor or recipient cells. For each mating, there are six
plates in total, two selecting for transconjugants and two each
selecting for either donor or recipient cells (see Note 8).

Fig. 1 Flow chart for DCT mating assay. Numbers correspond to methods in Subheading 3.1
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15. Incubate plates until colonies reach a countable size, which
typically takes 3–4 days at 37 �C. Calculate the transfer effi-
ciency by dividing the number of transconjugants by the num-
ber of donor cells, taking into account the appropriate dilution
factors (see Note 9).

16. If desired, keep collected mono-/coculture cells as well as
recovered transconjugants for downstream applications (see
Note 10).

3.2 Qualitative

Matings

The mating assay can be simplified to be qualitative rather than
quantitative. For example, a qualitative result will suffice to confirm
whether a specific mutant is DCT proficient or to introduce a
selectable marker into the recipient background.

1. Grow 2 mL cultures of donor and recipient cells overnight (see
Note 1).

2. In a microcentrifuge tube, mix 50 μL each of recipient and
donor with 1 mL of TSB. Centrifuge for 1 min at 15,700 RCF.
Discard supernatant.

3. Resuspend and wash cells with 1 mL of TSB. Centrifuge for
1 min at 15,700 RCF. Discard supernatant (see Note 4).

4. Resuspend the cell pellet in 20 μL of TSB and spot onto TSA.
Incubate at 30 �C for 18–24 h to allow DCT to occur.

5. Collect cells with a sterile loop and resuspend in 100 μL of
TSB-T. Use a pipette tip to mix suspension by pipetting up
and down.

6. Either streak out 10–20 μL of mating mix for single colonies
with an inoculating loop or spread the suspension on appropri-
ate antibiotic-containing TSA to select for donor, recipient,
and transconjugants.

7. Incubate at 37 �C for 3–4 days until colonies are visible.

3.3 Microplate

Matings for High-

Throughput Screening

The assay can be scaled up for more complex, high-throughput
approaches such as screening a transposon library for genes
required for DCT or for combining different donor and recipient
mutant genes in a synthetic genetic assay [22]. The protocol for the
96-well application follows the same principles as for the quantita-
tive assay, but it also requires using replica-plate methodology to
transfer mating mixes onto selective plates. Proper planning and
utilization of these techniques can turn this simple assay into a
productive source of data. The example below is for a screen for
transposon mutants in the recipient that are defective in DCT.

3.3.1 Day 1 1. Add 200 μL TSB-T (with appropriate antibiotic selection) to
microplate wells. Use a multichannel pipette and sterile reagent
reservoir to dispense.
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2. Inoculate columns, 1–11, with freshly generated transposon
mutant recipient colonies or from pre-arrayed glycerol stocks
(see Note 11).

3. Use column 12 for control cultures. Add TSB-T to each well,
and inoculate four wells with wild-type recipient (seeNote 12).

4. Cover the dish with rayon film, and incubate with gentle shak-
ing for 48 h at 37 �C.

3.3.2 Day 2 Grow 10 mL of donor in TSB-T in a 50 mL flask overnight with
appropriate antibiotic selection. 100 μL per mating well is needed,
so onemating dish requires ~10mL of donor cells. This volume can
be scaled up as appropriate for the number of microplates in the
experiment.

3.3.3 Day 3 1. Pre-warm an OmniTray containing TSA at 30 �C.

2. Collect donor cells by centrifugation and resuspend cell pellet
in 10 mL of TSB.

3. Prior to collecting recipient cells, remove 50 μL of each recipi-
ent culture into a fresh microplate containing 50 μL of sterile
30% glycerol. Mix well and freeze at �80 �C (see Note 13).

4. Collect recipient cells by centrifuging the microplate at 3,220
RCF for 3 min in a benchtop centrifuge using a microplate
swing-out rotor. After centrifugation, invert plate over sink,
and discard supernatant (see Note 14).

5. Using a multichannel pipette and sterile reagent reservoir,
dispense 100 μL of the donor cell suspension into each well,
except for the control column.

6. Add donor cells to the appropriate four control wells in column
12 (see Note 12).

7. Centrifuge donor-recipient cell mix at 3,220 RCF for 3 min in
a benchtop centrifuge. Discard supernatant.

8. Resuspend mating mixes in 10 μL of TSB using a multichannel
pipette. Spot 5 μL of each mix onto a pre-warmed TSA Omni-
Tray using the multichannel pipette to grid the spots.

9. Allow spots to dry, invert plate, and incubate for 48 h at 30 �C
(see Note 15).

3.3.4 Day 5 1. Using sterile velvets, replica transfer the mating plate onto
(1) TSA with antibiotic selective for transconjugants and
(2) TSA with antibiotic selective for recipient to create a recipi-
ent master plate (see Note 16).

2. Invert and incubate plates at 37 �C for 3–4 days.
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3.3.5 Day 8–9 Examine growth of transconjugants and identify those with altered
transfer efficiencies. The controls provide a useful comparison with
a wild-type mating generating ~50–100 small transconjugant colo-
nies per spot. In addition, the relative growth rates of the recipient
mutant should be checked on the recipient master plate. If recipi-
ents are identified as being defective in transfer, they can be
re-streaked from the glycerol stock or the recipient master plate
for further validation.

4 Notes

1. mc2155 donor cells have no intrinsic antibiotic resistance and
will need to be modified accordingly. We recommend a chro-
mosomally integrated selectable marker (e.g., kanamycin,
hygromycin, zeomycin, and apramycin have all been success-
fully used for selection of transconjugants). Avoid streptomy-
cin, which we standardly use in the recipient. MKD8 recipient
cells are streptomycin resistant, but alternative selections can be
used as required. mc2155 and MKD8 have different colony
morphologies and culturing characteristics. mc2155 has a ruf-
fled colony morphology, and the cells tend to aggregate in
liquid growth, even in the presence of Tween 80. Aggregation
can be minimized by shaking cultures at 225 RPM, in 10 mL of
TSB-T in a 50 mL Erlenmeyer flask at 37 �C. MKD8 forms
smooth colonies and grows well in both test tubes and in flasks.
While TSB (and TSB-T) is our preferred medium, because it
supports a faster growth rate, other mycobacteria media sup-
port DCT (e.g., 7H9), but other alternatives should be tested
to assess the transfer efficiency.

2. Our most consistent results are obtained by diluting overnight
cultures to an OD600 of 0.7 and shaking for 2 h at 37 �C, which
allows cultures to reach an OD600 1.0–1.2 at roughly the
same time.

3. We observe optimal transfer efficiency by combining mating
pairs at a 1:1 ratio. Subtle variations in the ratio will not
dramatically affect transfer efficiency unless the ratios differ by
more than tenfold. The intended downstream analysis will
determine what controls to use. In our standard mating, spon-
taneous mutations are never observed when plating either the
donor or recipient on plates selective for transconjugants.
However, for new selections or protocols, it is recommended
to include parallel controls of monocultures of donor and
recipient cells, in addition to the coculture mating, to deter-
mine if there is any background.

4. This step removes residual Tween 80 and antibiotic from the
mating suspension. Tween 80 inhibits conjugation.
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5. DCT does not occur in liquid medium and is temperature
sensitive. We find it most convenient for the subsequent collec-
tion step, if the matingmixes are grown on a membrane filter. If
multiple matings are being conducted, up to four membrane
filters can fit on a single plate, but the quadrants should be
clearly marked. An alternative method is to directly spot the
mating mix onto the plate and wait until the culture is absorbed
before inverting and incubating. In this scenario, the mating
mix must be scraped off the plate with a sterile spatula or
scraper, and separate plates must be used for each mating and
control.

6. Sometimes vortexing is not sufficient to dislodge the cells from
the membrane filter. We use a sterilized metal inoculating loop
or a pipette tip to scrape and rinse the membrane filter surface.
Donors and recipients have different morphologies, and the
donor cells tend to aggregate more than recipients and are also
more resistant to resuspension. Recipient cells easily wash off
the membrane filter and become evenly resuspended in TSB-T.

7. Aggregated cells prevent reliable colony counts. Vigorous
pipetting and vortexing are necessary to evenly resuspend the
cultures. To this end, making serial dilutions in 1 mL of TSB-T
will ensure the most even and reproducible dilutions. Vortex all
samples for 15–30 s; pipetting up and down using a P200 tip
also helps break apart any aggregates before dispensing (it may
not be possible to disrupt the cell aggregates completely). It is
also recommended to dilute and plate cells immediately follow-
ing resuspension from the membrane filter. If performing mul-
tiple matings, resuspend and plate cells, one mating at a time.

8. Different donor and recipient mutations can affect conjugation
efficiencies. The dilutions suggested in this protocol are for
standard, wild-type mating experiments. The suggested dilu-
tions can be adjusted appropriately to best capture the number
of colonies that are easily countable (30–300 per plate). We
suggest initially plating three dilutions of each target count to
best bracket the recoverable colonies; this can then later be
reduced to two dilutions once reproducibility has been
demonstrated.

9. The standard procedure is to determine the transfer frequency
per donor cell. However, in some situations, the frequency is
determined per recipient cell, for example, when comparing
recipient mutant strains. A typical experiment will generate
10–100 s of transconjugant colonies on a 10�2 dilution plate,
which computes to an average transfer frequency of ~1 trans-
conjugant per 104 donor cells.

10. Our lab often uses the material from DCT assays for down-
stream analyses. This should be considered with regard to the
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timing of plating, and ultimate storage of the samples, as it is
important to minimize the degradation of samples desired for
investigation. For example, isolated RNA can be used to create
SNP-referenced RNA-seq libraries that can map donor- and
recipient-specific, genome-wide transcriptional changes result-
ing from their coculture [12]. RNA can also be used in
qRT-PCR analyses to more precisely quantify mRNA changes
in the cocultured population. For these analyses, comparison
of monoculture controls with coculture mRNA will identify
coculture-dependent changes in transcription. In order to
ensure there is no loss or degradation of the mRNA, it is
important to have a dry ice-ethanol bath ready to flash-freeze
cell pellets after removing cells for colony counts. When this is
our desired downstream application, we remove 200 μL of the
neat culture for the dilution series, and the remaining neat
culture is then immediately pelleted at 15,700 RCF for
1 min. The supernatant is discarded and the cells flash frozen
in the dry ice-ethanol bath and stored at �80 �C. Of the
200 μL of neat culture set aside, 100 μL is used for the serial
dilution, and the remaining 100 μL is spread on the neat plate
when required. We have also sequenced the genomes of recov-
ered transconjugant colonies for genome-wide association
studies, which can correlate a common phenotype of interest
among transconjugants with specific regions of the transconju-
gant genome, for example, mating identity [9].

11. As for all methods, freshly grown colonies are best for inocula-
tion. We have observed a reduction in transfer efficiencies when
using older colonies stored at 4 �C.

12. We use a standard panel of controls for each plate in column
12. These include two wells each of wild-type donor and
recipient coculture as a positive DCT control, donor cells
only, recipient cells only, and sterile broth.

13. This plate serves as the stock of arrayed transposon mutant
recipients. Make sure the plate is carefully labelled. Seal with a
sheet of microplate adhesive foil. These stocks can also be used
in subsequent assays to screen for different mutant defects.

14. The culture supernatant can be removed with an aspirator but
this is time-consuming and tedious. We have found that a
simple inversion and tap will remove most of the culture
supernatant.

15. The extended mating time is required for these matings as they
are less efficient (fewer cells and donor/recipient growth status
and ratios are less optimized).

16. The cells need to be grown on solid medium for DCT to take
place. In this format, the best way to transfer cells to selective
plates is by traditional replica transfer plating. We find velvets
are the best material for optimal replica transfer to plates.
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Chapter 10

Spectrophotometric Assays to Quantify the Activity
of T4SS ATPases

Elena Cabezón and Ignacio Arechaga

Abstract

Biogenesis of T4SS apparatus and substrate transport require energy. Conjugative T4SS have three ATPases
that enable DNA processing and transport of the nucleoprotein complex to the recipient cell. In the
conjugative plasmid R388, these ATPases are named TrwB, TrwK, and TrwD. Here, three different
spectrophotometric assays to measure the enzymatic properties of these ATPases are described. The choice
of the assay will depend on the specific requirements of each enzyme.

Key words ATPase activity, Molecular motor, Coupled assay, Spectrophotometric assay

1 Introduction

Bacterial conjugation is the main mechanism for the dissemination
of antibiotic resistance genes [1, 2]. Bacteria use a sophisticated
machinery for the propagation of these genes [3]. This machinery,
named type IV secretion system (T4SS), is formed by at least ten
different proteins that assemble in one apparatus that spans across
the inner and outer membrane and the space in between [4]. This
secretion apparatus is involved in the transfer of the plasmid as a
nucleo-protein complex to the recipient bacteria. Both biogenesis
apparatus and substrate transport are powered by three different
hexameric ATPases [5]. The three ATPases, named TrwB, TrwD,
and TrwK in plasmid R388, are inserted or associated with the
inner membrane of the bacteria and are involved in DNA translo-
cation, protein unfolding, and protein transport through the secre-
tion channel, respectively. These molecular engines belong to the
family of RecA/AAA+ ATPases (ATPases associated with diverse
cellular activities) and consist of a common ring-shape hexameric
structure. Each subunit in the hexamer presents the characteristic
Walker A and Walker B nucleotide binding motifs. Nucleotide
binding takes place in the interface between two adjacent subunits,
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so that the engines are only active in the hexameric form. This ring-
shape formation allows cooperativity in the ATP hydrolysis process.
Binding and hydrolysis of ATP give rise to conformational changes
that, in each engine, is coupled to a specific function.

This chapter describes the use of three different spectrophoto-
metric assays to follow ATP hydrolysis rates by T4SS ATPases. As
each ATPase presents specific requirements, protocols suitable for
different conditions are described. A short introduction for each
technique is provided.

1.1 Real-Time,

Coupled Assay

This assay, which is adapted from [6], has the particularity of
maintaining the ATP concentration constant during the reaction.
Under these conditions, ATP is constantly regenerated from ADP
and phosphoenolpyruvate (PEP) by pyruvate kinase, and, there-
fore, there is not inhibition by the product ADP.

The hydrolysis of an ATP molecule is coupled to the oxidation
of a molecule of NADH, which has a maximum of light absorption
at 340 nm in its reduced form (Fig. 1), whereas in the oxidized
form, it does not absorb at this wavelength. Therefore, the rate of
ATP hydrolysis is concomitant with the decrease in optical absor-
bance of the reaction at 340 nm. We have extensively used this
coupled assay to analyze the DNA-dependent ATPase activity of
TrwB, the VirD4 homologue in R388 plasmid [7, 8], and also for
measuring the activity of TrwK, which is the VirB4 homologue in
this system [9, 10]. The assay allows the continuous monitoring of
the ATPase activity.

1.2 EnzChekTM Since pyruvate kinase requires magnesium for maximal activity in a
coupled assay, this method is not suitable to measure the ATPase
activity of enzymes that are inhibited by magnesium, such as the
T4SS traffic ATPase TrwD [11]. The EnzChek™ kit (Molecular
Probes, Invitrogen, Thermo Fisher Scientific) is an assay that allows

Fig. 1 In a coupled assay, the production of ADP is coupled to NADH oxidation via pyruvate kinase (PK) and
lactate dehydrogenase (LDH) enzymes. Following each cycle of ATP hydrolysis, pyruvate kinase converts the
phosphoenolpyruvate (PEP) to pyruvate and the ADP back to ATP. Pyruvate is subsequently converted to
lactate by lactate dehydrogenase, in a reaction in which NADH is oxidized to NAD+. The assay measures the
rate of NADH absorbance decrease at 340 nm, which is proportional to the rate of steady-state ATP hydrolysis
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for a fast quantification of inorganic phosphate (Pi) in solution. The
method, based on a protocol initially described by Webb [12],
consists in monitoring the change in absorbance at 360 nm upon
reaction of inorganic Pi with 2-amino-6-mercapto-7-methylpurine
riboside (MESG), in a reaction catalyzed by a purine nucleoside
phosphorylase (PNP). The products of the reaction are 2-amino-6-
mercapto-7-methylpurine and ribose 1-phosphate (Fig. 2). This
assay is very sensitive (within the range of 2–150 μM Pi) at a pH
between 6.5 and 8.5.

1.3 Malachite Green/

Molybdate ATPase

Assay

This assay, initially described by Taussky and Shorr [13], is based on
the complex formed between malachite green, ammonium molyb-
date, and inorganic free phosphate (Pi) under acidic conditions.
The formation of the malachite green phospho-molybdate complex
is directly related to the free Pi concentration. Therefore, activity
can be measured as the amount of inorganic phosphate liberated.
Although this assay is not a good option to study the kinetics of the
protein, it is very useful to check different parameters in order to
find the optimal conditions for ATP hydrolysis. It is also a conve-
nient assay when the enzyme works better with nucleoside tripho-
sphates different from ATP, such as GTP, CTP, or TTP.

There are many versions of the malachite green/molybdate
reagent in the literature [14–16]. They all contain molybdate and
malachite green but differ in other components. Some of them are
commercially available as ready-to-use Pi-detecting reagents. How-
ever, the assay can be easily performed by preparing some stock
solutions as described below.

Fig. 2 EnzChek™ assay consists in a spectrophotometric test in which ATP hydrolysis rates are measured as
the variation of absorbance at 360 nm accompanying the increment of 2-amino-6-mercapto-7-methylpurine
(MES) upon the reaction of inorganic Pi with MESG (2-amino-6-mercapto-7-methylpurine riboside). The
reaction is catalyzed by a purine nucleoside phosphorylase (PNP), which uses the Pi released by the ATPase.
The other product of the reaction is ribose 1-P
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2 Materials

2.1 Coupled Assay An UV-visible spectrophotometer thermo-jacketed or equipped
with a thermoelectrically temperature controlled cell holder is
required in order to maintain a constant temperature at 37 �C.
Ideally, the spectrophotometer should be connected to a computer
with a kinetic program pack or software to facilitate data processing.
Here, the conditions used for 1 cm path length quartz cuvettes
holding a volume of 150 μl (Hellma) are described.

2.1.1 Pyruvate Kinase

and Lactate

Dehydrogenase

PK/LDH enzymes from rabbit muscle can be purchased as a
soluble mixture in a 5 ml buffered aqueous glycerol solution (solu-
tion in 50% (w/v) glycerol containing 10 mM HEPES pH 7.0,
100 mM KCl, and 0.1 mM EDTA).

2.1.2 ATP A stock solution of 500 mM buffered ATP can be made by dissol-
ving 280 mg of the ATP disodium salt (Roche) in 500 μl of buffer
100 mM Tris pH 7. The solution is then neutralized to pH 7.0 by
adding NaOH, and the final volume is adjusted to 1 ml (seeNote 1
for more clarity). The ATP stock solution is stored frozen in small
aliquots of 50 μl.

2.1.3 Phosphoenol-

pyruvate

A stock solution (5 mM) of phosphoenolpyruvate, PEP, is made by
dissolving 10 mg in 10 ml of Milli-Q water. Aliquots (1 ml) are
stored frozen at �20 �C.

2.1.4 NADH NADH is purchased as a disodium salt (grade I). A 10 mM solution
is made by dissolving 7.1 mg in 1 ml ofMilli-Q water. In contrast to
the other compounds, the NADH solution is made up freshly
before use. It can be kept for just a few hours in ice, since NADH
is prompt to oxidation.

2.1.5 2� Reaction Buffer The 2� reaction buffer consists of 100 mM PIPES pH 6.3,
100 mM NaCl, 10 mM MgCl2, and 10% glycerol (see Note 2).
Once prepared, it can be stored for several weeks at 4 �C. These
components can bemodified depending on the optimal pH value of
each particular enzyme, magnesium requirements, etc.

2.1.6 TrwB Protein can be stored at �80 �C in small aliquots in the presence of
10–20% of glycerol (w/v) to avoid water ice formation.

2.1.7 DNA In order to analyze ssDNA-dependent ATPase activity, oligonu-
cleotides of different sizes can be purchased. For dsDNA substrates,
complementary oligonucleotides are incubated at 95 �C for 3 min
and cooled down at room temperature for 2 h. When secondary
G-quadruplex DNA structures are required, we follow the protocol
described in Matilla et al. [8].
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2.2 EnzChek Assay An UV-visible, temperature-controlled spectrophotometer is
required to measure the absorbance of the samples at 360 nm.
Although plastic cuvettes could be used, reactions are better
measured in 1 cm path length quartz cuvettes.

2.2.1 MESG Dissolve MESG in dH2O to a final concentration of 1 mM, prepare
small aliquots (50–200 μl), and store at �20 �C. Special care must
be taken to avoid precipitates. After thawing, the solution is stable
for at least 4 h in ice.

2.2.2 PNP Prepare a purine nucleoside phosphorylase (PNP) stock solution at
a final concentration of 100 U/ml, and keep it in ice. Dilute this
stock solution 100 times in dH2O to get a 500 μM working
solution. This PNP can be used as a control to check that all the
components in the reaction are working perfectly. In the specific
assay described here, the phosphorylase will be the conjugative
traffic ATPase TrwD.

2.2.3 Potassium

Dihydrogen Phosphate

Solution

A stock solution of 50 mM potassium dihydrogen phosphate
(KH2PO4) is required to elaborate an inorganic phosphate stan-
dard curve.

2.2.4 TrwD TrwD is purified as described in Ripoll-Rozada et al. [11]. Samples
are usually prepared in a buffer consisting of 20 mM HEPES
pH 7.6, 0.2 mM NaCl, 1 mM PMSF, and 5% glycerol (w/v) and
stored at �80 �C at a 50 μM protein concentration.

2.2.5 ATP Prepare a 500 mM stock solution as previously described.

2.2.6 Reaction Buffer Although the commercial kit is sold with a reaction buffer solution,
the pH conditions and ionic strength can be modified depending
on the specific requirements of each ATPase. In the case of TrwD,
the final ATP hydrolysis buffer consists of 50 mM Tris–HCl
pH 8.5, 75 mM potassium acetate, and 10% glycerol (w/v), with
special care of avoiding the presence of Mg2+ to prevent inhibition
of the enzyme (see Note 3).

2.3 Malachite Green/

Molybdate ATPase

Assay

As for the previous assays, a spectrophotometer is required to
measure the absorbance of the samples at 740 nm. However, in
this case, a temperature-controlled cell holder is not required since
data acquisition is performed once the reaction has been stopped
and the enzyme is denaturalized. Instead, a multi-cell holder is
more efficient for accurate measurements. Reactions are measured
in plastic disposable 1 cm path length cuvettes holding a volume of
1.5 ml.

Spectrophotometric ATPase Activity Assays 139



2.3.1 Ammonium

Molybdate Solution

A stock solution of ammonium molybdate is made by dissolving
16 g in 100 ml of a 5 N solution of sulfuric acid (see Note 4). The
solution must be stored protected from exposure to light.

2.3.2 Ferrous Sulfate-

Ammonium Molybdate

Solution

This solution is prepared directly before the ATPase assay is per-
formed by dissolving 1 g of ferrous sulfate in 18 ml of Milli-Q water
and adding 2 ml of the ammonium molybdate stock solution.

2.3.3 SDS Solution A 10 ml stock solution of 10% sodium dodecyl sulfate (SDS) in
water (w/v) is prepared and stored for several weeks at room
temperature.

2.3.4 Potassium

Dihydrogen Phosphate

Solution (KH2PO4)

A 10 mM stock solution of KH2PO4 is prepared to be used as a
standard to calculate phosphate concentrations in the ATPase assay.

2.3.5 Reaction Buffer In the case of TrwB, the reaction buffer consists of 100 mM PIPES
pH 6.3, 50 mM NaCl, 2 mM MgCl2, and 5% glycerol, but, as
mentioned in the previous assays, buffer composition can be mod-
ified according to the specific requirements of each enzyme.

3 Methods

3.1 Coupled Assay 1. Prepare 2 ml of reaction mixture in ice by adding 1 ml of
2� reaction buffer, 706 μl of Milli-Q water, 200 μl of the
5 mM PEP stock solution, 50 μl of the 10 mM NADH solu-
tion, 20 μl of the 500 mM ATP stock solution, and, finally,
24 μl of the PK/LDH mixture. Since ATPase reactions are
carried out in 150 μl quartz cuvettes, this volume is enough
for 12 reactions plus a control.

2. Place 150 μl of the reaction buffer in the quartz cuvette, at the
spectrophotometer cell holder previously tempered at 37 �C.
Make a blank with this sample, and start collecting data at
340 nm. Absorbance should be zero during the time of the
reaction.

3. Stop data collection and add 1–2 μl of the protein of interest.
Push autozero again, and start collecting data immediately. A
linear decrease in absorbance should be observed, and the slope
of the curve will be correlated to ATP hydrolysis rates (seeNote
5). Note that protein is stored at high concentration, so 1–2 μl
does not variate the final concentration significantly. If the
protein is diluted or more substrates need to be added to the
reaction, the final volume should be adjusted to avoid varia-
tions in buffer composition (see Note 6).

140 Elena Cabezón and Ignacio Arechaga



4. The difference in absorbance (ΔA) per minute can be con-
verted to moles of ATP hydrolyzed by min and mg of protein
by following the Beer-Lambert formula:

A ¼ ε c l, where “l” is the path length (1 cm) and epsilon is
the wavelength-dependent molar extinction coefficient of
NADH (6.22 � 103 M�1 cm�1).

mol ATP=min ¼ ΔAbsorbance=min

6:22� 103L �mol�1
� 150� 10�6L

3.2 EnzChek A standard curve made with inorganic phosphate is needed
each time.

3.2.1 Inorganic

Phosphate Standard Curve

1. Add variable amounts of the phosphate stock solution to the
reaction buffer (without ATP) to comprise a range from 2 to
150 μM. Always include a blank without phosphate in the stock
solution.

2. Incubate for 30 min at 22 �C.

3. Measure the absorbance at 360 nm. Perform a background
subtraction of a blank solution without phosphate.

3.2.2 ATP Hydrolysis

Reaction.

1. Prepare a fresh reaction mixture dissolving 200 μl of 1 mM
MESG in 1 ml of buffer 50 mMTris–HCl, pH 8.5, and 75 mM
potassium acetate.

2. Add ATP and MgCl2 (or other magnesium salt; seeNote 7). In
the case of TrwD, maximum ATP hydrolysis rates are obtained
in the presence of 1 mM ATP and 10 μM Mg2+(see Note 8).

3. Add TrwD protein to a final concentration of 1 μM.

4. Keep the temperature of the reaction at 37 �C (5–10 min in the
case of TrwD).

5. Measure the absorbance at 360 nm.

3.3 Malachite Green/

Molybdate ATPase

Assay

1. Protein is pre-incubated with its specific substrate for 15 min at
37 �C in 600 μl of the optimal reaction buffer. Several samples
can be prepared to check different parameters, such as different
pH values, different nucleoside triphosphate, etc.

2. Reactions are started by the addition of ATP (5 mM) or the
respective NTP, incubated at 37 �C for 10 min, and then
stopped by the addition of 400 μl of 10% SDS (w/v).

3. The ferrous sulfate-ammonium molybdate solution (500 μl) is
added, and the amount of inorganic phosphate is estimated by
absorbance at 740 nm (see Note 9).

4. ATPase rates can be calculated by carrying out a duplicated
series of absorbance measurements as a function of time (see
Note 10).
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5. The relationship between the absorbance and phosphate con-
centration is established by using the potassium dihydrogen
phosphate stock solution as a standard. Prior to the assay, a
standard curve with different Pi concentrations is calculated by
adding different volumes of the stock solution up to 600 of
buffer and then following the same protocol as for the ATPase
assay, adding 400 μl of the 10% SDS solution and 500 μl of the
ferrous sulfate-ammonium molybdate solution.

4 Notes

1. ATP is not soluble in water or a buffer at acidic pH values. Only
upon adjustment to neutral pH the solution becomes clear. In
this particular case, the pH value is adjusted to 7 with
0.5 N NaOH.

2. Although NADH is unstable at pH values below 7.0, sponta-
neous oxidation at pH values of 6.2 during the time of the
reaction (5 min) is not observed.

3. For ATP hydrolysis rates catalyzed by TrwK, the VirB4 homo-
logue, the conditions were similar to the above described, with
some modifications in the ATP assay. Reaction buffer consisted
of 50 mM PIPES [piperazine-N,N0-bis(2-ethanesulfonic
acid)]-NaOH, pH 6.45, 75 mM potassium acetate, 5% glycerol
(w/v), 10 mM magnesium acetate, 1 mM potassium chloride,
1 mM dithiothreitol, and 0.1 mM EDTA.

4. Caution is required to prepare the 5 N sulfuric acid solution by
mixing water and sulfuric acid in the right order (i.e., adding
the water on the sulfuric acid).

5. For data processing, the slope of the linear initial part of the
reaction should be used.

6. Where possible, it is preferable to add the ATP to the reaction
mixture before adding the enzyme, so if there is some ADP in
the solution, this is converted back to ATP before the reaction
starts.

7. In the case of adding magnesium, it is preferable to add an
acetate salt rather than a chloride one.

8. TrwD ATPase activity is inhibited by magnesium. Therefore,
special care is needed to avoid the presence of this cation
(maximum ATP rates by TrwD are obtained in the presence
10 μM Mg2+ but inhibited at higher concentrations).

9. The assay requires accurate timing between the measurements.
Color changes will occur with time, so it is very important to
measure the results immediately and, in particular, maintain
always the same time intervals once the ATPase reaction has
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been stopped. It is also highly recommended to repeat the
standards with each new experiment, since small variations in
buffer composition can also be an important source of error in
the experiment.

10. It is important to check the background of the ATP solution,
since it might have significant Pi amounts already. A sample
with ATP but not protein should be taken as a blank.
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Chapter 11

Identification of Relaxase-DNA Covalent Complexes
and DNA Strand Transfer Reaction Products by
Polyacrylamide Gel Electrophoresis

Marı́a Lucas and Gabriel Moncalián

Abstract

Relaxases are essential proteins for plasmid conjugation. They process the DNA to be transferred by means
of a covalent intermediate. Thus, the characterization of these covalent complexes is essential to understand
the biological role of this reaction and to improve it for biotechnological applications. In this article, we
describe the use of the polyacrylamide electrophoresis techniques for the identification of relaxase-DNA
covalent complexes, being SDS-PAGE a simple and reliable method for the detection of protein-DNA
covalent adducts. Relaxases also perform a strand transfer reaction to recircularize the DNA and finish the
DNA transfer process in the recipient cell. Urea-PAGE allows us the analysis of oligonucleotides generated
by the strand transfer reaction. These methods could also be used for the analysis of other HUH
endonucleases.

Key words Relaxase, HUH endonucleases, nic cleavage assay, Protein-DNA covalent complex,
SDS-PAGE

1 Introduction

Relaxases (also namedMob proteins) are enzymes involved in DNA
processing for plasmid conjugation. Relaxases are usually multi-
domain proteins, being the relaxase domain always located at the
N-terminal position. The relaxase domain recognizes the proximal
arm of an inverted repeat close to a specific site called nic. With the
help of one or more accessory proteins, the relaxase is able to locally
melt the DNA around the cleavage site, generating a U-shaped turn
in the transferred ssDNA strand that positions the nic site in the
catalytic center. Then the plasmid DNA is cleaved at the nic site by a
conserved tyrosine within the relaxase that catalyzes a transesterifi-
cation reaction [1–4]. According to the phylogeny of the relaxase
domain, conjugative transfer systems were originally classified in
six MOB families: MOBF, MOBH, MOBQ, MOBC, MOBP, and
MOBV [5]. The MOBF, MOBQ, MOBP, and MOBV relaxases
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belong to the HUH endonuclease family, while the other two
families are unrelated and insufficiently characterized. HUH endo-
nucleases contain a conserved two-histidine motif in the catalytic
center and catalyze cleavage and rejoining of single-stranded DNA
using an active-site Tyr residue to make a transient 5-
0-phosphotyrosine bond with the DNA substrate [1]. The atomic
structures of the relaxase domain of five different HUH relaxases
have been described. Three structures belong to MOBF proteins
(TrwC_R388 [6], TraI_F [7], and TraI_pCU1 [8]), while the
other two belong to the MOBQ family (MobA_RSF1010 [9],
NES_pLW1043 [10]). All five structures share the same HUH
endonuclease fold. The cleavage reaction is reversible because the
free DNA 30-hydroxyl group in a tight non-covalent interaction
with the relaxase can attack the 50-phosphotyrosyl bond. This reac-
tion is in tight equilibrium, and no relaxation of the target dsDNA
is observed in vitro. However, using nic-containing ssDNA oligo-
nucleotides, cleavage of these oligonucleotides and formation of
the relaxase-DNA complex can be observed by the methods
described in this chapter.

Due to the common features of relaxases and HUH endonu-
cleases, we have described in this article three methods that could
be applied to most of the relaxases or HUH endonucleases. Relax-
ase purification (Fig. 1) can be performed by cation exchange
chromatography (P11 cellulose or SP11 column chromatography).
In order to bind DNA, DNA-binding proteins usually contain a

Fig. 1 Structure and purification of the TrwC relaxase domain, TrwCR. (a) 3D structure of TrwCR bound to the R
(25 + 0) oligonucleotide (PDB 1OMH). The electrostatic potential surface of TrwCR is shown. Negative potential
is colored red and positive potential blue. (b) Schematic representation of the TrwCR purification method. (c)
Coomassie-stained 12% SDS-PAGE gel showing the TrwCR containing fractions obtained after each purifica-
tion step. Total lysate C43(DE3):pSU1588 before IPTG induction (1), total lysate C43(DE3):pSU1588 after 2 h
IPTG induction (2), soluble fraction after cell lysis (3), elution P11 phosphocellulose (4), elution MonoS (5),
elution Superdex75 HR 10/30 (6), protein standard containing proteins with molecular weights 97.4, 66.2,
45, 31, 21.5, and 14.4 kDa (7)
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highly electropositive region. This region is specially marked in
relaxases in a way that these proteins can be purified by cation
exchange chromatography. Regarding the cleavage reaction, the
protein-DNA covalent adduct produced after cleavage is main-
tained in the SDS-PAGE condition, and the complex migrates in
a different position than the free protein (Fig. 2). Finally, Urea-
PAGE allows the identification of oligonucleotides of different size
(Fig. 3). Using this method, we are able to identify the oligonu-
cleotides produced by strand transfer if the appropriate substrates
are chosen in a way that the products have different sizes than the
substrates.

The protocols described here aim to investigate the relaxase
activity by the analysis and quantification of relaxase-DNA covalent
complexes and DNA strand transfer reaction products by polyacryl-
amide gel electrophoresis. We describe the protocols to study
TrwCR that contains the relaxase domain (residues 1–293) of
TrwC, the relaxase of conjugative plasmid R388.

2 Materials

Prepare all buffers using ultrapure water. Filter the buffers
used in chromatography through a 0.45 μm filter, and store them
at 4 �C.

a b c
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Fig. 2 Analysis of relaxase-DNA covalent complexes. (a) Schematic representation of the nic-containing
oligonucleotide cleavage reaction performed by the relaxase. Numbers indicate the nucleotides upstream and
downstream of the nic site. A green star represents a fluorescent dye or radioactive isotope that labels the 30

end of the oligonucleotide. (b) Coomassie-stained 12% SDS-PAGE gel of TrwCR incubated with oligonucleotide
R(12 + 18). The bands corresponding to TrwCR and the complexes of TrwCR covalently bound to 18-mer
oligonucleotide are indicated. M, protein marker 66.2, 45, 31, and 21.5 kDa. (c) Coomassie-stained 12%
SDS-PAGE gel of TrwCR incubated with different oligonucleotide substrates: R(12 + 8), R(12 + 18), R(12 + 28),
R(18 + 4), R(25 + 4), and R(25 + 8). Modified from [14]
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2.1 Relaxase Protein

Expression

and Purification

2.1.1 Relaxase Protein

Expression

1. Bacteria: C41(DE3) [F� ompT hsdSB (rB- mB-) gal dcm
(DE3)] [11] electrocompetent cells.

2. Relaxase expression plasmid: pSU1588 (pET3a::trwcR) [12].

3. Solid growth media: Lennox LB agar (10 g/L tryptone,
5 g/L yeast extract, 5 g/L sodium chloride, 15 g/L
bacteriological agar).

4. Liquid growth media: Lennox LB broth (10 g/L tryptone,
5 g/L yeast extract, 5 g/L sodium chloride).

5. Selection antibiotic: 100 mg/mL ampicillin solution sterilized.

6. Inducer of protein expression: 1 M isopropyl β-D-1-thiogalac-
topyranoside (IPTG).

7. Sample application buffer (SAB) 5�: 250 mM Tris–HCl,
pH 6.8, 5% SDS, 50% glycerol, 50 mM ethylenediaminetetraa-
cetic acid (EDTA), 0.05% bromophenol blue, 250 mM dithio-
threitol (DTT).

8. Electroporator: MicroPulser Bio-Rad.

9. Rotors: JA-10 (Beckman Coulter).

10. High-performance centrifuge: Avanti J-26XP (Beckman
Coulter).

25
812
18

a b c

cleavage

Proteinase K / SDS
37ºC

25 8

Strand transfer

Proteinase K / SDS
37ºC

12 18

25
812
18

1 2 3

12 18

12 18

12 18

- 30mer

- 43mer

- 18mer

Fig. 3 Analysis of strand transfer reactions performed by relaxases. Schematic representation of the nic-
containing oligonucleotide cleavage (a) and strand transfer reaction (b) performed by relaxase TrwCR followed
by SDS/proteinase K digestion. (c) Denaturing 18% Urea-SDS-PAGE analysis of oligonucleotide R(12 + 18)
labeled at 30 with 32P (lane 1) after TrwCR cleavage reaction (lane 2) or after TrwCR strand transfer reaction
with oligonucleotide R(25 + 8) (lane 3). The position of the bands with 30 end label corresponding to the input
oligonucleotide R(12 + 18) (30-mer), the cleavage product (18-mer), and the strand transfer product R
(25 + 18) (43-mer) are indicated at the right

148 Marı́a Lucas and Gabriel Moncalián



11. Orbital shaker.

12. Oven 37 �C.

2.1.2 Relaxase Protein

Purification

1. Lysis buffer: 50mMTris–HCl, pH 7.5, 1mMEDTA, 400mM
NaCl, 0.5 mM phenylmethylsulfonyl fluoride (PMSF).

2. Dilution buffer: 50 mM Tris–HCl, pH 7.5, 1 mM EDTA,
0.5 mM PMSF.

3. P11 phosphocellulose resin (Whatman) (see Note 1).

4. Empty column for gravity purification.

5. Buffer A: 50 mM Tris–HCl, pH 7.5, 1 mM EDTA,
200 mM NaCl.

6. Buffer B: 50 mM Tris–HCl, pH 7.5, 1 mM EDTA,
600 mM NaCl.

7. SEC buffer: 50 mM Tris–HCl, pH 7.5, 500 mM NaCl.

8. Cation exchange column: MonoS 5/50GL column
(GE Healthcare).

9. Gel filtration column: Superdex75 10/300GL column
(GE Healthcare).

10. Rotors: 50.2 Ti (Beckman Coulter).

11. Ultracentrifuge: Optima XL-100 K (Beckman Coulter).

12. Sonicator.

13. Fast protein liquid chromatography (FPLC) system.

2.2 Assay

for Identification

of Relaxase-DNA

Covalent Complex

1. Synthetic oligonucleotide containing the nic sequence of
R388 plasmid: R(12 + 18) TGCGTATTGTCTATAGCCCA
GATTTAAGGA.

2. Reaction buffer: 10 mM Tris–HCl, pH 7.5, 100 mM NaCl,
5 mM MgCl2.

3. Molecular weight standards.

4. Solutions for SDS-PAGE gel preparation: 40% acrylamide/bis-
acrylamide (37.5:1) solution, 1.5 M Tris–HCl pH 8.8, 0.5 M
Tris–HCl pH 6.8, 10% sodium dodecyl sulfate (SDS), 10%
(w/v) ammonium persulfate (APS) freshly prepared, and N,
N,N0,N0-tetramethylethylene-diamine (TEMED).

5. 10� SDS-PAGE running buffer: 250 mM Tris–HCl, pH 8.4,
1.92 M glycine, 1% (w/v) SDS.

6. Sample application buffer (SAB) 5�: 250 mM Tris–HCl,
pH 6.8, 5% SDS, 50% glycerol, 50 mM EDTA, 0.05% bromo-
phenol blue, 250 mM DTT.

7. Coomassie stain solution: 0.1% (w/v) Coomassie Blue R-250,
40% (v/v) ethanol, 10% (v/v) acetic acid.

8. Destain solution: 40% (v/v) ethanol, 10% (v/v) acetic acid.
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9. PAGE system for minigels (7–8 cm � 10 cm) with power
supply: Mini-PROTEAN (Bio-Rad).

10. PAGE accessories: glass plates, combs, gel caster.

11. Scanner.

2.3 Assays

for Detection

of Relaxase Cleavage

and Strand Transfer

Activity by Urea-SDS-

PAGE

1. Synthetic oligonucleotides containing the nic sequence of
R388 plasmid: R(12 + 18) TGCGTATTGTCTATAGCCCA
GATTTAAGGA and for R(25 + 8) GCGCACCGAAAGGT
GCGTATTGTCTATAGCCCA.

2. Reaction buffer: 10 mM Tris–HCl, pH 7.5, 100 mM NaCl,
5 mM MgCl2.

3. Proteinase K.

4. SDS 10%.

5. Loading buffer: 95% formamide, 20 mM EDTA, 0.05% bro-
mophenol blue, 0.05% xylene cyanol.

6. TBE solution 10�: 890 mM Tris base, pH 8.0, 890 mM boric
acid, 20 mM EDTA.

7. Solutions for denaturing TBE-urea gel preparation: 40%
acrylamide/bis-acrylamide (37.5:1) solution, urea powder,
10% (w/v) ammonium persulfate (APS) freshly prepared, and
N,N,N0,N0-tetramethylethylene-diamine (TEMED).

8. PAGE system for minigels (7–8 cm � 10 cm) with power
supply: Mini-PROTEAN (Bio-Rad).

9. PAGE accessories: glass plates, combs, gel caster.

10. Image analysis system: Odyssey infrared image system.

3 Methods

3.1 Relaxase Protein

Expression

and Purification

3.1.1 Relaxase Protein

Expression

1. Transform 50 μL C41(DE3) electrocompetent cells with 10 ng
TrwCR expression plasmid (pSU1588). Transformation is car-
ried out in a 2 mm gap pre-sterilized electroporation cuvette
using an electroporator. This will give a time constant around
4.5 ms. Add 1 mL of LB medium, transfer to a sterile tube, and
incubate at 37 �C during 1 h. Plate the cells on a Petri dish
containing LB agar supplemented with 100 μg/mL ampicillin.
Incubate overnight the dish at 37 �C.

2. Inoculate 250 mL Erlenmeyer flasks containing 50 mL of
selective Lennox LB broth (50 μg/mL ampicillin) with one
C41(DE3):pSU1588 colony that was streak purified. Incubate
overnight at 37 �C with shaking in orbital shaker at 180 rpm.

3. Inoculate 1 L selective liquid LB media (100 μg/mL ampicil-
lin) with 50 mL of the overnight culture, and incubate at 37 �C
with shaking at 180 rpm. Monitor cell growth every 30 min by
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taking 1 mL samples and measuring the optical density at
600 nm (OD600) until 0.6. Take 0.5 mL sample for
SDS-PAGE analysis (sample before IPTG induction). Centri-
fuge at 5000 � g for 1 min, discard the supernatant, and add
60 μL of SAB 1� (10 μL for each 0.1 OD600). Store this sample
at �20 �C for SDS-PAGE analysis (Fig. 1).

4. Add 0.5 mL of 1 M IPTG to the culture (0.5 mM final) to
induce the expression of TrwCR, and continue shaking at 37 �C
and at 180 rpm for 2 h (see Note 2). Take 0.5 mL sample for
SDS-PAGE analysis (sample after IPTG induction),and process
the sample as described in step 3 of this section.

5. Transfer the culture to centrifuge bottles. Harvest cells by
centrifugation at 4000 � g for 15 min (rotor Beckman
JA-10) at 20 �C, and discard the supernatant. Transfer the
cells to a 50 mL falcon tube, and store at �80 �C (see Note 3).

3.1.2 Relaxase Protein

Purification

1. Lysis. Thaw the cells in a water bath for 15 min at 37 �C.
Transfer the cells immediately on ice, and add 40 mL of chilly
cold lysis buffer. Lyse the bacterial cells by 3 cycles of 1 min
sonication with a 50% amplitude. Wait 1 min between each
cycle to avoid overheating of the sample. Ultracentrifuge the
lysed cells at 145,000 � g for 30 min at 4 �C using a 50.2 Ti
rotor (Beckman Coulter). Take the supernatant, and slowly add
the same volume of chilled dilution buffer in order to reduce
the NaCl concentration for P11 phosphocellulose binding.

2. P11 phosphocellulose chromatography. Pour 10 mL activated P11
phosphocellulose into an empty column (e.g., XK column, GE
Healthcare) that can be connected to a chromatography system
or to a peristaltic pump. Alternatively this purification step can
also be done by gravity flow. Equilibrate the resin with 10 col-
umn volumes (CV) of buffer A at 1 mL/min at 4 �C. Load the
supernatant of the ultracentrifuged lysed sample, and wash the
column with 10 CVof buffer A. Elute the sample with 4 CVof
elution buffer B collecting fractions of 5 mL.

3. Cation exchange chromatography. Dilute P11 phosphocellulose
eluted fractions containing TrwCR with two volumes of dilu-
tion buffer in order to reduce the NaCl concentration to
200 mM. Centrifuge the sample at 4 �C for 10 min at
14,000 � g to get rid of the precipitated protein. Load this
sample onto a 1 mL MonoS (5/50GL, GE Healthcare) cation
exchange column using a FPLC system (e.g., AKTA system,
GE Healthcare). The MonoS column should have been previ-
ously equilibrated with 5 CV of buffer A. After loading the
protein, wash with 10 CVof buffer A, and elute the sample with
a 20 CV constant gradient obtained using buffer A and buffer
B. Collect fractions of 1 mL. Pool the fractions containing the
peak of TrwCR in the elution chromatogram.
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4. Gel filtration chromatography. Equilibrate a Superdex75
(10/300GL, GEHealthcare) column with 2 CVof SEC buffer
at 0.5 mL/min using an FPLC system. Centrifuge the sample
at 4 �C for 10 min at 14,000 � g before injection. Load the
sample injected in a 0.5 mL loop with 1 mL of loading buffer
through the loop. Elute the sample with 1.5 CV of loading
buffer at 0.5 mL/min. Take fractions of 0.5 mL during the
entire run. Pool the fractions containing TrwCR. Determine
the protein concentration by UV absorption applying the
extinction coefficient of TrwCR 35,410M�1 cm�1. The extinc-
tion coefficient can be calculated using the ExPASy ProtParam
tool (http://web.expasy.org/protparam). Make aliquots of
0.2 mL each. Fast freeze the aliquots on liquid nitrogen, and
store them at �80 �C until further use (see Note 4).

5. The samples obtained from the different purification steps are
analyzed by SDS-PAGE as described in steps 4–6 of Subhead-
ing 3.2. Load into each lane of the gel 15 μg of cell lysate and
5 μg of the samples corresponding to the purification steps.

6. Approximately 5 mg of TrwCR was obtained from 1 L culture.

3.2 Assay

for Identification

of Relaxase-ssDNA

Covalent Complex

1. Reconstitute the synthetic oligonucleotide containing the nic
sequence R(12 + 18) in Milli-Q water at a concentration of
100 μM (see Note 5).

2. Heat the oligonucleotide 5 min at 95 �C (see Note 6). Allow
the oligonucleotide to slowly cool to room temperature for at
least 1 h.

3. Incubate 10 μM TrwCR (seeNote 7) with 15 μM oligonucleo-
tide (seeNote 8) in reaction buffer at 37 �C for 30 min in a final
volume of 20 μL.

4. Prepare 12% SDS gel (see Note 9): Mix 2.5 mL of 1.5 M
Tris–HCl pH 8.8, 3 mL of 40% acrylamide/bis-acrylamide
(37.5:1) solution and 4.29 mL of water. Add 100 μL of 10%
SDS, 100 μL of 10% APS, and 10 μL of TEMED. Pour the
solution into an 8.3 cm � 7.3 cm � 1 mm gel cassette leaving
space at the top for stacking gel, and gently overlay the gel
surface with isobutanol or water. Allow the gel to polymerize
for at least 20 min. Prepare the stacking gel by mixing 1.25 mL
of 0.5 M Tris–HCl, pH 6.8, 0.75 mL of 40% acrylamide/bis-
acrylamide (37.5:1) solution, and 2.90mL water. Add 50 μL of
10% SDS, 50 μL of APS, and 5 μL of TEMED. Insert a 10-well
gel comb immediately without introducing air bubbles. Allow
the stacking gel to polymerize. Gently remove the comb, and
wash the wells by pipetting SDS-PAGE running buffer inside
the well a few times.

5. Analyze the samples by SDS-PAGE using an electrophoresis
system (Mini-PROTEAN, Bio-Rad). Mix 10 μL of the reaction
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with 2.5 μL SAB 5�. Heat at 95 �C for 5min. Load the samples
on 12% SDS gel. Load 5 μL protein standards in the first well
and 12.5 μL of samples in the other wells. Electrophorese at
200 V in SDS-PAGE running buffer until the dye front (bro-
mophenol blue) reaches the bottom of the gel.

6. Place the gel in a container with stain solution, and allow the
gel to stain for at least 30min. Then destain the gel with destain
solution for at least 30 min, and follow with water washes until
no blue background is observed on the gel.

7. Digitalize the gel with a scanner.

8. Calculate the amount of protein forming a covalent complex
from band intensities using a gel analysis software. Public
domain NIH ImageJ or Bio-Rad Quantity One software can
be used.

3.3 Assays

for Detection

of Relaxase-ssDNA

Cleavage and Strand

Transfer Activity

1. Resuspend the commercial oligonucleotides R(12 + 18)
labeled at 30 with Texas Red (see Notes 10 and 11) and R
(25 + 8) in Milli-Q water to a final concentration of 100 μM.

2. Heat the 100 μMoligonucleotides 5 min at 95 �C (seeNote 6).
Allow the oligonucleotides to slowly cool to room temperature
for at least 1 h.

3. In a 1.5 mL tube, incubate 50 nM oligonucleotide R(12 + 18)
with 1 μM TrwCR in reaction buffer for 30 min at 37 �C in a
final volume of 20 μL.

4. Add 250 nM R(25 + 8) to the samples for strand transfer
reaction, and incubate 1 h at 37 �C.

5. Digest the relaxase protein with 0.6 mg/mL proteinase K and
0.05% SDS for 20 min at 37 �C.

6. Add 3 μL of loading buffer to 10 μL of each sample. Heat the
sample 5 min at 95 �C, and then chill them on ice (see Note
12).

7. Prepare denaturing TBE-8 M urea gels with 18% polyacryl-
amide. 15 mL solution is sufficient for two minigels. Mix
5.63 mL of 40% acrylamide/bis-acrylamide (37.5:1) solution,
7.2 g urea, and 1.5 mL of 10� TBE buffer. Warm the mixture
to 37 �C and mix by stirring. When the urea is dissolved, add
water up to 15 mL. Add 75 μL of 10% APS and 7.5 μL of
TEMED to the beaker containing the gel solution. Then pour
immediately the solution into an 8.3 cm � 7.3 cm � 1 mm gel
cassette avoiding the introduction of air bubbles. Place the
comb, and allow the gel to polymerize for 30 min (see
Note 13).

8. Pre-run the gel in TBE buffer at 200 V for 15 min.

9. Wash the wells before loading the samples to remove unpoly-
merized acrylamide.
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10. Run the gel at 200 V for 70 min, or until the dyes have
migrated the desired distance.

11. Scan the gel on a fluorescence imaging system.

4 Notes

1. P11 phosphocellulose (Whatman) is a cheap cation exchange
medium that is useful for the first steps of purification of
DNA-binding proteins. Electrostatic bonds can be established
between the positive charges on the protein and the negative
charge on the phosphate groups of the phosphocellulose. This
resin has to be activated as described by the manufacturer with
0.2 M NaOH and 0.2 M HCl. GE Healthcare, the company
that acquired Whatman, has discontinued P11 phosphocellu-
lose. An alternative product that works just as well is cellulose
phosphate provided by Sigma (C2258).

2. The induction with IPTG can be done alternatively overnight
at 20 �C.

3. Bacterial pellets can be stored at �80 �C for several months.

4. Frozen proteins can be stored over years at �80 �C without
notable protein aggregation or loss of activity after unfreezing
the samples.

5. Oligonucleotides labeled at the 30 end with a fluorophore can
be used for detection of the band corresponding to the cova-
lent complex relaxase-ssDNA. The gel is scanned before Coo-
massie staining with a fluorescence imaging system.

6. Due to the hairpin structure of most of the oligonucleotides
used in the cleavage assay, a mixture of states could be present
in the resuspended commercial oligonucleotides. Heating to
95 �C to remove secondary structures and slow cool down to
room temperature allows the formation of the intermolecular
hairpin structure as it is the most favorable conformation of the
oligonucleotide. This is achieved by heating the oligonucleo-
tides for 5 min at 95 �C in a water bath or heat block, turning
off the machine, and leaving there the tubes until it cools down
to room temperature.

7. TrwC and other relaxases (Y2 relaxases) contain two catalytic
tyrosines, one involved in the initiation reaction (Y18 in TrwC)
and the other in the second transesterification reaction (Y26 in
TrwC). Thus, TrwCR generates two different covalent com-
plexes after the cleavage reaction (Fig. 2b), one complex with
one oligonucleotide molecule bound to Y18 and the other
complex with one oligonucleotide bound to Y18 and a second
oligonucleotide molecule bound to Y26. In relaxases or HUH
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endonucleases with one catalytic tyrosine (Y1), only one cova-
lent complex will be produced.

8. The products of relaxase cleavage reactions in vitro represent an
equilibrium between cleavage and religation, and thus the yield
of the covalent complex formation is poor. A much better yield
can be obtained using oligonucleotides containing a 30-S-phos-
phorothiolate linkage at the cleavage site (suicide substrates)
[13]. The free –SH group generated after cleavage of the
suicide substrates cannot produce the attack responsible of
the ligation step, and the relaxase reaction is displaced toward
the covalent complex formation.

9. The gel acrylamide percentage could vary depending on the
relaxase/endonuclease size. The described 12% gel is optimal
for 30 kDa proteins.

10. Depending on the instrument available to measure the fluores-
cence signal, other fluorophores (fluorescein, IRdye, Cy3, Cy5,
Alexa dyes, etc.) can be used to label the oligonucleotides.

11. Alternatively, radiolabeled oligonucleotides with 32P at 30 end
can be used. In this case, dry the gels for 2 h at 80 �C applying
vacuum in a gel dryer. Subsequently, dried gels are exposed to a
phosphoimaging plate, which is then scanned in a
phosphoimager.

12. In 18% polyacrylamide gels, marker dye bromophenol blue
co-migrates with oligonucleotides with length of 8–10 bases
and xylene cyanol with oligonucleotides of 30 bases. The fluo-
rescence detection of the oligonucleotides can be disturbed by
the dyes. In case oligonucleotides with these sizes have to be
detected, load the samples with a loading buffer without the
dyes and in a separate well the loading buffer with the dyes in
order to follow the electrophoresis front.

13. The products of the cleavage reaction and strand transfer reac-
tion can also be isolated by electrophoresis in sequencing gels
(17 � 40 cm) if high resolution by size is required. Siliconize
the crystals with Sigmacote, a chlorinated organopolysiloxane
in heptane, before being assembled, to facilitate the removal of
the gel after electrophoresis. Perform a pre-run electrophoresis
for 30 min at 2000 V, and then run the gel for 4 h at 2000 V.
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Pérez-Luque R, Gomis-Rüth FX, de la Cruz F,
Coll M (2003) Recognition and processing of
the origin of transfer DNA by conjugative
relaxase TrwC. Nat Struct Biol
10:1002–1010. https://doi.org/10.1038/
nsmb0104-102a

7. Datta S, Larkin C, Schildbach JF (2003) Struc-
tural insights into single-stranded DNA bind-
ing and cleavage by F factor TraI. Structure
11:1369–1379. https://doi.org/10.1016/j.
str.2003.10.001

8. Nash RP, Habibi S, Cheng Y, Lujan SA,
Redinbo MR (2010) The mechanism and

control of DNA transfer by the conjugative
relaxase of resistance plasmid pCU1. Nucleic
Acids Res 38:5929–5943. https://doi.org/10.
1093/nar/gkq303

9. Monzingo AF, Ozburn A, Xia S, Meyer RJ,
Robertus JD (2007) The structure of the min-
imal relaxase domain of MobA at 2.1 a resolu-
tion. J Mol Biol 366:165–178. https://doi.
org/10.1016/j.jmb.2006.11.031

10. Edwards JS, Betts L, Frazier ML, Pollet RM,
Kwong SM, Walton WG, Ballentine WK,
Huang JJ, Habibi S, Del Campo M, Meier JL,
Dervan PB, Firth N, Redinbo MR (2013)
Molecular basis of antibiotic multiresistance
transfer in Staphylococcus aureus. Proc Natl
Acad Sci U S A 110:2804–2809. https://doi.
org/10.1073/pnas.1219701110

11. Miroux B, Walker JE (1996) Over-production
of proteins in Escherichia coli: mutant hosts that
allow synthesis of some membrane proteins
and globular proteins at high levels. J Mol
Biol 260:289–298. https://doi.org/10.
1006/jmbi.1996.0399

12. Llosa M, Zunzunegui S, de la Cruz F (2003)
Conjugative coupling proteins interact with
cognate and heterologous VirB10-like proteins
while exhibiting specificity for cognate relaxo-
somes. Proc Natl Acad Sci U S A
100:10465–10470. https://doi.org/10.
1073/pnas.1830264100

13. Gonzalez-Perez B, Lucas M, Cooke LA, Vyle
JS, de la Cruz F, Moncalián G (2007) Analysis
of DNA processing reactions in bacterial con-
jugation by using suicide oligonucleotides.
EMBO J 26:3847–3857. https://doi.org/10.
1038/sj.emboj.7601806

14. Sagredo S, de la Cruz F, Moncalián G (2016)
Design of novel relaxase substrates based on
rolling circle replicases for bioconjugation to
DNA nanostructures. PLoS One 11:
e0152666. https://doi.org/10.1371/journal.
pone.0152666

156 Marı́a Lucas and Gabriel Moncalián

https://doi.org/10.1038/nrmicro3067
https://doi.org/10.1038/nrmicro3067
https://doi.org/10.1046/j.1365-2958.1997.5241885.x
https://doi.org/10.1046/j.1365-2958.1997.5241885.x
https://doi.org/10.1046/j.1365-2958.1997.5241885.x
https://doi.org/10.1128/microbiolspec.PLAS-0004-2013
https://doi.org/10.1128/microbiolspec.PLAS-0004-2013
https://doi.org/10.1111/j.1574-6976.2009.00168.x
https://doi.org/10.1111/j.1574-6976.2009.00168.x
https://doi.org/10.1111/j.1574-6976.2009.00168.x
https://doi.org/10.1038/nsmb0104-102a
https://doi.org/10.1038/nsmb0104-102a
https://doi.org/10.1016/j.str.2003.10.001
https://doi.org/10.1016/j.str.2003.10.001
https://doi.org/10.1093/nar/gkq303
https://doi.org/10.1093/nar/gkq303
https://doi.org/10.1016/j.jmb.2006.11.031
https://doi.org/10.1016/j.jmb.2006.11.031
https://doi.org/10.1073/pnas.1219701110
https://doi.org/10.1073/pnas.1219701110
https://doi.org/10.1006/jmbi.1996.0399
https://doi.org/10.1006/jmbi.1996.0399
https://doi.org/10.1073/pnas.1830264100
https://doi.org/10.1073/pnas.1830264100
https://doi.org/10.1038/sj.emboj.7601806
https://doi.org/10.1038/sj.emboj.7601806
https://doi.org/10.1371/journal.pone.0152666
https://doi.org/10.1371/journal.pone.0152666


Chapter 12

First Biochemical Steps on Bacterial Transposition
Pathways

Catherine Guynet, Emilien Nicolas, Bao Ton-Hoang, Jean-Yves Bouet,
and Bernard Hallet

Abstract

Transposons are found in a wide variety of forms throughout the prokaryotic world where they actively
contribute to the adaptive strategies of bacterial communities and hence, to the continuous emergence of
new multiresistant pathogens. Contrasting with their biological and societal impact, only a few bacterial
transposons have been the subject of detailed molecular studies. In this chapter, we propose a set of reliable
biochemical methods as a primary route for studying new transposition mechanisms. These methods
include (a) a straightforward approach termed “thermal shift induction” to produce the transposase in a
soluble and properly folded configuration prior to its purification, (b) an adaptation of classical electropho-
retic mobility shift assays (EMSA) combined to fluorescently labeled DNA substrates to determine the
DNA content of different complexes assembled by the transposase, and (c) a highly sensitive “in-gel” DNA
footprinting assay to further characterize these complexes at the base pair resolution level. A combination of
these approaches was recently applied to decipher the molecular organization of key intermediates in the
Tn3-family transposition pathway, a mechanism that has long been refractory to biochemical studies.

Key words Transposase purification, Transpososome, DNA–protein complex, Thermal-shift induc-
tion, DNA binding, EMSA, Fluorescent DNA labeling, Nucleoprotein complexes stoichiometry, In-
gel DNA footprinting

1 Introduction

Transposons inhabit the genomes of all prokaryotes where they
constitute the driving force of the “mobilome,” allowing bacterial
communities to face environmental challenges by exchanging and
reassorting phenotypically useful genetic traits. They are notably
responsible for the dissemination of antimicrobial resistance genes
and the emergence of an ever-growing number of multiresistant
pathogens, which is now regarded as one of the most serious threat
for human health worldwide (e.g., see http://www.who.int/
medicines/publications/WHO-PPL-Short_Summary_25Feb-
ET_NM_WHO.pdf). Therefore, understanding the molecular
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mechanisms that mediate and regulate the movement of transpo-
sons is crucial to fully assess their biological and societal impact and
possibly to find new strategies to control their activity.

Transposition is a multistep process, during which a transpo-
son-encoded specialized DNA recombinase, the “transposase,”
catalyzes DNA breakage and rejoining reactions required for trans-
poson mobilization. Although transposases belong to structurally
and biochemically distinct families or superfamilies of proteins, the
transposition pathway generally goes through common successive
steps (e.g., [1]). The first step typically consists in specific binding
of the transposase to the ends of the transposon. The next step
involves the formation of a higher-order nucleoprotein complex
termed “transpososome” in which the ends of the transposon are
brought together usually through transposase oligomerization.
Formation of this complex is critical to ensure that the chemical
steps of transposition are catalyzed in an ordered and coordinated
fashion and its architecture and dynamics are specific to each sys-
tem. Transpososome formation and activity may be regulated by
one or more host factors or by additional transposon-encoded
accessory proteins. The precise nature of the DNA substrates (sin-
gle or double stranded), the chemistry of the DNA cleavages and
re-joining reactions catalyzed by the transposase (whether they
occur by direct hydrolysis and trans-esterification or through the
formation of a protein-DNA covalent intermediate), the structure
of subsequent transposition intermediates, and the degree of target
specificity are defined by the biochemical family of the transposon
and its mode of transposition.

In spite of this biochemical diversity and the large number of
bacterial transposons currently listed in databases, only a handful of
them have been characterized at the molecular level (Mu [2], IS10
[3], Tn7 [4], Tn5 [5], IS911 [6], Tn552 [7], IS1 [8], IS608 [9],
Tn4430 [10]). This scenario is partly due to the complexity of the
transposition reaction and the inherent difficulty to establish sensi-
tive and quantitative biochemical assays recapitulating specific steps
or the entire process in a controlled cell-free system. In this chapter,
we describe three valuable methods for in vitro studies of transpo-
sition: (a) a thermal shift induction method for transposase expres-
sion, (b) a short–long electrophoretic mobility shift assay (EMSA)
protocol coupled to differential fluorescent DNA labeling to char-
acterize transpososome formation and composition, and (c) an
in-gel footprinting analysis of transposase–DNA interactions within
the complexes. We have chosen these methods for their simplicity
and the fact that they can conceptually be applied to decipher basic
steps of any kind of transposition mechanism.

1.1 Thermal Shift

Induction Method

for Transposase

Expression

A recurrent issue in de novo development of in vitro transposition
assays is to purify sufficient amounts of active transposase to mea-
sure detectable levels of DNA binding and to perform cleavage and
strand transfer reactions under reconstituted conditions. This
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Fig. 1 Principle of the “thermal shift induction” method for active transposase expression and purification. (a)
In classical protein expression protocols, E. coli cells harboring the transposase expression vector are grown
under repressed conditions at the optimal temperature (37 �C) until mid-log phase prior to start expression.
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scenario is most likely due to fact that the transposase proteins are
naturally expressed at a low level and exert their activity in the
context of elaborate nucleoprotein complexes with strong confor-
mational constrains and little or no turnover. In an extreme situa-
tion known as “cis preference,” proper folding of the transposase is
concomitant to its binding to the transposon ends, which regulates
transposition by restricting the diffusion of the active transposase
throughout the cell [11, 12]. As a consequence, transposases are
generally insoluble and have the tendency to aggregate when over-
expressed, yielding poorly active and/or incompletely folded pro-
teins, even when using standard denaturation–renaturation
protocols (e.g., see [13] and references therein for discussion). To
overcome these difficulties, we have set up a very simple protocol to
optimize the overexpression of properly folded and soluble proteins
in Escherichia coli cells (Fig. 1). This method, which we refer to as
the “thermal shift induction” method, was shown to greatly facili-
tate purification of a number of “recalcitrant” proteins, including
transposases (e.g., [14–16]). The method consists in growing cells
carrying the transposase expression vector under heat-shock
(HS) conditions (i.e., at 42 �C for E. coli) prior to induction. This
method allows to load the cells with HS protein chaperones whose
function is to interact with unfolded or misfolded polypeptides and
to help them to adopt a proper conformation [17, 18]. Expression
of the transposase gene, which is under the control of an inducible
promoter, is then induced at low growth temperature (i.e., roomT�

or ~20 �C) to benefit at the same time from low Brownian motion
during protein production and from the activation of the protein
quality control system by the HS chaperones still present within the
cells. Both conditions facilitate protein folding, thereby reducing
aggregate formation and increasing the amount of transposase in
the soluble fraction (Fig. 1). The protein can then be purified
directly from cell extracts using appropriate protocols based, for
example, on the use of small affinity tags or larger “carrier” tags,
which may further increase protein solubility (e.g., for recent
reviews: [19–21]).

�

Fig. 1 (continued) With poorly soluble proteins, the procedure often leads to the formation of aggregates due
to co-precipitation of unfolded proteins. As shown for the TnpA transposase of Tn4430, the majority of the
expressed transposase is then retained in the pellet after cell lysis and centrifugation. (b) In the thermal shift
procedure, cells are first grown at elevated temperature (42 �C) in order to load them with HS protein
chaperones prior to chill the culture to room temperature (RT� or ~20 �C) and add the inducer. Low thermal
agitation together with the presence of chaperones facilitate protein folding during expression. For Tn4430
TnpA and other transposases, the procedure increased the yield of soluble and active proteins in the
supernatant of cell lysates (spnt), which allowed their purification by simple affinity chromatography. PF
purified fraction. Coomassie-stained gel of (b) was extracted from [10] with permission
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1.2 Short–Long

EMSA Assay Coupled

to Differential

Fluorescent DNA

Labeling

The two other methods described in this chapter are dedicated to
determine how the transposase interacts with the transposon ends
and then how the resulting DNA–protein complexes develop to
assemble the active transpososome. EMSA is one of the most widely
used techniques for experimental demonstration that the transpo-
sase binds specifically to the transposon ends and to characterize its
interaction with DNA (binding affinity, protein and DNA determi-
nants of the interaction, stoichiometry, and architecture of the
transpososome) (e.g., [22–25]). In classical EMSA, a labeled
DNA fragment containing a specific sequence is incubated with
the protein, and the protein–DNA complexes are subjected to
polyacrylamide gel electrophoresis under native conditions
[26, 27]. In general, protein–DNA complexes migrate more slowly
than the corresponding unbound DNA, generating upper-labeled
bands within the gel. A limitation of this technique is that the
electrophoretic mobility of a protein–DNA complex depends on
many factors other than the size of the protein and DNA substrate,
such as protein charge or DNA and protein–DNA conformational
changes upon binding [28, 29]. As a consequence, an observed
mobility shift does not provide a straightforward determination of
complexes composition. The binding of transposases to their ends
often gives rise to more than one band shift corresponding to
different complexes differing by the number of DNA substrates
bound and/or the oligomerization state of the transposase in each
complex. Here, we describe a “short–long” EMSA protocol cou-
pled to differential fluorescent DNA labeling to facilitate determi-
nation of the transposase–DNA complexes composition (Fig. 2). In
this assay, the transposase is incubated with a short and a long DNA
fragment containing a transposon end, separately or together, in
the same reaction. The fragments are separately labeled with either
cyanidin5 (Cy5) or cyanidin3 (Cy3) fluorophores to assign them
unambiguously to specific complexes. In the co-incubation reac-
tion, retarded bands that are labeled with both fluorophores iden-
tify synaptic complexes in which the transposase is bound to two
transposon ends (Fig. 2).

1.3 In-Gel

Footprinting Analysis

of Transposase–DNA

Interactions Within

the Complexes

Details of the interactions between the transposase andDNA can be
further investigated by in-gel 1,10-phenanthroline–copper
(OP–Cu) footprinting analysis [30]. This technique has been
used to study the synaptic complexes inherent to different transpo-
sition mechanisms of the bacterial transposons IS911, IS608, and
Tn4430 [10, 31, 32]. The method that we propose here is an
adaptation from Bouet and Funnell [33]. It enables the determina-
tion of the DNA regions that are contacted by the transposase
within each transposase–DNA complex previously identified by
EMSA. OP–Cu has a chemical nuclease activity and interacts with
DNA through the minor groove where it cleaves the phosphodie-
ster backbone [34, 35]. Resistance to cleavage, indicating that
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Fig. 2 Short–long EMSA experiment with differentially labeled fluorescent DNA probes. (a) The figure
illustrates the case where fluorescently labeled DNA substrates are produced by PCR. A short (S; e.g.,
~80–120 bp) and a long (L; e.g., ~160–200 bp) DNA fragment containing the transposon end are
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OP–Cu does not have access to theDNA, is caused by either protein
steric hindrance or altered geometry of the DNA helix that narrows
the minor groove. By contrast, enhanced OP–Cu cleavage results
from altered DNA geometry that leads to a widened minor groove.
Thus, the method not only indicates which DNA sequences are
protected by the transposase in the different complexes, but it also
provides additional information on the DNA distortions that are
produced by the protein within or adjacent to its binding site.

In the assay, protein–DNA complexes are first separated by
EMSA, and the entire gel is treated with a solution containing
OP–Cu to cleave the DNA. The complex bands and unbound
DNA substrates are then excised from the gel, and after recovery
of the treated DNA, OP–Cu cleavage products are resolved in a
denaturing polyacrylamide gel. Comparison of the bound and
unbound patterns with sequencing reaction products of the sub-
strate can allow identification of protected sequences with single-
nucleotide resolution. Compared to other footprinting reagents
(such as DNase I, dimethyl sulfate (DMS), or ferrous-EDTA),
OP–Cu offers several advantages. Because of its small size and
reactivity, it rapidly diffuses through the polyacrylamide gel matrix
and cleaves DNA with relatively little sequence specificity, giving
footprint patterns with a high precision. Also, OP–Cu cleaves DNA
at physiological pH and temperature and is not inhibited by glyc-
erol, which is found in most protein storage buffers.

Although the ultimate fine molecular description of DNA–-
transposase complexes requires crystallographic, cryo-electron
microscopy and/or NMR analyses, the techniques described in
this chapter may provide important advances in the study of a
particular transposition mechanism. They have been recently used
to study the assembly of a transpososome of the Tn3-family, which
has long been refractory to biochemical characterization due to the
unusual large size and strong insolubility of the transposase [10].

�

Fig. 2 (continued) PCR-amplified using a 50Cy5-labeled (red dot) or a 50Cy3-labeled (green dot) specific
primer on one side and unlabeled primer on the opposite side. PCR products are run on a 4–8% polyacryl-
amide gel and analyzed by fluorescence scanning using appropriate excitation–detection filters. DNA
substrates are purified from the gel and checked by digestion with appropriate restriction enzymes (e.g.,
KpnI and NcoI in the example) followed by gel electrophoresis. (b) Example of a short–long experiment
performed with the wild-type TnpA transposase (WT) and the TnpAS911R mutant (S911R) of Tn4430. The
proteins were incubated with a short (S, 100 bp) and a long (L, 165 bp) DNA substrate separately and with both
substrates together in the same reaction (S/L). The reactions were analyzed under standard EMSA condition,
and the gel was scanned to specifically detect Cy3 and Cy5 fluorescence (green and red bands, respectively).
Wild-type TnpA formed a single-end complex (SEC) on both the short and the long substrate. In addition to
SEC, the deregulated TnpAS911R mutant formed an additional, slower migrating paired end complex (PEC) in
which the protein binds to two transposon ends simultaneously. In the mixed reaction, this scenario resulted in
the formation of an intermediate complex containing a short and a long DNA substrate (yellow band in the
overlay). Fluorescent scan of (b) was extracted from [10] with permission
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2 Materials

Unless otherwise stated, reagents should be “molecular biology
grade” or better, and water should be Milli-Q® or any form of
ultrapure water with a sensitivity of 18.2 MΩ·cm. All 1.5 mL tubes
used are DNA low binding grade. If not specified, buffers are stored
at room temperature.

2.1 Thermal Shift

Induction Method

for Transposase

Purification

The standard procedure for protein purification includes the clon-
ing of the gene of interest in an expression vector, its transforma-
tion into a host strain followed by induction of gene expression,
and then, protein purification. There are many molecular tools and
protocols at hand for the production and purification of proteins in
E. coli, including a large number of expression vectors, host strains,
and purification methods (e.g., see [19, 21, 36]). The method
described here is based on the protocol used for Tn4430 transpo-
sase [15]. It is in principle compatible with any combination of host
strain and expression vector and does not require any specific
material. For batch cultivation, LB (Lysogeny broth) medium is
commonly used, supplemented with appropriate selective antibio-
tics where necessary.

2.1.1 Expression Plasmid The catalog of available vectors for controlled gene expression is
vast and diverse. Expression vectors are characterized mainly by the
nature of the replicon (conferring the plasmid copy number), the
type of promoter, and the tags and/or fusion partners they contain
(e.g., see [19, 21]). The choice of the expression vector is linked to
the choice of the host E. coli strain (see Subheading 2.1.2) and the
protocol that will be used for protein purification (see Note 1).

2.1.2 Bacterial Strain There is a variety of E. coli host strains for protein expression. The
choice of a specific strain depends on the expression vector (see
Subheading 2.1.1) and also on the nature of the transposase (see
Note 1).

2.2 Short–Long

EMSA Coupled

to Differential

Fluorescent DNA

Labeling

2.2.1 Fluorescently

Labeled DNA Substrates

Preparation

1. Specific 50 Cy5-labeled and 50 Cy3-labeled oligonucleotides (see
Subheading 3.2.1 and Note 2).

2. Hybridization buffer (2�): 20 mM Tris–HCl, pH 8.0,
100 mM NaCl, and 2 mM Ethylenediaminetetraacetic acid
(EDTA). This buffer is not required for PCR-amplified DNA
substrates preparation.

3. Tris-EDTA (TE) buffer 1�: 10 mM Tris–HCl, pH 8.0,
1 mM EDTA.

4. Salt-Tris-EDTA (STE) buffer: 100 mM NaCl, 10 mM
Tris–HCl, pH 8.0, 1 mM EDTA.

5. Non-denaturing polyacrylamide gel: solutions and materials as
described in Subheading 2.2.3.
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2.2.2 Binding Reactions 1. Composition of DNA binding buffer depends on physico-
chemical properties of the transposase protein. Our favorite
5� buffer is 250 mM Tris–HCl, pH 8.0, 250 mM NaCl,
25 mM EDTA, pH 8.0, 5 mM DTT, and 50% (v/v) DMSO.
Make fresh or aliquot and store at �20 �C (see Note 3).

2. Bovine serum albumin (BSA), 50 mg mL�1.

3. Poly-d[I-C], 1 mg/mL (see Note 4).

4. Protein dilution (or “No”) buffer: 50 mM Tris–HCl, pH 8.0,
500 mM NaCl, and 20% (v/v) glycerol (see Note 5).

2.2.3 Non-denaturing

Polyacrylamide Gel

1. Dye-containing loading buffer 5�: 0.05% (w/v) orange G,
50% (w/v) sucrose. Make aliquots and store at �20 �C (see
Note 6).

2. Electrophoresis buffer: Tris-borate-EDTA (TBE) buffer
(10�): 890 mM Tris base, pH 8.3, 890 mM boric acid, and
20 mM ethylenediaminetetraacetic acid (EDTA) (see Note 7).

3. 40% (w/v) acrylamide:bis-acrylamide commercial solution
(19:1). Store at 4 �C (see Note 8).

4. Ammonium persulfate (APS) (10%, w/v): dissolve 1 g of APS
in 10 mL water. Filter through a 22 μm membrane filter and
store at 4 �C.

5. Tetramethylethylenediamine (TEMED). Store at 4 �C.

6. Special equipment: standard vertical apparatus for polyacryl-
amide gel electrophoresis, power supply, and dedicated fluores-
cence scanner device.

2.3 In-Gel

Footprinting Analysis

of DNA–Transposases

Complexes

2.3.1 [32P]-Labeled DNA

Substrate Preparation

1. Specific primers designed to PCR amplify the DNA region on
which the footprint will be carried on (see Note 9).

2. T4 polynucleotide kinase (T4 PNK) and associated 10� buffer.

3. Radioisotope: ATP, [γ-32P] (typical specific activity
>6000 μCi/mmol) (see Note 10).

4. Items 3–5 in Subheading 2.2.1.

2.3.2 Transposase–DNA

Complexes Separation

by EMSA

All materials described in Subheadings 2.2.2 and 2.2.3.

2.3.3 In-Gel Footprinting

with 1,10-OP–Cu

1. Immersion buffer: 10 mM Tris–HCl, pH 8.0.

2. Solution A: 0.45 mM CuSO4, 2 mM 1,10-OP–Cu. Prepare
just prior to use: OP solution (40 mM 1,10-phenanthroline):
Dissolve 80 mg of 1,10-phenanthroline monohydrate in
10 mL of absolute ethanol; Cu2+ solution (9 mM CuSO4):
dissolve 72 mg of copper (II) sulfate anhydrous in 50 mL of
water (see Note 11).
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3. Solution B: 1:200 dilution of mercaptopropionic acid in water.
Add 100 μL of 3-mercaptopropionic acid to 19.9 mL of water.
Prepare just prior to use (see Note 11).

4. Solution C: dissolve 127 mg of neocuproine (2,9-dimethyl-
1,10 phenanthroline) in 20mL of ethanol. Prepare just prior to
use (see Note 11).

5. Elution buffer for DNA recovery: 0.5 M ammonium acetate,
1 mM EDTA.

6. Phenol–chloroform–isoamyl alcohol mixture (49.5:49.5:1,
v/v/v).

2.3.4 Preparation

of the G + A Sequencing

Ladder

1. Tris-EDTA (TE) buffer 1�: 10 mM Tris–HCl, pH 8.0,
1 mM EDTA.

2. 3 M sodium acetate (NaOAc).

3. 10 mg/mL yeast carrier tRNA.

4. DMS: ethanol solution: carefully dilute DMS tenfold in etha-
nol (see Note 12).

5. 1 N NaOH.

6. Buffer A: 50 mM Sodium cacodylate pH 8.0, 150 mM KCl,
1 mM EDTA.

7. Buffer B: 20 mM KPO4 pH 7.0, 1 mM EDTA.

8. Quench solution: 2 M NH2OAc, 1 M β-mercaptoethanol, and
100 μg/mL of cold carrier DNA solution (e.g., sheared
Salmon Sperm DNA solution with an average chain length
�2000 bp). Store at 4 �C.

9. Stop buffer: mix 1.8 mL of TE buffer, 0.2 mL of 3 M NaOAc,
and 4 μL of tRNA (10 mg/mL). Store at 4 �C.

2.3.5 Resolution

of the Footprint Patterns

in a Denaturing

Polyacrylamide Gel

1. Sequencing gel loading buffer: 98% formamide, 10 mM
Na2EDTA, pH 8.0, 0.025% xylene cyanol, and 0.025% Bro-
mophenol Blue. Store at �20 �C.

2. Solutions described in items 2–5 in Subheading 2.2.3.

3. Urea.

4. Whatman DE81 paper.

5. Special equipment: sequencing gel electrophoresis apparatus,
power supply delivering high voltage (2500–3000 V), gel
dryer, and all equipment for autoradiography.
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3 Methods

3.1 Thermal Shift

Induction Method

for Transposase

Purification

1. On day 1, inoculate a 20 mL LB preculture, containing appro-
priate antibiotics with the bacterial strain harboring the trans-
posase expression vector and incubate at 37 �C under agitation
overnight.

2. Prewarm a flask containing 1 L of LB at 42 �C.

3. On day 2, dilute the preculture 50-fold in prewarmed (42 �C)
fresh LB medium containing appropriate antibiotics and incu-
bate at 42 �C under agitation (200 rpm) until OD600nm � 0.6
in order to express cellular HS protein chaperones (Fig. 1) (see
Note 13).

4. Rapidly chill the culture to 20 �C by placing the flask on an ice
bucket for � 10 min with vigorous shaking every 2 min (see
Note 14).

5. Add the appropriate inductor agent to induce protein expres-
sion and incubate at 20 �C for 4 h (Fig. 1) (see Note 15).

6. Harvest cells by centrifugation (4000 � g) for 10 min at 4 �C
and wash the pellet once with 100 mL of the lysis buffer that
will be used to resuspend the pellet to start purification (see
Note 16).

7. Recentrifuge the suspension (4000� g) for 10 min at 4 �C and
store the pellet at �80 �C until purification.

3.2 Short–Long

EMSA Assay Coupled

to Differential

Fluorescent DNA

Labeling

3.2.1 DNA Substrates

Design

Double-stranded DNA substrates may be generated either by PCR
amplification (Fig. 2) (see Subheading 3.2.2) or by annealing spe-
cific and complementary synthetic oligonucleotides (see Subhead-
ing 3.2.3) (see Note 17). In both cases, the substrates will be
designed to encompass the left or the right transposon end. In
order to assign them unambiguously to specific complexes, the
two fragments must have different lengths (see Note 18), and one
substrate must be labeled with Cy5 fluorophore while the other
with Cy3 fluorophore (see Note 2).

3.2.2 PCR-Amplified DNA

Substrate Preparation

1. PCR-amplify (standard procedures) the desired DNA fragment
from a plasmid template containing the transposon ends using
appropriate 50 Cy5-labeled and 50 Cy3-labeled oligonucleo-
tides as primers (see Note 18) (Fig. 2).

2. Prepare an 8% (w/v) non-denaturing (or native) polyacryl-
amide gel: for 50 mL, mix 10 mL of acrylamide:bis-acrylamide
(19:1), 5 mL of TBE 10� buffer, and water up to a volume of
50mL. Add 300 μLof APS 10% and 30 μLof TEMEDand swirl
themixture gently. After addingAPS andTEMED, pour the gel
immediately (seeNotes 8 and 19). Once the gel is polymerized,
clean wells carefully with running buffer by using a syringe
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before loading the samples and pre-run the gel for 30 min at
constant voltage (1 V cm�1) at 4 �C (see Note 20).

3. Mix the PCR products with the appropriate amount of 5�
loading buffer and load the samples on the gel after having
rinsed thewells with a syringe and 1�TBEbuffer (seeNote 21).

4. Run the gel at room temperature with constant voltage
(1 V cm�1) until the marker dye has migrated the desired
distance (with orange G-stained loading buffer, this scenario
is when the orange dye has reached the bottom of the gel; see
Note 6).

5. Unmold the gel trying to keep it stuck on one of the glass
plates, and locate the DNA of interest (see Note 22).

6. Use a clean sharp razor blade to cut out the band
corresponding to the expected fragment and place the gel
slice in a 1.5 mL microcentrifuge tube containing 350 μL of
STE 1� buffer. Use a disposable tip to crush the polyacryl-
amide gel against the wall of the tube.

7. Transfer the tube to an agitation platform or a rotating wheel
and incubate for ~3–16 h at room temperature for elution (see
Note 23).

8. Centrifuge the sample at maximum speed in microcentrifuge
and transfer the supernatant to a fresh 1.5 mL micro tube.
Rinse out the polyacrylamide pellet with 150 μL of STE 1�
buffer, centrifuge, and transfer the supernatant again to the
collect tube.

9. Pass the collected supernatant through a disposable spin filter
column (e.g., Pall Laboratory Nanosep® columns) to remove
any scraps of polyacrylamide.

10. Precipitate DNA from the flow-through with ethanol. Resus-
pend the purified substrates in 20–50 μL of TE buffer and store
at �20 �C until use.

3.2.3 Double-Stranded

Synthetic Oligonucleotides

Preparation

1. In a final volume of 40 μL, mix 500 pmol of 50 Cy3- or 50

Cy5-labeled oligonucleotide with 750 pmol of the comple-
mentary, unlabeled oligonucleotide in the 2� hybridization
buffer (see Note 24).

2. Incubate the mix at 95 �C for 10 min and then slowly cool
down to room temperature in order to conduct annealing
under steady-state equilibrium conditions (see Note 25).

3. Gel-purify the labeled substrates as in Subheading 3.2.2, from
steps 2–10.

3.2.4 Binding Reactions 1. Set up a binding reaction with 4 μL of 5� binding buffer, 2 μL
of BSA (50 mg mL�1), 1 μL of Poly d[I-C] (1 mg mL�1), 2 μL
of fluorescently labeled DNA substrates (~50 nM), the purified
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protein (~50–100 nM final) or equivalent volume of protein
dilution buffer, and water to adjust the volume to 20 μL. In
order to visualize ternary protein–DNA complexes
(or “sandwiches”) in which the transposase binds to multiple
DNA fragments, the binding reaction must be performed with
the short and long substrate alone and with both substrates
mixed together at equimolar concentrations (Fig. 2b).

2. Incubate 30 min at 30 �C (see Note 26).

3.2.5 Transposase–DNA

Complexes Analysis

by EMSA

1. Prepare a 4% (w/v) non-denaturing polyacrylamide gel (see
Notes 8 and 27): for 50 mL, mix 10 mL of 40% acrylamide:
bis-acrylamide (19:1), 5 mL of TBE 10� and water up to a
final volume of 50 mL. Add 300 μL of 10% APS and 30 μL of
TEMED and swirl the mixture gently. After adding APS and
TEMED, pour the gel immediately. Once the gel is polymer-
ized, clean the wells with a syringe (see Note 19).

2. Pre-run the gel for 1 h prior loading the samples at constant
voltage (1 V cm�1) at 4 �C (see Note 20).

3. Mix carefully the reaction mixtures with the 5 μL of 5� loading
buffer and load the samples on the gel (see Note 21).

4. Run the gel at constant voltage (1 V cm�1) at 4 �C until the
orange dye has reached the bottom of the gel (see Note 6).

5. Unmold the gel by taking care that it remains attached to the
lower plate.

6. Scan the gel on a dedicated fluorescence scanner following the
instructions of the manufacturer. Select appropriate parameters
(excitation wavelength and filters) to selectively detect fluores-
cence emitted by Cy3 (550 nm, excitation; 570 nm, emission)
and Cy5 (650 nm, excitation; 670 nm, emission) fluorophores,
respectively. Choose the exposure time that gives the best
signal-to-background ratio for each fluorophore. The individ-
ual scans selectively show specific complexes between the trans-
posase and the Cy3- or Cy5-labeled substrates, respectively.
Higher-order complexes containing both DNA substrates are
common to both profiles and exhibit a mixed (i.e., yellow in
Fig. 2b) fluorescence on the superimposition of the Cy3
(green) and Cy5 (red) signals (Fig. 2b). In a typical “short–-
long” experiment performed with DNA substrates of different
lengths, these complexes migrate at an intermediate position
compared to the complexes assembled with the short and long
substrate alone (Fig. 2b). The number and position of inter-
mediate complexes reflect the different combinations where
the short substrate becomes associated with the long substrate
and reciprocally.
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3.3 In-Gel OP–Cu

Footprinting Analysis

of DNA–Transposases

Complexes

3.3.1 [32P]-Labeled DNA

Substrate Preparation

Double-stranded [32P]-labeled DNA substrates are usually gener-
ated by PCR amplification, by labeling the 50 end of the primers (see
Note 10).

1. Mix 10 pmol of DNA primer, 1 μL of 10� T4 polynucleotide
kinase buffer, 20 U of T4 polynucleotide kinase, 50 μCi of
[γ-32P] ATP, and water up to a final volume of 10 μL.

2. Incubate for 1 h at 37 �C.

3. Heat inactivate by incubating 20 min at 65 �C.

4. PCR-amplify the desired DNA fragment, using the [32P]-
labeled primers (standard PCR procedures).

5. Gel-purify the labeled substrates as in Subheading 3.2.2, from
steps 2–10.

3.3.2 Transposase–DNA

Complexes Separation

by EMSA

Follow the steps in Subheadings 3.2.4 and 3.2.5 as described above
to separate transposase–DNA complexes from each other and from
free DNA (see Note 10).

3.3.3 In-Gel Footprinting

with 1,10-OP–Cu (See

Note 11)

1. Prepare solution A: mix 1 mL of the OP solution with 1 mL of
the Cu2+ solution (the mixture turns blue), and then add
18 mL of water and vortex.

2. Remove one of the glass plates with care and immerse the wet
gel (still attached to the lower plate) in 200 mL of 10 mM
Tris–HCl, pH 8.0 in a Pyrex dish (see Note 28).

3. Add 20 mL of solution A and shake the dish carefully.

4. Add 20 mL of solution B to initiate in situ digestion of the
transposase–DNA complexes, shake quickly to distribute
evenly, and incubate 15 min at room temperature without
shaking. The gel turns brownish.

5. Stop the reaction by adding 20 mL of solution C and shake
during 2 min. The gel turns yellowish.

3.3.4 Recovery

of the Treated DNA from

the Gel (See Note 10)

1. Remove all the liquid from the Pyrex dish using a glass pipette,
rinse with water, and wrap the gel and plate with plastic wrap.

2. Localize free DNA and transposase–DNA complexes by auto-
radiography of the wet gel, excise them by cutting the
corresponding gel band, and place it in a 1.5 mL tube.

3. Recover the DNA from the gel by elution of the cut band in
300 μL with crushing the gel in 0.5 M ammonium acetate,
1 mM EDTA. After ON elution at room temperature, centri-
fuge 10 min at 20,000 � g.

4. Extract DNA by phenol–chloroform followed by ethanol
precipitation.

5. Resuspend the dried purified DNA in 5 μL of sequencing-gel
loading buffer.
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3.3.5 Preparation

of the G + A Sequencing

Ladder

Sequencing standards for footprinting reactions is prepared by
DMS modification and NaOH cleavage to produce a G + A ladder
[37]. The protocol described here is adapted from Bouet and
Funnell (1999) (see Note 29).

1. Dilute the [32P]-labeled DNA substrate in 200 μL of buffer A.

2. Add 5 μL of DMS: ethanol solution and incubate at room
temperature for 1 min (see Note 12).

3. Add 200 μL of quench solution.

4. Precipitate DNA with ethanol, and resuspend the pellet in
20 μL of buffer B.

5. Incubate 10 min at 90 �C and then put on ice and spin down
briefly.

6. Add 20 μL of 1 N NaOH and incubate 5 min at 90 �C.

7. Add 200 μL of stop buffer to neutralize the reaction.

8. Precipitate with ethanol and resuspend the pellet with 5 μL of
sequencing gel loading buffer. Store at�20 �C until loading on
the sequencing gel.

3.3.6 Resolution

of the Footprint Patterns

in a Denaturing

Polyacrylamide Gel

1. Prepare a denaturing 8% (w/v) polyacrylamide gel: for
100 mL, mix 20 mL of 40% (w/v) acrylamide:bis-acrylamide
(19:1), 10 mL of TBE 10�, and 42 g of urea, and add water up
to a final volume of 100 mL. Add 1mL of 10% APS and 180 μL
of TEMED and swirl the mixture gently. After adding APS and
TEMED, pour the gel immediately and wait until the polymer-
ization is complete (see Notes 8 and 19) and then clean the
wells with the running buffer using a syringe.

2. Pre-run the gel for about 30 min at constant power (50 W) (see
Note 20).

3. Heat the samples, including the cleavage products obtained for
each transposase–DNA complex and unbound substrate and
the G + A sequencing ladder, at 95 �C for 5 min.

4. Load the samples and run the gel at constant power (50W) (see
Note 21).

5. Dry the gel on Whatman DE81 paper and exposed to a phos-
phor screen.

6. Scan the cleavage patterns for each complex and for unbound
DNA using a PhosphorImager and quantify using an image
analysis software (e.g., Image J [38] or ImageQuant™, GE
Healthcare).
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4 Notes

1. For protein purification, the (His)6-tagged Tn4430 transpo-
sase and its derivatives are routinely expressed from the L
arabinose-inducible pAraMycHis (Invitrogen) derivatives
(pGIEN002.1 series) or customized p15A-derived promoter
on ampicillin-resistant pBAD–plasmids conferring resistance to
tetracycline (pGAD003 series) [10]. Both series of vector also
encode the AraC regulator of the E. coli arabinose operon to
ensure tight control of protein expression. This regulator acts
both as a repressor, ensuring a complete shutdown of the
promoter in the absence of inducer, and as an activator, allow-
ing to reach high levels of protein expression upon induction.
Expression is performed in the Δara E. coli strain Top10
(Invitrogen).

2. A whole range of fluorophores for labeling customized oligo-
nucleotides at the 50 or 30 end is currently proposed by manu-
facturers. We routinely use Cy3- and Cy5-labeled
oligonucleotides because they are among the least expensive
ones and because their spectroscopic parameters are compatible
with most basic fluorescence scanning setups. The 50-labeled
oligonucleotide is necessary to be used as a PCR primer.

3. Binding conditions may be optimized to favor the stability and
specificity of DNA–protein interactions, such as the ionic
strength and pH of the binding buffer, the presence–absence
of glycerol, carrier proteins (e.g., BSA), divalent cations (e.g.,
Mg2+, Ca2+, Mn2+, or Zn2+), the concentration and type of
competitor DNA, and the temperature and time of the binding
reaction.

4. The addition of an excess of nonspecific DNA competitor to
the binding reaction mixture prevents or reduces nonspecific
DNA–protein interactions with the labeled substrate. One of
the most widely used is the very simple co-polymers Poly-d
[I-C]. However, other synthetic DNA such as Poly(dAdT)-
poly(dAdT) or sheared salmon sperm or calf thymus DNA
can be used as well. The competitor DNA must be incubated
with the protein before adding the labeled DNA target.

5. The protein dilution buffer is used to dialyze the transposase at
the end of purification.

6. Dye-containing loading buffer is a premixed buffer containing
one or more tracking dyes for gel electrophoresis. We recom-
mend the use of Orange G since, migrating approximately the
same as a 50-bp fragment of DNA, it will not appear in gel
photographs.
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7. In the case of poor fixation, other buffers, of low or high
conductivity, can be tested for migration to stabilize com-
plexes. The most common other buffers are Tris-glycine-
EDTA (10�: 500 mM Tris, pH 8.3, 25 mM EDTA, 4 M
glycine) and Tris-acetate-EDTA (10�: 400 mM Tris-acetate,
pH 8.3, 10 mM EDTA).

8. Safety precaution: acrylamide is a powerful central and periph-
eral nervous system toxicant and has been classified as probably
carcinogenic in humans. It is readily absorbed through the skin,
which requires wearing gloves, eye protection, and lab coats to
avoid direct contact with the skin when manipulating acrylam-
ide solution and also polyacrylamide gels, as they may still
contain low levels of unpolymerized acrylamide.

9. For Tn4430 TnpA–DNA complexes characterization [10],
in-gel OP–Cu footprinting was performed on a
PCR-amplified 165-bp DNA fragment centered on the 38-bp
terminal inverted repeat (IR) of the transposon. The fragment
was amplified from the mini-Tn4430-containing plasmid
pGIML027 using the primers END1(50-CAAGCTTGCATGC
CTGCAGG-30) and END2 (50-ATCTTGTGCAATGTAACA
TC-30) [10].

10. Safety precaution: manipulating radioactive materials such as
[γ-32P] ATP requires special procedures, and the reader has to
refer to the guidelines on manipulation in effect at his research
facility. Special precaution should be taken when manipulating
preparative gels to prepare labeled substrates.

11. Safety precaution: Solution preparation for in-gel footprinting
with OP–Cu requires safety caution. Wear gloves, eye protec-
tion, and dust mask when weighting all chemicals (1,10-
phenanthroline, copper (II) sulfate anhydrous, and neocu-
proine). Mercaptopropionic acid is a toxic reagent that causes
burns when in contact with the skin and eyes and requires
wearing gloves, eye protection, and lab coats and careful
handling.

12. Safety precaution: DMS is an extremely toxic and carcinogenic
chemical. It is readily absorbed through the skin and also very
toxic by inhalation, so wear gloves and eye protection and work
in a fume hood at all times when working with DMS.

13. A recurrent issue in protein production in bacterial cells is the
loss of the expression vector during growth, due to segrega-
tional instability. This matter is notably favored if the expressed
protein has some toxic or deleterious effect (which is often the
case of transposases) or if the selection marker of the expression
vector encodes an enzyme that inactivates the antibiotic in the
medium (as is the case for β-lactamase, conferring resistance to
ampicillin). To avoid this problem, we routinely centrifuge the
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preculture and resuspend the cells in fresh LB to wash the
inoculum from secreted resistance enzymes prior to start the
culture and add fresh antibiotics 1 or 2 h
(at OD600nm � 0.3–0.4) before induction. An alternative is
to start the culture with a pool of � 500 bacterial colonies
grown on solid medium collected in 1 mL of fresh LB.

14. Fast chilling of the culture is important to prevent cells to adapt
to lower temperature, thereby reducing the intracellular level
of HS chaperones.

15. Incubation may be performed at room T� if more convenient.
The optimal time of induction depends on the protein and the
expression system used. Incubation time giving the highest
yield of soluble protein can be determined by scoring the
amount of protein remaining in the supernatant of cell extracts
after centrifugation.

16. The lysis buffer is the buffer in which bacterial cells will be lysed
during the first step of protein purification and will depend on
the purification protocol.

17. Simple linear DNA substrates are generally generated by PCR,
while annealing is used for smaller linear substrates (e.g., in the
range of 60 bp or less) or for more complex substrates like
DNA forks.

18. The lengths of the short- and long-end substrates are chosen so
as to optimize protein–DNA complexes separation in standard
EMSA and possibly identify hybrid complexes (e.g., paired-end
complexes containing both DNA substrates) with intermediate
electrophoretic mobility. Typically, a length difference of
~60–80 bp between the short and long substrate gives an
adequate spatial distribution of complexes within the gel. For
Tn4430, discriminating short–long EMSA assays were per-
formed with 100 and 165 bp, or 58 and 120 bp short and
long substrates that were made, either by PCR or by oligonu-
cleotide annealing [10].

19. Ensure that gel plates, spacers, and comb are clean and that all
components are dry before pouring the gel. Avoid bubble
formation and insert the well-forming comb immediately.

20. Pre-running electrophoresis is important to equilibrate the gel
by removing small charged contaminants such as persulfate and
ammonium ions and acrylic acid impurities.

21. Samples are preferably loaded using dedicated drawn-out
micropipette tips. Up to ~100 μL of DNA sample can be
loaded per well depending on the comb slots. Load identical
samples onto adjacent wells if necessary. On the contrary, space
out different substrates in separate areas of the gel to avoid
cross-contaminations during purification.
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22. When loaded in sufficient amount, Cy5- and Cy3-labeled DNA
fragments are readily discernible to the naked eye within the
gel, giving turquoise blue- and fuchsia-colored bands, respec-
tively. Otherwise, briefly expose the gel to the fluorescent
scanner and print a full-scale image of the result. Align the
image with the gel by placing it underneath the glass plate.
Use easily recognizable details such as the wells and the borders
of the gel to properly align DNA bands with the corresponding
gel segments.

23. Small DNA fragments (<200 bp) reach maximal elution after
1–3 h, while larger fragments require more time.

24. Oligonucleotides are taken from a 100 μM stock solution.
Higher concentrations of oligonucleotides can be used to pro-
duce larger amounts of substrates. A slight (1.5) molar excess
of unlabeled oligonucleotide is added to the annealing reaction
to titrate out the fluorescently labeled partner in the duplex.
Excess of un-annealed oligonucleotide is discarded by gel puri-
fication of the substrate.

25. Slow cool down is important to conduct oligonucleotides
annealing under steady-state conditions to avoid formation of
mismatched products.

26. A total of 30 min incubation of the binding reaction at 30 �C is
usually sufficient to reach the equilibrium.

27. The concentration of the polyacrylamide gel used in EMSA is
chosen as a function of both the size of the labeled DNA
substrates and the resolution of the resulting DNA–protein
complexes. Usual concentrations vary from 4% for large labeled
DNA fragments (150 bp or longer) to 8% for smaller DNA
fragments. On the one hand, increasing the concentration may
resolve DNA–protein complexes that would appear as a single
diffuse complex at a low concentration, but on the other hand,
high-concentration gels can also destabilize DNA–protein
complexes.

28. Clean rigorously the Pyrex dish before use (never use a plastic
dish) and rinse extensively your gloves to remove the talk
powder.

29. DMS is a chemical that methylates guanines (at the N-7 posi-
tion) and adenines (at the N-3 position). These methylated
bases are subsequently cleaved by NaOH.
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Chapter 13

Natural Transformation in Escherichia coli

Yoko Komiyama and Sumio Maeda

Abstract

Escherichia coli is well known for its ability to undergo artificial transformation. This bacterium is not
generally recognized as naturally transformable. However, several past studies have demonstrated that
laboratory and natural strains of E. coli can express modest natural competence under feasible environmen-
tal conditions. Here we describe a protocol outlining natural transformation in E. coli in environmental
media such as natural freshwater.

Key words Escherichia coli, Natural competence, Natural water, Foodstuff, Plasmid

1 Introduction

Transformation is a typical mechanism of horizontal gene transfer
in bacteria. In transformation, bacterial cells take up extracellular
naked DNA via inherent mechanisms without the aid of an external
DNA injection apparatus such as conjugative pili or phage virions.
The ability to undergo transformation is known as “genetic com-
petence,” and some bacterial species can naturally develop compe-
tence [1, 2]. Although Escherichia coli (E. coli) is well known for its
ability to undergo artificial transformation by the aid of Ca2+ or
polyethylene glycol and by electroporation [3–5], this bacterium is
not generally recognized as naturally transformable. However, sev-
eral past studies have demonstrated that laboratory [6–12] and
natural strains [9, 10] of E. coli can express modest natural compe-
tence under feasible environmental conditions, such as those in
natural water samples [6, 8–11], drinks [7, 8], and extracts of
foodstuffs [7, 8, 11, 12]. These results suggest that some popula-
tions of E. coli have the potential to acquire extracellular foreign
DNA via natural transformation. Here we describe a basic protocol
of natural transformation with laboratory and natural strains of
E. coli in environmental media such as natural freshwater.

Fernando de la Cruz (ed.), Horizontal Gene Transfer: Methods and Protocols, Methods in Molecular Biology, vol. 2075,
https://doi.org/10.1007/978-1-4939-9877-7_13, © Springer Science+Business Media, LLC, part of Springer Nature 2020

179

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-9877-7_13&domain=pdf


2 Materials

2.1 General

Reagents

1. Distilled water.

2. Sterilized distilled water.

3. Sterilized distilled water (DNase- and RNase-free, molecular
biology grade).

4. Phosphate-buffered saline (PBS): 137mMNaCl, 2.7 mMKCl,
and 10 mM phosphate buffer solution (pH 7.4 at 25 �C).

5. Antibiotics (see Note 1): Ampicillin (stock solution 50 mg/
mL, working concentration 50–100 μg/mL), kanamycin
(stock solution 20–60 mg/mL, working concentration
10–75 μg/mL), streptomycin (stock solution 20–60 mg/mL,
working concentration 10–75 μg/mL), and tetracycline (stock
solution 10–50 mg/mL of 50% ethanol, working concentra-
tion 10–75 μg/mL). Sterilize by filtration with a membrane
filter (pore size: 0.20 μm).

2.2 Culture Media Sterilize culture media by autoclaving (121 �C, 20 min).

1. Terrific broth (TB): 12 g of tryptone, 24 g of yeast extract,
9.4 g of potassium phosphate, dibasic, 2.2 g of potassium
phosphate, monobasic, and 4 mL of glycerol per 1 L of distilled
water.

2. SOB medium: 20 g of tryptone, 5 g of yeast extract, 0.5 g of
NaCl, and 0.186 g of KCl 0.186 g per 1 L of distilled water.
Adjust the pH to 7.0 with NaOH, and autoclave this solution.
Cool the medium, and add 2 mL of sterilized 1 M MgCl2.

3. Luria–Bertani (LB) broth (Lennox): 10 g of tryptone, 5 g of
yeast extract, and 5 g of NaCl per 1 L of distilled water. Adjust
the pH to 7.0 with NaOH.

4. LB broth with agar: 15 g of agar in 1 L of LB broth.

2.3 Incubation Media

for Competence

Development

and Transformation

(See Note 2)

1. Natural freshwater.

2. Drinks.

3. Extracts of foodstuffs.

2.4 E. coli Strains

and Plasmids

1. Laboratory K-12 strains: e.g., MG1655, DH5α (see Note 3).

2. Natural strains: e.g., strains of E. coli collection of reference
(ECOR) [13, 14] (see Note 4).

3. Nonconjugative high-copy-number plasmids containing an
antibiotic resistance gene for transformant selection (e.g.,
pUC19) (see Note 5).
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2.5 Equipment 1. Program incubator: EYELA LTE-500 (see Note 6).

2. Data logger: For monitoring temperatures during incubation
with 10-min interval (see Note 6).

3. Qubit® 2.0 Fluorometer: Thermo Fisher Scientific (Q32866).

3 Methods

The following protocol can be used for ~40 independent transfor-
mation experiments (~2.3 � 109 E. coli cells/50 μL of incubation
medium per experiment).

3.1 Preparation

of Plasmid DNA

Prepare plasmid DNA by the conventional alkaline lysis method
and phenol–chloroform extraction [5]. Dissolve plasmid DNA in
sterilized distilled water (DNase- and RNase-free) and quantify the
DNA amount of each plasmid, for example, using Qubit® 2.0
Fluorometer, according to the manufacturer’s protocol.

Adjust the concentration of plasmid DNA to 200 ng/μL with
distilled water.

3.2 Preparation

of the Incubation

Media

1. Centrifuge incubation medium at 10,000 � g for 5 min to
remove any residue.

2. Sterilize the supernatant by filtration with a membrane filter
(pore size: 0.20 μm). If it is suspected that the medium pos-
sesses DNase activity, autoclaving instead of (or in addition to)
filtration is recommended. The absence of carried-over or con-
taminating microbes in the sterilized medium should be con-
firmed by direct plating of an aliquot of medium onto
antibiotic-free LB agar.

3.3 Pre-culture

of E. coli Cells

1. Prepare freeze stocks of E. coli strains by overnight culture of
the cells in LB broth, dispensing aliquots of the culture suspen-
sion to sterilized microtubes with screw caps, mixing this sus-
pension with 50% glycerol (1:1), and freezing these mixtures at
�80 �C. Thaw and use this stock for pre-culture of competent
cells.

2. Inoculate 5 mL of TB in a sterilized test tube with 20 μL of
thawed stock cells.

3. Incubate overnight in a shaking incubator (140 rpm) at 37 �C.

3.4 Culture of E. coli

Cells (See Note 7)

1. Inoculate 170 mL of TB (see Note 8) in a 500 mL baffled
Erlenmeyer flask with 2–4 mL of pre-culture (see Note 9).
Incubate in a shaking incubator (200 rpm) at 37 �C. Check
the optical density of an aliquot of the culture at 600 nm,
noting the time. Stop culture in the late log phase
(OD600 ¼ 0.45–0.60, usually ~6–8 h) (see Note 10).
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2. To calculate the cell concentration, transfer a 50 μL aliquot of
the culture into a 1.5 mL microtube. Centrifuge the microtube
at 10,000 � g for 5 min, and aspirate the supernatant. Resus-
pend the bacterial pellet in 500 μL of PBS. Check OD600, and
calculate the concentration of cells using the conversion factor
(see Note 11).

3.5 Preparation

of Cells

for Transformation

1. Transfer a part of the culture containing 9.2 � 1010 cells into a
50 mL conical tube.

2. Centrifuge at 8000 � g for 5 min at 15 �C (see Note 12), and
remove the supernatant carefully.

3. Centrifuge this tube again at 8000 � g for 1 min at 15 �C, and
remove the residual supernatant completely by gentle aspira-
tion using a micropipette.

4. Suspend the bacterial pellet in 20 mL of sterile distilled water
via vortexing, and repeat steps 2 and 3 in Subheading 3.5 to
completely remove the residual medium.

5. Resuspend the bacterial pellet in 40 mL of sterile distilled water
by vortexing.

6. Transfer 20 mL aliquots of the suspension into two new conical
tubes (see Note 13).

7. Centrifuge the suspensions at 8000� g for 5 min at 15 �C, and
remove the supernatant carefully.

8. Centrifuge these tubes again at 8000 � g for 5 min at 15 �C,
and remove the residual supernatant completely by gentle aspi-
ration using a micropipette.

3.6 Incubation

for Competence

Development and DNA

Uptake

1. Suspend each bacterial pellet in 1000 μL (to the concentration
of 4.6 � 1010 cells/mL) of an incubation medium such as
natural freshwater, and mix well by vortexing.

2. Transfer 50 μL aliquots (~2.3 � 109 cells/50 μL) of the sus-
pensions into 1.5 mL microtubes. Add 200 ng (1 μL) of
plasmid (see Note 14), mix well by pipetting up and down,
and shut the lid tightly. Seal the tube with parafilm to prevent
evaporation of the media and contamination, and incubate
under various conditions (see Note 15). To stop or interrupt
DNA uptake, DNase I (30 μg/mL) (seeNote 16) can be added
optionally.

3.7 Incubation

for Gene Expression

(See Note 17)

1. Add 500 μL of SOB medium into the tubes, and mix by
pipetting up and down. Incubate at 37 �C for 60 min, with
shaking at 400 rpm.

3.8 Selection

and Colonization

of Transformants

1. Centrifuge the suspension at 2000 � g for 10 min at room
temperature, and remove the supernatant. Resuspend the bac-
terial pellet in 50–100 μL of LB broth.
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2. Spread this suspension (see Note 18) onto LB agar plates
containing the appropriate antibiotic.

3. Incubate the plates at 37 �C overnight (see Note 19).

4. When colonies appear, confirm the normality of growth by
re-streaking some of them onto fresh agar plates containing
antibiotic, and confirm their possession of the plasmid via
plasmid isolation and restriction-enzyme analysis or by PCR
analysis with specific primers for the plasmid.

3.9 Calculation

of Transformation

Frequency

1. Count the number of transformants, and calculate the trans-
formation frequency as the ratio of the number of transfor-
mants to the number of total cells (see Note 20).

4 Notes

1. When using natural E. coli strains as competent cells, the kinds
of antibiotics and their concentrations to be used for transfor-
mant selection must be tested in advance for each strain
because natural strains often possess one or more kinds of
antibiotic resistance (see also Note 5).

2. Natural freshwater is often used as a transformation medium
[6, 8–11] because it fulfills the conditions suitable for compe-
tence development of E. coli cells, such as extremely poor
nutrients and micromolar or sub-micromolar concentrations
of Ca2+ and Mg2+. In general, the concentrations of Ca2+ and
Mg2+ in natural freshwaters range from ~0.1 to ~10 mM and
from ~0.0 to ~2 mM, respectively [6, 8]. The pH ranges from
~6.8 to ~8.5 [6, 8]. Drinks and extracts of foodstuffs have also
been used in several studies [7, 8, 11]. In contrast, the use of
nutrient-rich culture media for E. coli (e.g., LB) usually yields
none or very few transformants [6, 8].

3. For example, DH5α tends to show a relatively high and stable
transformation frequency under various conditions.

4. ECOR is a set of 72 standard strains representative of natural
E. colipopulations in the environment [13, 14]. Transformation
frequencies of individual ECOR strains in natural freshwater,
for example, range from ~10�9 to 10�10 or sometimes below
the detection limit [10].

5. When using natural E. coli strains as competent cells, trans-
formability of the plasmids to be used must be checked in
advance via artificial transformation because natural strains
often possess their own plasmids that are sometimes incompat-
ible with the plasmids to be used. If the tested plasmid cannot
be transformed, another plasmid possessing a different Inc.
group of replication origin should be attempted. A second
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genetic marker (e.g., the green fluorescent protein gene) in
addition to an antibiotic resistance marker on the plasmid is
sometimes useful to easily distinguish true transformants that
possess acquired intact plasmids from irregular transformants
that possess atypical (often deleted) plasmids or from false-
positive, naturally occurring antibiotic-resistant mutants that
do not possess plasmids. Under particular conditions, crude
cell lysates containing plasmids or intact cells harboring plas-
mids, instead of purified plasmids, may be used as transforma-
tion DNA sources [7, 11].

6. A programmable incubator is useful in simulating gradual fluc-
tuations in temperature, reflective of daily variations of atmo-
spheric temperature in various environments. In this incubator,
however, precise control, particularly of time, is often difficult.
Therefore, to obtain reproducible and precise temperature
fluctuations, preliminary simulation experiments measuring
actual temperature fluctuations with a data logger are
necessary.

7. Cells grown in liquid media are mostly used, but colonial cells
grown on agar media can be also used [12].

8. TB is used to efficiently prepare a number of cells sufficient to
perform this protocol. For this culture, LB broth is also usable.

9. The amounts of pre-culture suspension to be used varies
according to each strain. While ~2 mL is enough for normally
growing strains, volumes up to 4mL are suitable for strains that
grow very slowly, such as DH5α.

10. Although a relatively short time in culture, from the early to
mid-log phase, is favorable to obtain the highest transforma-
tion frequency [6, 7], a longer time in culture, up to the late
log phase, may yield enough cells to perform a number of
experiments.

11. A common conversion factor to calculate E. coli cell concentra-
tions via the OD value is 1.0 OD600 ¼ ~2.5 � 108 cells/mL
[5]. However, to calculate the cell concentration more pre-
cisely, it is recommended to determine this factor for each
strain via microscopy with a Petroff–Hausser counting cham-
ber. For example, 5.4 � 108 and 3.1 � 108 are the values we
measured for MG1655 and DH5α in their stationary phases,
respectively. However, it should be also noted that this value is
variable in the same strain according to the growth phase
assessed.

12. We think that it is preferable to keep the temperature for
transformation around 15–25 �C because temperature shock,
particularly cold shock, would artifactually influence the pro-
cess of competence development.
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13. Numbers and volumes of the suspension should be varied
according to the numbers of incubation media to be used in
the next step (see Subheading 3.6).

14. The amount of plasmid DNAmay vary from 10 to 103 ng. The
frequencies of transformation increase as the amounts of plas-
mid DNA increase, although any amount over 500 ng appears
to reach the point of saturation [6, 7]. Therefore, around
200 ng of plasmid is considered an appropriate amount to
maximize transformation.

15. Among the various conditional factors, temperature appears to
be the most important one. Previous studies have indicated
that low temperatures, approximately between 0 and 10 �C, are
favorable [6, 10]. Temperature shift from a low to a high
temperature or heat shock is also favorable [6]; thus, the shift
from 0 or 4 �C to 37 �C is often used [6–10, 12]. Gradual
changes in temperature that simulate daily temperature
changes in the environment are also applicable [10]. In addi-
tion, freeze–thaw conditions provide dual effects on cells: tem-
perature shock to assist in competence development and
membrane disruption. When plasmid-harboring cells are
copresent, the latter effect may be conducive to leakage of
cell contents including plasmid. Therefore, freeze–thaw treat-
ment of plasmid-harboring and plasmid-free cells can some-
times cause natural transformation without additional purified
plasmid DNA [11]. It is noteworthy that all the aforemen-
tioned temperature conditions are feasible in the environment.
Time is also a factor to be considered. However, a broad range
of incubation times from 30 min to 21 days or more has been
used successfully [6–11].

16. DNase I usually requires micromolar levels of Ca2+ and/or
Mg2+ for its maximum activity. However, most incubation
media described in Subheading 2.3 often contain micromolar
or submicromolar levels of those ions; therefore, additional
supply of these ions is usually unnecessary, except for particular
samples. Preliminary activity tests of the enzyme in the media
to be used are recommended.

17. This step is thought to be useful to strengthen expression of
antibiotic resistance of the cells that have acquired plasmid
DNA but have not adequately replicated the plasmids and
expressed their antibiotic-resistant genes. This step is some-
times not necessary.

18. The upper limit of total cells (including nontransformed cells)
to be spread on one plate (ø 90 mm) is ~2 � 109 to ensure a
clear background of agar surface. The number of transformants
suitable for counting is less than a few hundred. Therefore, the
division or dilution of the cell suspension before spreading is
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required when the sample is expected to produce over several
hundred colonies.

19. Transformants of certain strains tend to grow very slowly,
particularly after long incubation in nutrient-poor media.
Even if there are no visible colonies after overnight culture,
additional culture for confirmation for 1–2 days is
recommended.

20. As the usual method, the number of total cells calculated from
the value of OD600 at Subheading 3.4 is satisfactory to conve-
niently estimate the transformation frequency. However, you
can obtain a more exact number of the total number of viable
cells that have the potential to be transformed by plating some
cells at Subheading 3.8 onto antibiotic-free agar media. In fact,
there are some data that incubation of cells in specific media
causes a significant decrease in viability [7]. Hence, it should be
noted that the cell number calculated from OD600 occasionally
tends to overestimate the actual viable cell numbers, resulting
in the underestimation of transformation frequency.
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Chapter 14

Integron Identification in Bacterial Genomes and Cassette
Recombination Assays

Claire Vit, Céline Loot, José Antonio Escudero, Aleksandra Nivina,
and Didier Mazel

Abstract

Integrons are genetic elements involved in bacterial adaptation to the environment. Sedentary chromo-
somal integrons (SCIs) can stockpile and rearrange a myriad of different functions encoded in gene
cassettes. Through their association with transposable elements and conjugative plasmids, some SCIs
have acquired mobility and are now termed Mobile Integrons (MIs). MIs have reached the hospitals and
are involved in the rise and spread of antibiotic resistance genes through horizontal gene transfer among
numerous bacterial species. Here we aimed at describing methods for the detection of integrons in
sequenced bacterial genomes as well as for the experimental characterization of the activity of their different
components: the integrase and the recombination sites.

Key words Integron, Site-specific recombination, Cassette excision and insertion, Integrase, attC and
attI sites, Replication

1 Introduction

Integrons are genetic platforms that can form long arrays of genes
of adaptive value. These genes are embedded in mobile integron
(MI) cassettes that are captured and reordered through the activity
of integron integrases [1]. The acquisition and continuous rear-
rangement of cassettes within the array play a significant role in
genome plasticity for bacteria that carry integrons in their chromo-
somes. The association of these sedentary chromosomal integrons
(SCIs) with transposable elements and conjugative plasmids has
allowed their mobility and dispersion into different species of
Gram-negative bacteria, including many clinically relevant ones.
These MIs are now considered as the main vehicle for antibiotic
resistance genes in Gram-negative bacterial species [2, 3]. They are
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named MI of class 1 to 5 based on the intI gene they carry
[4]. Exchange of cassettes can occur between the SCIs and MIs
suggesting that MIs can disseminate and scan SCIs for valuable
functions from a variety of genetic backgrounds [5].

Both SCIs and MIs are primarily composed of the integron
integrase coding gene (intI) with its promoter Pint, an attI site (the
recombination site where the insertion of cassettes takes place), and
the Pc promoter that drives the expression of the cassettes in the
array. Cassettes are composed of a second recombination site, the
attC site, and of a generally promoterless gene which can be
expressed once inserted in the platform of the integron. Hence,
there is a gradient of expression within the array, with a gradual
decrease in transcription activity from the first cassette in the array
(located closest to the Pc promoter and representing the last inser-
tion event into attI) to the one located at the end of the array [6].

Phylogenetic analysis shows that IntI proteins belong to the
tyrosine recombinase family of site-specific recombinases. Further-
more, integrases show the conserved fold of the catalytic domain
from the tyrosine-recombinase family, as well as the six highly
conserved RKHRHY residues [7]. A distinctive feature of integron
integrases is the presence of a 20 amino acid-long insertion within
the catalytic core of the protein, which forms the α-helix of I2
domain [8]. Integrase expression is driven from the Pint promoter
that is part of the SOS response regulon and is hence induced when
abnormally high amounts of single-stranded DNA are present in
the cell [9].

The attI site is located upstream from the integrase coding
gene, within the platform. Moreover, attI sites are recognized by
their cognate integrase as a double-stranded molecule. They are
constituted of a core recombination site with an R box and a
degenerate L box. Some attI sites, as is the case of attI1, the attI
site of class 1 integrons, possess additional binding domains in the
form of direct repeats (DR1 and DR2) that are found in the vicinity
of the core site. The integrase binds with different degrees of
affinity to these DRs [10]. During the recombination reaction,
the cleavage in attI sites takes place between the A and the C of
the 50-AAC-30 triplet in the bottom strand (bs) of the R box.

The attC sites are unique recombination sites. They show very
poor sequence conservation, and their lengths vary broadly from
57 to 142 nucleotides. Instead of a conserved sequence, attC sites
share a palindromic structure that allows them to fold as a hairpin
through intrastrand hybridization. The R0 and R00 regions and L0

and L00 regions form the R and L boxes, respectively. It is this single-
stranded hairpin structure that is recognized by the integrase. As for
attI, attC sites are cleaved within the 50-AAC-30 triplet present in
the R0 region of the bs [11]. attC sites can extrude from double-
stranded DNA or be folded during different processes generating
single-stranded DNA in the cell (conjugation, replication, etc.)
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[12]. The structuration from double-stranded DNA is dependent
of the superhelicity [12].

Integrons are distinct recombination systems. Y-recombinases
process the recombination reaction between DNA molecules in a
set of archetypal steps. The process starts with the assembly of the
synaptic complex, formed by the two DNA substrates and four
protein monomers. It proceeds through the exchange of a set of
strands from each molecule, leading to the transient formation of a
Holliday junction (HJ). It then ends with the resolution of the
junction through a second strand exchange. The integron is an
exception to this model. This scenario is mainly due to structural
peculiarities of attC sites that impose changes in the process and the
mechanistic of the recombination reactions. The single-stranded
nature of attC sites means that HJs involving an attC cannot be
resolved through the second exchange of strands. Instead, the
reaction proceeds normally until the formation of the HJ, where
the process is halted to avoid the deleterious effect of the second
strand exchange. These HJs are then resolved through a replicative
process in a semiconservative way [13].

In this chapter, we aim at describing the different methods used
to:

– Identify integrons in silico in a given genome using the annota-
tion of genes coding for IntI proteins, as well as attC sites and
cassette arrays.

– Determine the functionality of the different components of
integrons (IntI protein, attI and attC sites), through the in silico
determination of the probability of attC site folding and the
in vivo measure of the recombination activity.

– Characterize more precisely the mechanism of recombination
in vivo.

These techniques can be adapted to different att sites and
conditions.

1.1 Identification

of Integrons

in Genomes:

IntegronFinder

Due to their role in antibiotic resistance transmission and the
increasing evidence of their general role in bacterial adaptation,
the detection of integrons is of primary interest. Here we present
the IntegronFinder program that has been developed by Cury and
collaborators for the identification of attC sites, intI genes, inte-
grons, and clusters of attC sites lacking integron integrases
(CALIN) elements [14] (http://integronfinder.readthedocs.io/).

IntegronFinder searches for attC sites using covariance models,
for integron integrases using HMM profiles, and for other features
such as promoters and attI sites using pattern matching. It can also
annotate genes contained in the identified cassettes. The program
then generates tabular and Genbank files which contain all
integron-associated elements contained in a given DNA sequence.
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It distinguishes three types of elements: complete integrons, inte-
gron integrases with no associated attC sites (In0 element), and
CALIN elements.

1.2 Prediction of attC

Site Folding and pfold

Determination

An important property of attC sites is their probability to fold into
recombinogenic structures (i.e., structures that allow for correct
pairing within R and L boxes, which constitute integrase-binding
sites). This probability is correlated with attC site recombination
frequency in replicative conditions [12] and highly influences cas-
sette excision frequencies in SCIs [15].

The calculation of the probability of an attC site to fold into a
recombinogenic structure (pfold) requires the values of the Gibbs
free energy (ΔG) of the thermodynamic ensemble, both for the
unconstrained DNA molecule and the one constrained for R and L
box pairing.

1.3 Intramolecular

Cassette Excision

Assay by Suicide

Conjugation

with a Non-replicative

Substrate (attC � attC

Reaction)

This assay is based on conjugation as a means to deliver a suicide
single-stranded recombination substrate and mimics the natural
conditions in which the acquisition of cassettes occurs through
horizontal gene transfer (HGT). It is relevant in particular for
studying MIs as the majority of them are carried by conjugative
plasmids.

The frequency of cassette excision from the integron reflects
the probability of disseminating the associated gene into other
integron platforms. This assay mimics intramolecular attC � attC
cassette excision events taking place in the integron platform and
allows assessing their frequency. It uses conjugation to deliver a
synthetic cassette carried by a pSW suicide plasmid from a donor to
a recipient strain that expresses intI1. Briefly, the donor strain
carries the RP4 conjugation machinery, ensuring the transfer of
the conjugative plasmid containing the RP4 origin of transfer and
carrying attC sites. This plasmid is a R6K-derived plasmid of the
pSW family. Replication of these pSW plasmids relies on the π
protein, provided by a pir gene inserted in the donor genome
[16]. Because the recipient cell does not supply the π protein, the
transferred plasmid is unable to replicate. Upon attC � attC reac-
tion catalyzed by IntI1, the synthetic cassette located between the
two sites is excised and brings together the Ptac promoter and the
promoterless pir116∗ gene that encodes the functional π protein
[17]. This process is the only way for this plasmid to be maintained
in the recipient cell. Cassette deletion events can be selected with
the Cm marker carried by the pSW plasmid. This procedure called
suicide conjugation has been used in Bouvier, and collaborators to
demonstrate that attC sites were recognized as single-stranded
substrate [11].

Here, we describe the method using the pSW plasmid carrying
the [Ptac]-attCaadA7-lacIq-VCR2-pir116∗ synthetic cassette
(p6944 plasmid). The p6944 plasmid is transformed in the β2163
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donor strain. UB5201 is used as recipient strain and contains the
pBAD18::intI1 plasmid (p3938) (Fig. 1).

1.4 Intermolecular

Cassette Insertion

Assay by Suicide

Conjugation

with a Non-replicative

Substrate (attC � attI

Reaction)

The frequency of cassette insertion into the integron platform
reflects the likelihood of acquiring the associated gene. Because
cassettes are excised from the integron in a single-stranded form,
it is most likely that their reinsertion also involves a single-stranded
substrate. This assay mimics intermolecular attC � attI cassette
insertion events taking place in the integron platform and allows
assessing their frequency. This assay uses conjugation to deliver one
of the recombination substrates (the attC site) carried by a pSW
suicide plasmid into a recipient cell expressing the IntI1 integrase
and carrying a second recombination site (the attI site) on a pSU38
derivate plasmid. As previously described, the pSW transferred
plasmid is unable to replicate. The only way for this plasmid to be
maintained in the recipient cell is through the recombination of the

  UB5201 

Conjugation
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Selection of recombinants 

  β2163 

IntI1

IntI1
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intI1

p3938
CmR
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attCaadA7

VCR2

pir116
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p3938
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  Recombinant clones   UB5201 
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oriVR6K
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Fig. 1 Intramolecular cassette excision in the suicide conjugation assay. Sche-
matic representation of the suicide conjugation assay, which involves a single-
stranded substrate (as described in Subheading 3.3). The displayed assay
concerns an intramolecular cassette excision reaction that takes place between
attCaadA7 and VCR2 sites depicted as dark and light gray triangles, respectively.
The upper part of the figure represents both donor and recipient strains before
conjugation and the lower part the recombined recipient clones
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attC site with the attI site carried by the pSU38 derivate plasmid.
Recombination events can be selected on the Cmmarker carried by
the pSW plasmid. The delivery of a single-stranded substrate allows
studying the recombination of bottom or top strands separately,
either by changing the orientation of the RP4 origin or by changing
the orientation in which the attC sites that are cloned into the pSW
vector. This assay allowed to demonstrate that recombination of a
single-stranded attC site with an attI site was 1000-fold higher for
the bottom than for the top strand [11].

Here, we describe the method using the pSW23T::attCaadA7

plasmid which delivers the bs of the attCaadA7 recombination site
(pD042). The pD042 plasmid is transformed in the β2163 donor
strain, and UB5201 is used as recipient strain and contains both
pBAD18::intI1 (p3938) and pSU38::attI1 (p929) plasmids.

1.5 Recombination

Assay with a Non-

replicative Substrate:

Double-Stranded

Pathway

Cassette rearrangements can occur within an integron present in
the cell, in which case attC sites are carried by a double-stranded
substrate and can fold by extrusion of cruciform structures. In this
case, properties related to attC site folding have a higher impact on
recombination. This assay allows assessing the propensity of attC
sites to recombine when folded from double-stranded DNA and
measure the recombination frequency in such conditions. It uses
transformation to deliver one of the recombination substrates (the
attC site) into a recipient cell expressing IntI1 integrase and carry-
ing a second recombination site (the attI site) on a pSU38 derivate
plasmid. The transformation process occurs by the delivery of
double-stranded DNA. The attC-containing vectors are
R6K-derived plasmids of the pSW family, unable to replicate in
the π protein-deficient recipient cell. Therefore, attC sites are car-
ried by double-stranded DNA and can only be folded as cruciform
structures. The only way for this plasmid to be maintained in the
recipient cell is through the recombination of the attC site with the
attI site carried by the pSU38 derivate plasmid (Fig. 2).

1.6 Recombination

Assay

with a Replicative

Substrate: Single-

and Double-Stranded

Pathway

Apart from transient events associated with HGT, both MIs and
SCIs are mostly present in the cell on double-stranded replicative
substrates (plasmids or chromosomes). The replication process, by
the presence of large regions of single-stranded DNA (on the
lagging strand template between the Okazaki fragments) regulates
folding of attC sites [12]. This assay allows to assess the recombi-
nation frequency in such conditions and thus to assess the dynamics
of integron cassettes within the cell and in particular study the role
of integron orientation relative to the replication fork. attC sites are
supplied on double-stranded replicative plasmids and are thus
mostly double-stranded over the cell cycle, being only transiently
single-stranded during replication.
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1.7 Chromosomal

Deletion Assay

Because integrons are often present as sedentary elements carried
by bacterial chromosomes where their recombination is influenced
by replication and supercoiling, it is important to assess the recom-
bination frequency in such conditions. The chromosomal deletion
assay allows to measure the frequency of cassette excision events on
E. coli chromosome.

This assay uses the lambda phage integrase to introduce plas-
mids carrying a dapA gene interrupted by synthetic cassettes into
the attB lambda site on the chromosome of the MG1655ΔdapA
strain. These strains are unable to synthesize 2.6-diaminopimelic
acid (DAP), and as a result, they are not viable without DAP
supplemented in the medium. Recombination between the two
recombination sites leads to cassette excision, restoring a functional
dapA gene and allowing the strain to grow on DAP-free medium.
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Fig. 2 Intermolecular cassette insertion assay with a non-replicative substrate.
Schematic representation of the recombination assay with a non-replicative
substrate (as described in Subheading 3.5). The displayed assay concerns an
intermolecular insertion reaction between attCaadA7 and attI1 sites depicted as
dark and light gray triangles, respectively. The upper part of the figure displays
the attCaadA7-containing plasmid and the competent cell and the lower part the
recombined clones
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This assay relies on the reconstitution of the dapA gene after an
attC � attI reaction in the MG1655 ΔdapA dap-N-ter::(attI-
cassette-attC)::dap-C-ter strain (ω7949) transformed with the
pBAD18::intI1 plasmid expressing the integrase (p3938) [18].

1.8 Mismatched

Covalent Circle Assay

This genetic setup has been designed to precisely understand the
mechanism of the resolution of the HJ [13]. For this, mismatched
attC-containing circles with each strand specifically tagged with a
mutation in a restriction site are tested in the previously described
non-replicative recombination assay. These synthetic circles mimic
R6K-derived plasmids, which replication relies on the π protein.
They are introduced by transformation into MG1655mutS215
pir� deficient strain expressing the intI1 gene and carrying a
second recombination site on a pSU38 derivate plasmid. Because
the recipient cell does not supply the π protein, transformed circles
are unable to replicate. The only way for these circles to be main-
tained in the recipient cell is to recombine with the second recom-
bination site carried by the pSU38 derivate plasmid. After
recombination, if the HJ is directly resolved by replication fork
passage, only the attC-reactive strand is copied to generate the
recombined molecule. Therefore, only the paired nucleotides
corresponding to the mutation introduced in the reactive strand
are found on the recombined molecule. If the HJ is resolved by
double strand exchange of the att site, after plasmid segregation
half of the recombined molecules are expected to carry the paired
nucleotides corresponding to the mismatch introduced in the top
strand and the other half in the bs.

Briefly, to produce these mismatched covalent circles, point
mutations are introduced in the phagemid vectors (oriFd-contain-
ing vectors) at two different positions so that mutated SacII and
wild-type NarI sites are representative of top strand replication,
while wild-type SacII and mutated NarI sites are representative of
bs replication. Both obtained phagemid vectors (p7770 and
p7771) are introduced by transformation into F0 carrying pir strain
cells (β2150) to obtain the ω7790 and ω7791 strains, respectively.
Both mutation-containing top and bss are produced as single-
stranded DNA phagemid using a M13K07 Helper Phage. Note
that to produce two complementary top and bottom single-
stranded DNA, the oriFd is inversed, respectively, on each phage-
mid vector. The complementary single-stranded DNA molecules
are annealed and digested by both EcoRI and MfeI restriction
enzymes in order to eliminate the non-annealed oriFd and self-
ligated.

This assay allowed to demonstrate that during cassette inser-
tion reaction, only the bs of attC is reactive (cleaved and trans-
ferred) and that a replicative step enables the resolution of the HJ
[13]. Indeed, the recombination products contain the attC site bs,
and its entire de novo synthesized complementary strand. By using
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attI containing circles, this assay also allowed to demonstrate that
during attI1 � attI1 reaction, both the bottom and the top strand
are reactive [19]. We describe in this chapter the mismatched
covalent circle assay, testing the attC � attI reaction [13].

2 Materials

2.1 Culture Media

and Reagents

1. Luria–Bertani (LB) and 2YT culture media.

2. Mueller-Hinton (MH) agar plates.

3. Antibiotics at the following concentrations: carbenicillin
(Carb), 100 μg/ml; chloramphenicol (Cm), 25 μg/ml; kana-
mycin (Km), 25 μg/ml; nalidixic acid (Nal), 30 μg/ml; eryth-
romycin (Erm), 200 μg/ml. Any change of these
concentrations is specified in the protocol.

4. 2.6-DAP and thymidine (dT) are supplemented when neces-
sary to a final concentration of 0.3 mM. Vitamin B1 is used to
supplement 2YT medium at 1 μg/ml final concentration.

5. L-arabinose (Ara) and glucose (Glc) are added at, respectively,
2 and 10 mg/ml final concentration.

2.2 Biological

Material: DNA

1. Plasmid p3938 (pBAD18::intI1, oriColE1, [Carb
R]) [20].

2. Plasmid p929 (pSUΔ38::attI1, orip15A, [KmR]) [21].

3. Plasmid pD042 (pSW23T::attCaadA7, oriVR6Kγ, [CmR])
[11, 16].

4. Plasmid p6944 (pSW23T::(Ptac)-attCaadA7-lacIq-VCR2-
pir116∗, oriVR6Kγ, [Cm

R]) [17].

5. Plasmid p1177 (pSB118::pir116, oriColE1, [Carb
R]) [16].

6. Plasmid p7770 (pSW24::attCaadA7-oriFd1, SacIIWt, NarIm,
oriVR6Kγ, [Cm

R]) [13].

7. Plasmid p7771 (pSW24::attCaadA7-oriFd2, SacIIm, NarIWt,
oriVR6Kγ, [Cm

R]) [13].

2.3 Biological

Materials: Escherichia

coli Strains

and M13K07 Helper

Phage

1. DH5α (F– endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG
purB20 φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17
(rK

–mK
+), λ–) (Laboratory collection).

2. Π1 (DH5α ΔthyA::(erm-pir116) [ErmR]) [16].

3. UB5201 (F� pro met recA56 gyrA [NalR]) [22].

4. UB5201-Pi (UB5201 ΔthyA::(erm-pir116)
[NalRErmR]) [11].

5. MG1655 (F�, lambda�, rph-1) (Laboratory collection).

6. β2163 (MG1655 ΔdapA::(erm-pir116) RP4-2-Tc::Mu
[KmR]) [16].

Integron Identification in Bacterial Genomes and Cassette Recombination Assays 197



7. ω7949 (MG1655 ΔdapA dap-N-ter::(attI-cassette-attC)::dap-
C-ter, [KmR]) [18].

8. GT869 (thrB1004 pro thi strA hsdS lacZ DM15, (F0/lacZ
DM15 lacIq, traD36, proA+, proB+)) [23].

9. β2150 (GT869 ΔdapA::(erm-pir116)), [ErmR]) [16].

10. MG1655 mutS215::Tn10 [NalR] (Laboratory collection).

11. Phage M13K07 Helper Phage.

2.4 Enzymes

and Kits

1. T4 DNA ligase.

2. DreamTaq DNA polymerase.

3. BamHI, EcoRI, MfeI, NarI, and SacII restriction enzymes.

4. Plasmid DNA Miniprep and Midiprep kits.

5. DNA Gel extraction kit.

2.5 Oligonucleotides 1. Sw23beg (CCGTCACAGGTATTTATTCGGCG).

2. MFD(CGCCAGGGTTTTCCCAGTCAC).

3. MRV(AGCGGATAACAATTTCACACAGGA).

4. Sw23end (CCTCACTAAAGGGAACAAAAGCTG).

5. DapA-R (GTGGTGCCAACAGAAACGATCGC).

6. SeqNarI (GCTTAATGAATTACAACAGTACTGC).

7. SeqSacII (AGCAACTTAAATAGCCTCTAA).

2.6 Other Equipment Cellulose membrane filters: diameter 47 mm, pore size 0.45 μm.

3 Methods

3.1 Identification

of Integrons

in Genomes:

IntegronFinder

1. IntegronFinder is available as an open-source standalone pro-
gram offering a large number of search and annotation options
(https://github.com/gem-pasteur/Integron_Finder). Main
options are also accessible in the online version of the program
on Galaxy, the Institut Pasteur webserver (https://galaxy.
pasteur.fr/, category “Motif Tools”).

2. Upload the sequence (FASTA format) in “get data” and run
the program in “motif tool” “IntegronFinder.”

3. The results page will appear on the right panel, and four files
will be generated:

– mysequence.integrons: a tabular file including all the ele-
ments and their characteristics.

– mysequence.gbk: a GenBank file corresponding to the input
sequence annotated with all elements found (integrase, attI,
attC, CDS, promoter).
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– mysequence_X.pdf: a figure in pdf format representing each
complete integron.

– mysequence.prt: a raw data archive.

3.2 Prediction of attC

Site Folding and pfold

Determination:

RNAfold

1. ΔG values can be obtained using DNA secondary structure
prediction software (see Note 1) that calculates the partition
function of the thermodynamic ensemble. RNAfold program
from ViennaRNA Package [24] (https://www.tbi.univie.ac.at/
RNA/) offers such options (see Note 2) and is also available
through an online webserver (http://rna.tbi.univie.ac.at, cate-
gory “RNAfold Server”).

2. Calculate the ΔG of the unconstrained thermodynamic ensem-
ble (ΔGu) by submitting the DNA sequence of the bs without
constraints.

3. Calculate the ΔG of the constrained thermodynamic ensemble
(ΔGc) by submitting the DNA sequence of the bs with con-
straints, such that the R and L boxes are forced to form. For
example, for the paradigmatic attCaadA7 site, the
corresponding sequence and constraint are:
>attCaadA7

50-GTCTAACGCTTGAATTAAGCCGCGCCGCGAAGC
GGCGTCGGCTTGA ATGAATTGTTAGAC-30

50-(((((((......(((((((....................)))).))).....)))))))-30

“(“and the corresponding”)” must be paired.

“.” denotes an unpaired base (no constraint).

4. Calculate pfold with the two previously obtained ΔG using
Eq. 1:

pfold ¼ e
ΔGu�ΔGc

RT , ð1Þ
where ΔGu is the Gibbs free energy of the unconstrained
ensemble (kcal/mol), ΔGc is the Gibbs free energy of the
constrained ensemble (kcal/mol), R is the gas constant
(kcal K�1 mol�1), and T is the temperature (K).

3.3 Intramolecular

Cassette Excision

Assay by Suicide

Conjugation

with a Non-replicative

Substrate (attC � attC

Reaction)

1. Transform p6944 plasmid into the β2163 donor strain (see
Note 3) and p3938 into the UB5201 recipient strain (Fig. 1).

2. Start, from a single colony, overnight cultures at 37 �C of the
donor strain (β2163 + p6944) in LB + DAP + Cm and of the
recipient strain (UB5201 + p3938) in LB + Carb + Glc.

3. Dilute overnight cultures of the donor strain 1/100 in
LB + DAP and of the recipient strain 1/100 in LB + Ara.

4. Grow donor and recipient cells to 0.4 <OD600 < 0.6 at 37 �C.

5. Mix 1 ml of donor cells with 1 ml of recipient cells in a 2 ml
tube and centrifuge 6 min at 2500 � g.
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6. Discard the supernatant by inverting the tube and resuspend
the pellet in the remaining LB droplet. Spread the suspended
pellet onto a 0.45 μmmembrane placed on a fresh LB + DAP +
Ara plate and let it dry for a few minutes.

7. Incubate the plates 4 h at 37 �C, the side with the cells facing
up (see Note 4).

8. Put the membrane in a 50 ml tube with 5 ml LB and vortex to
remove the cells from the filter.

9. Plate dilutions on both MH agar + Cm + Carb and MH agar +
Carb (see Note 5).

10. Incubate the plates for 2 days at 37 �C (see Note 6).

11. Count the colony-forming units (CFU) on each plate. The
recombination frequency is calculated as the ratio of recombi-
nant clones expressing the p6944-associated CmR marker to
the total number of CarbR-recipient clones.

12. Check for recombination events by performing PCR on eight
randomly chosen clones per experiment using primers binding
upstream and downstream of the cassette on the p6944 plasmid
(Sw23beg and Sw23end). Upon cassette excision, the size of
the PCR product should be smaller.

13. To confirm the recombination point, an additional sequencing
step could be performed on the PCR products using the same
primers.

3.4 Intermolecular

Cassette Insertion

Assay by Suicide

Conjugation

with a Non-replicative

Substrate (attC � attI

Reaction)

1. Transform pD042 plasmid into the β2163 donor strain and
both p3938 and p929 plasmids into UB5201 recipient strain
(see Notes 7 and 8).

2. Follow steps 2–11 of Subheading 3.3 but adding kanamycin to
select the recipient strain (the resistance marker for the pSU
plasmid).

3. Check for recombination events by performing PCR on eight
randomly chosen clones per experiment. PCRs should be per-
formed using one primer binding on pD042 plasmid and
another binding on p929 plasmid (respectively, Sw23beg and
MFD).

4. To confirm the recombination point, an additional sequencing
step could be performed on the PCR products using the same
primers.

3.5 Recombination

Assay with a Non-

replicative Substrate:

Double-Stranded

Pathway

1. Transform 200 ng of the pSW23T:attCaadA7 plasmid (pD042)
into pir� competent strains already containing the pBAD18:
intI1 and thepSU38Δ:attI1plasmids (UB5201+p3938+p929)
using electro-competent method (see Note 9). Outgrow the
cells for 1 h at 37 �C in the presence of arabinose.
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2. Transform in parallel 200 ng of the same pD042 plasmid into
competent UB5201-Pi (pir+) cells. Outgrow the cells for 1 h at
37 �C in the presence of dT.

3. Plate dilutions onMH agar + Cm +Carb (for transformation in
pir�UB5201 strains) and on MH agar + Cm + Carb + dT (for
transformation in pir+ UB5201-Pi strains).

4. Incubate the plates for 2 days at 37 �C (see Note 6).

5. Count the CFUs on each plate. The recombination frequency
is calculated as the ratio of recombinant clones expressing the
pD042-associated CmR marker obtained in pir� conditions to
those obtained in pir+ conditions (see Note 10).

6. Check for recombination events by performing PCR on eight
randomly chosen clones per experiment. PCR should be per-
formed using one primer binding on the pD042 plasmid and
another binding on the p929 plasmid (Sw23beg and MFD).

7. To confirm the recombination point, an additional sequencing
step could be performed on the PCR products using the same
primers.

3.6 Intramolecular

Cassette Excision

Assay

with a Replicative

Substrate (attC � attC

Reaction)

1. Transform p3938 plasmid, expressing the integrase and the
pSW plasmid carrying the [Ptac]-attCaadA7-lacIq-VCR2-
pir116∗ synthetic construction (p6944 plasmid) into a pir+
permissive strain (UB5201-Pi) (Fig. 3). This strain allows the
p6944 plasmid replication (see above).

2. Start, from a single colony, overnight cultures at 37 �C of
UB5201-Pi strain containing p3938 and p6944 plasmids in
the presence of appropriate antibiotics and 0.2% arabinose to
allow the intI1 expression and recombination.

3. Harvest cells and extract total plasmid DNA (following the
Miniprep Kit protocol) to transform a pir� nonpermissive
strain (UB5201). The only way for this plasmid to be main-
tained in these recipient cells is by having performed cassette
deletion events catalyzed by IntI1. Indeed, the synthetic cas-
sette located between the two sites is excised and brings
together the Ptac promoter and the promoterless pir116∗
gene that encodes the functional π protein [17].

4. Transform 200 ng of the recovered plasmids into a pir� com-
petent strain (UB5201) using electro-competent method (see
Note 9). Outgrow the cells for 1 h at 37 �C.

5. Transform in parallel 200 ng of the same plasmid preparation in
a pir+ permissive competent strain (UB5201-Pi). Outgrow the
cells for 1 h at 37 �C in presence of dT.

6. Plate dilutions on MH agar + Cm (for transformation in pir�
UB5201 strains) and on MH agar + Cm + dT (for transforma-
tion in pir+ UB5201-Pi strains).
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7. Incubate the plates overnight at 37 �C.

8. Count the CFUs on each plate. The recombination frequency
is calculated as the ratio of recombinant clones expressing the
p6944 CmR marker obtained in pir� conditions to those
obtained in pir+ conditions.

9. Check for recombination events by performing PCR on eight
randomly chosen clones per experiment by using primers

Recombination
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Cm selection 

  UB5201-PI 

  Recombinant clones
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Fig. 3 Intramolecular cassette excision assay with a replicative substrate.
Schematic representation of the recombination assay with a replicative sub-
strate, which involves both single- and double-stranded pathway (as described
in Subheading 3.6). As for Fig. 1, the displayed assay concerns an intramolecular
excision reaction between attCaadA7 and VCR2 sites depicted as dark and light
gray triangles, respectively. The upper part of the figure displays the pir+ cell
expressing IntI1 and containing plasmids that carry attI1 and attCaadA7. In the
lower part, the recombined clones are represented
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binding upstream and downstream of the cassette on the p6944
plasmid (Sw23beg and Sw23end).

10. To confirm the recombination point, an additional sequencing
step could be performed on the PCR products using the same
primers.

3.7 Intermolecular

Cassette Insertion

Assay

with a Replicative

Substrate (attC � attI

Reaction)

1. Transform three plasmids, pBAD18::intI1, expressing the inte-
grase (p3938), pSU38::attI1, carrying the attI site (p929), and
pSW23T::attCaadA7, harboring the attC site (pD042) into a pir
+ permissive strain (UB5201-Pi). This strain allows the pSW
plasmid replication (see above).

2. Follow steps 2–9 of Subheading 3.6 but adding kanamycin
(the resistance marker for the p929 plasmid).

3. Check for recombination events by performing PCR on eight
randomly chosen clones per experiment by using one primer
binding on the pD042 plasmid and another binding on the
p929 plasmid (Sw23beg and MFD).

4. To confirm the recombination point, an additional sequencing
step could be performed on the PCR products using the same
primers.

3.8 Chromosomal

Deletion Assay

1. Transform ω7949 strain with p3938 plasmid [18] (Fig. 4).

2. Start, from a single colony, overnight cultures at 37 �C of
ω7949 + p3938 in LB + DAP + Glc + Carb.

3. Dilute overnight cultures 1/50 in LB + DAP + Carb + Ara.

4. Grow cells 3 h at 37 �C.

5. Plate dilutions on both MH agar + Carb and MH agar + DAP
+ Carb.

6. Incubate the plates for 2 days at 37 �C (see Note 6).

7. Count the CFUs on each plate. The recombination frequency
is calculated as the ratio of recombinant clones obtained in
absence of DAP to the total number of clones obtained in the
presence of DAP.

8. Check for recombination events by performing PCR on eight
randomly chosen clones per experiment. PCR should be per-
formed by using primers binding upstream and downstream of
the excised cassette (Sw23beg and DapA-R).

9. To confirm the recombination point, an additional sequencing
step could be performed on the PCR products using the same
primers.

3.9 Mismatched

Covalent Circle Assay

1. Use mutated phagemid vectors (at SacII and NarI, respectively,
p7770 and p7771) to transform F0 carrying pir strain cells
(β2150) and to obtain the ω7790 and ω7791 strains,
respectively.
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2. Start, from a single colony, overnight cultures at 37 �C of
ω7790 and ω7791 in LB + DAP + Cm.

3. Dilute overnight cultures 1/100 in 2 ml of 2YT media
+ DAP + Cm + vitamin B1.

4. Grow cells to OD600 ¼ 0.8.

5. Infect cultures with 250 μl of M13KO7 Helper Phage (see
Note 11).

6. Incubate infected cells 1 h at 37 �C.

7. Use these 2 ml cultures to inoculate 50ml of 2YTmedia + DAP
+ Cm + Km (70 μg/ml) + vitamin B1.

8. Grow cells overnight at 37 �C.

attI attC

Recombination
Selection of recombinants

interrupted dapA genecassette

  ω7949 

intI1

IntI1

IntI1

functional dapA gene

oriColE1

intI1

p3938

IntI1

IntI1

CarbR
p3938

oriColE1

attI/attC

CarbR

  Recombinant clones

Pbad

Pbad

  ω7949 

Fig. 4 Chromosomal deletion assay. Schematic representation of the recombi-
nation assay on chromosome (as described in Subheading 3.8). The upper part
of the figure displays the MG1655ΔdapA cells in which the dapA gene is
interrupted by a synthetic cassette (attI-cassette-attC) and the lower part the
recombined clones in which excision of the synthetic cassette restores dapA
expression
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9. Recover single-stranded DNA following the “Qiaprep® M13
Handbook” protocol by using the columns, PB and PE buffer
supplied in Qiaprep® Miniprep Kit. Buffer MP has to be
prepared (see Note 12).

10. Mix equal quantity of both complementary single-stranded
DNA produced previously with NaCl 0.1 M and incubate
5 min at 95 �C. Turn off the heating block and let your tube
stay in the block while temperature is progressively decreasing
until 30 �C.

11. Digest by both EcoRI andMfeI restriction enzymes in order to
eliminate non-annealed oriFd (see Note 13).

12. Extract the fragments of interest from an agarose gel by using
the gel extraction kit.

13. Self-ligate (because these enzymes generate compatible cohe-
sive ends) by using the T4 DNA ligase.

14. Transform 200 ng of the obtained covalent mismatched circle
in the pir�MG1655mutS215 (seeNote 14) competent strains
containing the pBAD:intI1 (p3938) and the pSU38Δ:attI1
(p929) plasmids using electro-competent method (see
Note 9). Outgrow cells for 1 h at 37 �C in the presence of
arabinose.

15. Transform in parallel 200 ng of the same circle preparation in a
pir+ permissive competent strain (MG1655mutS215 + p1177).
Outgrow cells for 1 h at 37 �C.

16. Plate dilutions on MH agar + Cm + Ara (for transformation in
pir�MG1655mutS215 strains) and on MH agar + Cm + Carb
(for transformation in pir+ MG1655mutS215 strains).

17. Incubate the plates overnight at 37 �C.

18. Check for recombination events (obtained in pir+ context) by
performing PCR on 100 randomly chosen clones. PCR should
be performed by using one primer binding on the covalent
mismatched circle and another binding on the p929 plasmid
(Sw23beg and MFD or Sw23end and MRV). Determine the
restriction pattern of these PCR products by digesting with
both SacII and NarI enzymes.

19. To confirm the recombination point, an additional sequencing
step could be performed on the PCR products using the same
primers.

20. As a supplementary control, analyze the CmR clones obtained
in pir+ context. Pool �350 clones, proceed to a total plasmid
DNA extraction (following the Miniprep Kit protocol), and
transform the recovered plasmids into the same strain. Analyze
100 CmR clones by PCR amplification of the mismatch-
containing regions (SeqNarI and SeqSacII) and digestion of
the PCR products (NarI and NarII restriction enzymes).
Determine the restriction pattern.
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4 Notes

1. While most of the secondary structure prediction software is
focused on RNA, there are usually DNA parameters available as
well and should be used in this case. For instance, ViennaRNA
package and RNAfold webserver offer the option of using
DNA energy parameters using theMatthews 2004 model [25].

2. When using ViennaRNA package, the following command line
options for RNAfold program should be used, -p to calculate
the partition function, and -C to impose constraints on the
structure, in which case the constraint in a dot-bracket notation
should be added in the corresponding input FASTA file.

3. The pSW plasmid is transformed in the β2163 donor strain
which requires DAP (the reticulating agent of peptidoglycan in
E. coli) to grow in rich medium. The use of DAP auxotroph
donor for the conjugation delivery protocol guaranties that
you get rid of the donor by simply selecting on antibiotic
marker of the pSW23T plasmid, since DAP is completely
absent in LB.

4. Maximal efficiency of recombination is reached after 4 h of
incubation.

5. Dilution of 10�4 up to the undiluted suspension can be plated
on MH agar + Cm + Carb, and dilution of 10�6 up to 10�4 can
usually be plated on MH agar +Carb.

6. An overnight incubation time is not sufficient to let all recom-
binant clones to grow. Leaving the plates for one additional day
allows the maximal number of recombinants to be reached.

7. Different recipient strains can be used so long as they can be
conjugated and are devoid of the pir gene. For example, Biskri
and collaborators used Vibrio cholerae N16961 as recipient
strain [21].

8. To study the attI � attI recombination events, an attI site can
be cloned in place of the attC site in the pSW23T plasmid by
using EcoRI and BamHI restriction enzymes.

9. Electro-competent cells should be prepared in the presence of
arabinose to allow IntI1 integrase expression.

10. Transformation efficiencies of both UB5201 and UB5201-Pi
strains should be determined beforehand and used to adjust
the final ratio and normalize the results.

11. M13K07 Helper Phage is an M13 bacteriophage containing
the origin of replication from p15A and the kanamycin resis-
tance gene from Tn903.

12. To prepare Buffer MP, dissolve 3.3 g of citric acid monohy-
drate in 3 ml high-purity water at room temperature in a 10 ml
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tube. Stir the solution at 200 rpm for 5 min and filter it
through a 0.2 μm sterile filter using a syringe to give a final
volume of 6 ml buffer MP.

13. Confirm the loss of both wild-type NarI and SacII sites in the
EcoRI–MfeI linearized mismatched substrate through resis-
tance to NarI and SacII digestion.

14. The mutS� background ensures that the mismatches of the
circles are not repaired.
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Chapter 15

Methods to Identify and Analyze Vesicle-Protected DNA
Transfer

Alba Blesa and José Berenguer

Abstract

Conjugation, transformation, and transduction constitute the three classical mechanisms involved in
horizontal gene transfer (HGT) among prokaryotes. In addition, alternative HGT mechanisms exist in
groups of organisms. Among them, the use of DNA-containing membrane vesicles as shuttle elements for
HGT has been described for a number of microorganisms, including both thermophiles and mesophiles.
Here we describe the methods followed to detect, purify, and analyze these vesicles.

Key words DNase-resistant, Extracellular vesicles, Horizontal gene transfer, Thermus

1 Introduction

Horizontal gene transfer (HGT) constitutes a key element in the
evolution of prokaryotes, as it allows the rapid acquisition of
genetic traits and the subsequent adaptation of the host to new
environmental challenges. Classical mechanisms of HGT, such as
conjugation, transduction, and the more recently described gene
transfer agents (GTA) [1], involve specific processes that maintain
the transferred DNA protected from extracellular nucleases of the
environments. By contrast, transformation depends on the coinci-
dental presence of two infrequent factors: first the presence of
extracellular DNA (eDNA) large enough as to encode proteins or
protein variants that could be further acquired and expressed into
new host cells [2, 3], and second a host belonging to one of the few
bacterial species naturally competent, that is, able to uptake and
integrate extracellular eDNA, in its “competent” status. Therefore,
the possibility of one of these rare species with natural competence
could find and appropriate eDNA to incorporate into its genome is
extremely low, and in nature the most likely way in which DNA
enters a host cells is under some kind of protection.

Fernando de la Cruz (ed.), Horizontal Gene Transfer: Methods and Protocols, Methods in Molecular Biology, vol. 2075,
https://doi.org/10.1007/978-1-4939-9877-7_15, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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In fact, bacteria and archaea produce extracellular vesicles
(EV) that can also transfer eDNA to a recipient host cell [4], similar
to the EV containing DNA detected in blood [5]. Actually, many
Gram-negative bacteria produce EV derived from the outer mem-
brane (OMVs) in an apparently simple process that involves the
generation of blebs of the outer membrane followed by constric-
tion. These OMVs enclose not only periplasmic elements but also
cytoplasmic components such as enzymes, toxins, and/or DNA,
thus playing different roles in cell-to-cell communication, patho-
genesis, defense against viruses, detoxification of denatured pro-
teins, or HGT [6–11].

In addition to OMVs, other types of EV have been described
which are the consequence of cell lysis of a fraction of the popula-
tion and the subsequent fortuitous engulfment of cell materials,
including genomic DNA and plasmids [12]. Production of both
types of EV seems to be regulated by environmental conditions
[2, 4] increasing under stress conditions [3, 12]. Regardless of their
origin, a major advantage of EV-mediated HGT with respect to
classical processes such as transformation is the high degree of
protection against exo- and endonucleases provided by its envelope
that allows the accumulation of large genome fragments even in the
presence of added DNase [13]. eDNA protection is of particular
relevance in thermal environments, where high temperatures
enhance DNA melting and facilitate its degradation [14]. Likely
for this reason, special mechanisms of HGT have been described in
thermophiles in which the eDNA is transferred within a protective
coat, including tubular organelles and EV [13].

Different mechanisms could be also in place for the acquisition
by the recipient cells of the eDNA transferred through EV, includ-
ing fusions to the OM when such a structure is present, although
EV lysis and further eDNA acquisition by natural competence have
been also proposed [11, 13].

In this chapter, a detailed protocol to identify, purify, and
analyze EV produced by bacteria is described. Also, the methods
to quantify the relevance of these EV in HGT are described. The
procedure is described based on our work with the extreme ther-
mophile Thermus thermophilus [13], but adaptation to most other
bacteria is straightforward.

2 Materials

All buffers and solutions need to be prepared with autoclaved and
filtered ultrapure MilliQ water stored at 4 �C (unless otherwise
indicated). Subsections similar to those in methods have been
included to accommodate specific materials.
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2.1 Isolation

of Extracellular

Membrane Vesicles

1. Sterile culture flasks.

2. For T. thermophilus, the TB (Thermus broth) medium is used.
It is composed of 4 g/L yeast extract, 8 g/L peptone, and 3 g/
L NaCl, but requires carbonate-rich mineral water instead of
MilliQ water. Typical composition of carbonate-rich mineral
water used is 599 mg/L dry residue, 301 mg/L bicarbonate,
158 mg/L sulfate, 65 mg/L chloride, 12.4 mg/L nitrate,
0.3 mg/L fluoride, 100 mg/L calcium, 41 mg/L magnesium,
42 mg/L sodium, and 2.5 mg/L potassium. A total of 15 g/L
agar is added for plates. This TB allows high transformability of
growing strains by natural competence.

For E. coli and other enterobacteria, the LB (Lysogeny
broth) medium is used. It is composed of 10 g/L Tryptone,
5 g/L yeast extract, and 5 g/L NaCl. A total of 15 g/L agar is
added for plates.

3. Nitrocellulose filters of 0.45 and 0.22 μm of pore (Whatman
PROTRAN BA85).

4. Low-speed centrifuge and rotor to accommodate 2, 12, and
50 mL tubes.

5. Ultracentrifuge and appropriate tubes and rotors to accommo-
date 2 and 14 mL volumes and speed up to 150,000 � g.

6. 50 mMHEPES washing buffer, pH 7.5. Composition: 1.2 g of
HEPES (�99.5%) in 100 mL of MilliQ water. Preparation
details: adjust pH to 7.5 with 0.5 M of NaOH. Sterilize the
solution by passing it through a nitrocellulose 0.22 μm filter.
Store at 4 �C.

7. 50 mM phosphate buffer, pH 7.5. For a total volume of
100 mL, using a combination of 0.5 M monobasic solution
(69 g of NaH2PO4 in 1000 mL of MilliQ water) and 0.5 M
dibasic solution (71 g of Na2HPO4·12 H2O in 1000 mL of
MilliQ water): add 11.4 mL of monobasic solution to 88.6 mL
of dibasic solution and rise the volume to 100 mL with MilliQ
water. If necessary, adjust pH to 7.5 with 0.5 N NaOH. Filter
through a 0.22 μm filter. Store at 4 �C.

8. 10 U/μL DNase I, RNase-free (Roche) in 25 mM Tris–HCl,
pH 7.6, 50% glycerol (v/v). 10� incubation buffer, composed
of 100 mM Tris–HCl, pH 7.5, 25 mM MgCl2, and 1 mM
CuCl2 and filtered through a 0.22 μm filter. Store at 4 �C.

2.2 Analysis of EV-

Associated eDNA

1. 5 M AcNH4, pH 5. Preparation details: dissolve 38.5 g of
ammonium acetate in 16.5 mL of glacial acetic acid. Rise
volume to 100 mL with sterile MilliQ water. Use glacial acetic
acid to adjust pH if necessary. For the 100 mM AcNH4 solu-
tion, a dilution in sterile MilliQ water from the 5 M can be
performed or either prepare one (per 1 L, 7.7 g of AcNH4,
3.3 mL of glacial acetic acid, 992 mL of sterile MilliQ water).
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2. Ethanol (96–100%), kept at �20 �C until its use.

3. 25 mM Tris–HCl pH 7.5. Preparation details: from a dilution
of a 1 M concentrated stock solution dissolve 12.11 g of
TrisBase in 80 mL of MilliQ water and adjust pH to 7.5 with
HCl. Fill up to a final volume of 100 mL with MilliQ water.
Sterilize by autoclaving and store at 4 �C.

4. TE buffer (Tris 10 mM pH 8, EDTA 1 mM). For 100 mL use
1 mL of 1 M Tris–HCl and 0.2 mL of a 0.5 M EDTA solution
pH 8. Fill up to 100 mL with MilliQ water. Sterilize by auto-
claving and store at 4 �C.

5. Phenol:chloroform:isoamyl (25:24:1) and chloroform: isoamyl
(24:1), commercially available (i.e., Millipore).

6. Nuclease free water and MilliQ water.

7. Spectrophotometer (Nanodrop).

8. Nuclease I and DNase I (Roche) with their buffers.

9. Restriction enzymes and buffer, selected by its cutting fre-
quency in the genome (1 every 4–6 kb).

2.3 Analysis of EV-

Associated Proteins

1. Kits for protein concentration determination. For instance,
Micro BCA Protein Assay Reagent Kit (Thermo Scientific).

2. SDS-PAGE electrophoresis apparatus and gel. For instance,
8–12% acrylamide gels may be run in MINI-PROTEAN verti-
cal gel electrophoretic equipment (BIO-RAD).

3. Coomassie Brilliant Blue R250 (0.25% w/v) in 10% acetic acid
(v/v), 50% methanol (v/v).

4. Cold acetone (100%) for protein precipitation. Should be
stored at (�20 �C) until its use (see Note 1).

5. In-gel sequencing grade Trypsin Digestion Kit (Thermo
Scientific).

6. Laemmli disruption buffer (5�): 300 mM Tris–HCl, pH 6.8,
5% SDS (v/v), 10% β-mercaptoethanol, 0.02% bromophenol
blue, and 50% glycerol (v/v). Store buffer in aliquots at
(�20 �C) until use.

2.4 Competent Cells Depending on the species, induction of the competent state should
be promoted (i.e., [15, 16]).

Alternatively, electrocompetent cells can be prepared through
adapted protocols as that described in [17]. In most cases, frozen
aliquots of competent or electrocompetent cells can be used.

2.5 Vesicle

Observation by

Electron Microscopy

Transmission electron microscopy (TEM) is needed for the obser-
vation and ultrastructural analysis of the vesicles. Negative staining
requires ionized collodion-/carbon-coated copper grids and 2%
aqueous uranyl acetate solution (dissolve 0.2 g of uranyl acetate
powder in 10 mL of filtered MilliQ water) (see Note 2).
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3 Methods

Although buffers and all material employed are maintained at 4 �C,
most procedures described here have been carried out at room
temperature as the thermophilic nature of T. thermophilus preserves
the stability of EV. However, for mesophilic bacteria or archaea,
keeping 4 �C along the procedure is highly recommended.

3.1 Isolation of EV Isolation of the EV fraction for further analysis is depicted in Fig. 1.
The detailed steps consist of the following:

1. Bacterial cultures of the donor cell labelled with an antibiotic
resistance marker are grown according to each specific strain
requirement until the chosen cell density, for instance, an
OD600 ¼ 0.5 (see Note 3). Different stresses for the cells can
be checked at this point (heat shock, UV, cold shock, subin-
hibitory concentrations of antibiotics, etc.).

2. Grow 100 mL of the cells up to the required growth phase,
most frequently exponential and/or stationary phase. Cool
down to 4 �C (mesophiles) or room temperature (thermo-
phile) and centrifuge at low speed (6000–8000 � g, 5 min)
to eliminate the cells.

Fig. 1 Scheme of EV purification. The sketch shows the different steps followed to purify and analyze EV. The
detailed protocols are described in the text
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3. Filter the supernatant through 0.45 μm nitrocellulose filters.
Centrifuge under the same conditions to eliminate large cell
fragments or remaining cells.

4. Filter again the supernatant through a 0.22 μm nitrocellulose
filter and collect the filtrate in sterile tubes.

5. Centrifuge the filtered fraction at high speed (150,000 � g for
2.5 h at 4 �C) to concentrate the EV.

6. Carefully eliminate the supernatant (see Note 4) and gently
resuspend the vesicle-containing pellet in 2 mL of 50 mM
HEPES buffer, pH 7.5 (see Note 5).

7. Centrifuge again at 60,000 � g for 30 min at 4 �C. Decant
supernatant again and resuspend the EV fraction in 200 μL of
50 mM HEPES buffer, pH 7.5.

8. Centrifuge again at 60,000 � g for 30 min at 4 �C and elimi-
nate supernatant. Resuspend the pellet carefully in 100–150 μL
of 50 mM phosphate buffer, pH 7.5, or water (see Note 6).
This is the EV fraction used for further analysis.

3.2 TEM Analysis

of EVs

1. Take 10 μL of the EV fraction and mix it with 10 μL of 2%
(w/v) uranyl acetate.

2. Place a drop (2 μL) of the above EV mix with uranyl acetate
onto a carbon-coated copper grid (see Note 6). Leave it for
20–30 s and remove the liquid excess with a filter paper.

3. Air dry and analyze under TEM for the presence of EVas those
shown in Fig. 2.

3.3 eDNA Extraction

from EV Fraction

The fraction above may contain DNase-sensitive extracellular
eDNA attached to the EV surface. A first characterization of the
amount and nature of DNase-protected eDNA is described below.

1. Measure the eDNA content and integrity of the whole EV
fraction by spectrophotometry (Nanodrop) and agarose gel
electrophoresis.

2. Incubate 50–90 μL of the EV fraction with 5–10 units of
DNase I for 1.5 h at 37 �C.

3. Inactivate the enzyme by incubation at 75 �C for 10 min.

4. Raise up the volume to 500 μL with sterile-filtered MilliQ
water, add 500 μL of phenol:chloroform:isoamyl (25:24:1),
and vortex intensively for 1 min.

5. Centrifuge (14,000 � g, 1 min, RT), transfer the supernatant
to a new sterile tube.

6. Add 500 μL of chloroform, vortex again as above and centri-
fuge (14,000 � g, 1 min, RT).
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7. Take the supernatant, transfer to a 2 mL volume tube and
precipitate DNA by adding 16.7 μL of 5 M AcNH4, pH 5,
and 1.34 mL of 96% ice-cold ethanol, and keep at 4 �C for
15 min.

Fig. 2 Electron micrographs of EV from T. thermophilus. Representative TEM images as seen by negative
staining of purified EV fractions of T. thermophilus HB2 derivatives grown to exponential phase. Note the
different sizes of the EV suggesting in this case a lytic origin. Also note the presence of broken EV (arrows)
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8. Centrifuge again (14,000 � g, 4 �C, 30 min). Discard the
supernatant and wash the pellet in 200 μL of 70% ice-cold
ethanol and centrifuge again (14,000 � g, 4 �C, 15 min).
Discard supernatant and dry the pellet.

9. Resuspend this “protected” eDNA in 20–40 μL of nuclease-
free sterile MilliQ water.

10. Measure protected eDNA by spectrophotometry (A260nm) and
calculate the percentage of protected vs. unprotected eDNA.
Run 2–3 μL samples in a 0.8% agarose gel and stain to check for
DNA integrity. Briefly, sheared DNA will appear as light multi-
ple bands in the lane under a smeared background, whereas
intact DNA will result in a rather intense band and a light even
smear below it.

3.4 eDNA Analysis For a preliminary characterization of eDNA, a series of easy proto-
cols can be followed:

3.4.1 Specific

vs. Random eDNA

The eDNA associated to the EV could be the consequence of lysis
of the cells and random genomic DNA association or could corre-
spond to specific DNA packaging and secretion systems. To analyze
this, follow the following procedure:

1. Digest with a restriction enzyme with multiple targets in the
genome and run and stain an agarose gel. A specific or highly
frequent eDNA should produce defined DNA restriction pat-
terns. By contrast, a diffuse pattern of DNA fragments should
be produced if eDNA is incorporated randomly after cell lysis.

2. Select a subset of genes along the genome of the strain under
analysis to amplify by PCR with appropriate primers. Analyze
the PCR products as above. Positive amplification along the
genome is also indicative of a random generation process.

3. Further assays as sequencing can be implemented if needed.

3.4.2 Double-

Stranded vs. Single-

Stranded eDNA

Susceptibility to Nuclease I and DNase I can be used to check for
single- and double-stranded eDNA, respectively.

3.5 Analysis of EV

Protein Content

The presence of specific mechanism of EV generation is consistent
with defined protein composition of the EV. To analyze this sce-
nario, SDS-PAGE and proteomic analysis are highly recommended.

1. Take 50–90 μL of the EV fraction and raise the volume up to
500 μL with 50 mM phosphate buffer, pH 7.5.

2. Add 1 mL of cold acetone, and keep the samples amended with
acetone at �20 �C overnight.
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3. Centrifuge (14,000 � g, 4 �C, 15 min). A white pellet
corresponding to precipitated proteins should appear. Discard
supernatant and dry the pellet.

4. Resuspend the pellet in 50 μL of MilliQ water, and use 2–5 μL
for protein quantification using the Micro BCA Protein Assay
Reagent Kit (Thermo Scientific).

5. Run 15 μL in SDS-PAGE gel. Briefly, add Laemmli disruption
buffer and heat for 10 min at 90 �C. Charge the sample in an
8–12% acrylamide gel, and perform electrophoresis and Coo-
massie Blue staining.

6. The remaining 30 μL are subjected to proteomic analysis.
Briefly, add Laemmli disruption buffer to reach 1� concentra-
tion, heat for 10 min at 90 �C, load them on a SDS-PAGE gel,
and run the gel to concentrate the sample in the stacking part
of the gel. Cut the band with sample and then digest the
samples by using an in-gel trypsin digestion kit, following
manufacturers’ indications.

7. Desalt the gel-extracted peptides and concentrate them in the
chromatography columns.

8. Examine the sample by mass spectrometry following LC-MS/
MS analysis. Results should be bioinformatically surveyed fol-
lowing algorithms that enable peptide identification.

9. Calculate the relative abundance of each protein by dividing the
amount of peptides identified per protein by its molecular
weight. Compare with their (theoretical) localization in the
cells (see Note 7).

3.6 Transformation

of EV-Associated eDNA

Quantitative transformation assays require the availability of com-
petent or electrocompetent cells.

3.6.1 For T. thermophilus

(Constitutively Natural

Competent Cells)

1. Grow a 5 mL overnight culture in TB at 65 �C and reinoculate
300 μL in fresh 10 mL of TB medium in a 50 mL flask.

2. Grow until exponential phase (OD600 0.3–0.4) under the same
conditions.

3. Add 100–500 ng of the EV fractions obtained in Subheading
3.1 in individual sterile 12 mL tubes. Include samples with
purified eDNA and a negative control without DNA (see
Notes 8 and 9).

4. Add 500 μL of the growing culture to the tubes and incubate
for 1–4 h under aeration at 65 �C (see Note 10).

5. Plate 100–500 μL of each sample on selective plates (with the
selection antibiotic) and 100 μL of a 10�5 dilution on nonse-
lective plates to check for viable cells.
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6. Incubate plates according to each recipient strain’s specificities
(65 �C for T. thermophilus).

3.6.2 For Chemically

Competent E. coli Cells or

Other Enterobacteria

1. Add 100–500 ng of EV to 50 μL of competent cells and
incubate for 30 min on ice. Add also eDNA fractions to parallel
samples and a negative control without DNA.

2. Heat shock the mix for 90 s at 42 �C and cool down to 4 �C for
5 min.

3. Add 300 μL of pre-warmed LBmedium and incubate for 1–4 h
under aeration (see Note 10).

4. Plate 100–300 μL on selective plates and 10�5 dilutions on
nonselective plates for viable cells.

5. Incubate plates according to each recipient strain’s specificities.

3.6.3 For

Electrocompetent Cells

Electrocompetent cells need to be previously prepared according to
standard protocols with the specific modification required for each
species.

1. Incubate 50 μL of electrocompetent cells with 100–500 ng of
EV or eDNA as above (in water to limit ions in the sample)
inside a 0.2 μm electroporation cuvette. Keep on ice for
30 min. Use controls as above.

2. Subject the cells to a 5 ms electric pulse under 12,500 V cm�1

electric field (for Gram negatives). Higher fields and 0.1 mm
cuvettes could be needed for other bacteria.

3. Add 300 μL of pre-warmed fresh medium and incubate for
1–4 h under aeration (seeNote 10). Add an extra tube with no
DNA.

4. Plate on selective plates as above and incubate according to
each recipient strain’s specificities.

3.7 Quantitative

Analysis of EV-

Associated HGT

Regardless the method used, quantitative estimations of the effi-
ciency of the transformation can be performed. Transformation
frequencies can be measured as the number of colony forming
units (CFU) grown on selective plates per viable cells of the trans-
formed strain (CFUs grown in nonselective plates). If different
amounts of eDNA have been employed, then transfer frequencies
should be related to the mass of eDNA employed, expressing the
results as number of transformants per viable cell per μg of eDNA.
A minimum of three biological replicates are needed.

4 Notes

1. Other reagents commonly employed for protein precipitation
such as trichloroacetic acid (TCA) could be employed, but you
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should be aware that further assays involving functional pro-
teins or proteomics assays are hampered by the acetylation
performed by TCA.

2. The pH of the aqueous uranyl acetate solution will range
between 4.5 and 5. At this pH, an adequate contrast will be
achieved as negatively charged molecules, such as nucleic acids,
stain optimally. However, the solution is labile and very photo-
sensitive in this pH range. Prepare fresh solution and protect it
from light irradiation to prevent precipitation of uranium
compounds.

3. eDNA production along the cell growth can be assayed as a
proxy to define the most adequate optical density at which
samples will be taken for EV isolation. In order to enable
DNA transfer detection, the strain under study should harbor
a selection marker, for instance, an antibiotic resistance cassette
either inserted into the genome or in a plasmid.

4. Supernatants removal after ultracentrifugation should be per-
formed very carefully. We recommend inverting the tubes and
decanting the supernatant. Careful aspiration avoiding the pel-
let is also suggested. As the pellet may be quite firm and
strongly adherent, you can add the resuspension solution and
then wait for a couple of minutes before starting resuspension,
which should be executed with gentle pipetting, avoiding bub-
bles formation.

5. In fixed angle rotors, the pellets attach along the distal tube
wall as a transparent mucus-like compound. Employ a small
spatula or a glass bar to carefully drag this material to the tube
bottom for complete recovery of the sample. If pellets are too
loose, it is recommended to leave some supernatant at the
bottom of the tubes, recentrifuge, and discard the remaining
supernatant carefully. Normally, the resuspension volumes indi-
cated are enough to resuspend without a problem. In case
vesicle pellets are too large, readjust the volume to a more
appropriate one. Nonetheless, changes should be taken into
account in order to keep a track for quantitative yield
comparisons.

6. Buffer indicated here is sterile 50 mM phosphate buffer,
pH 7.5, but either nuclease-free water, sterile TE buffer
(10 mM Tris–HCl, pH 8, 1 mM EDTA), or 25 mM Tris–HCl,
pH 7.5, can be employed. Actually, for electron microscopy,
phosphate buffers are not recommended due to the risk of salt
residues and a loss of contrast.

7. The semiquantitative data obtained can be represented in a
section graphics to reveal the percentage of proteins from
different cell fractions (outer membrane, periplasm, cytoplas-
mic membrane, cytoplasm) as in [13].
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8. The amount of eDNA employed in transformation may vary
according to the recipient strain efficiency and the DNA mass
available.

9. In the case of transforming the vesicles obtained in Subheading
3.1, they should be previously treated with DNase I as afore-
mentioned. Besides, DNase I may be added too to the eDNA
sample which will be mixed with the competent cells.

10. The time required for antibiotic expression rules this incuba-
tion timing. This timing depends on the marker itself and the
recipient strain employed (from the eDNA being transferred).
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Chapter 16

Measuring Plasmid Stability in Gram-Negative Bacteria

Damián Lobato-Márquez

Abstract

In this chapter, a highly sensitive method to measure plasmid stability in Gram-negative bacteria is
described. This procedure is based on the counterselection of plasmid-containing cells using an aph-parE
cassette. When bacteria carrying the aph-parE module in the plasmid of interest are grown in media
containing rhamnose as the only carbon source, the PparE promoter is induced, ParE is synthesized, and
plasmid-containing cells are eliminated; bacteria that have lost the plasmid survive. The absence of the
kanamycin resistance marker (aph) can be used to confirm the loss of the plasmid in rhamnose grown
bacteria.

Key words Plasmid stability, aph-parE, Rhamnose, Gram-negative, Toxin–antitoxin, Salmonella

1 Introduction

Plasmid stability can be measured taking advantage of antibiotic
resistance markers. An antibiotic resistance gene is inserted into the
plasmid of interest. Cells harboring the recombinant plasmid are
positively selected in the presence of the antibiotic after being
grown in the absence of antibiotic selective pressure [1, 2]. How-
ever, due to its low sensitivity, this technique is only useful for
measuring the inheritance of relatively unstable plasmids. The sta-
bility of plasmids, whose loss rate is below the sensitivity of this
assay, must be measured with alternative methods such as the
tetAR-chlortetracycline system, which relies on the direct selection
of plasmid-free cells [3–5]. The TetA protein localizes to the cyto-
plasmic membrane and prevents cellular accumulation of tetracy-
cline, thereby conferring resistance [6]. However, the location of
TetA in the bacterial cell membrane also confers hypersensitivity to
lipophilic chelators such as fusaric acid [3]. When inserted in a
plasmid, the tetAR cassette can be used to select plasmid-free cells
in agar plates containing fusaric acid [3, 5]. However, some impor-
tant drawbacks have been described for the tetAR-chlortetracycline
method, including poor reproducibility and the frequent

Fernando de la Cruz (ed.), Horizontal Gene Transfer: Methods and Protocols, Methods in Molecular Biology, vol. 2075,
https://doi.org/10.1007/978-1-4939-9877-7_16, © Springer Science+Business Media, LLC, part of Springer Nature 2020

223

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-9877-7_16&domain=pdf


occurrence of false positives [7]. A novel procedure to measure the
stability of highly stable plasmids is described in this chapter. This
method is based on the aph-parE cassette and the counterselection
of plasmid-containing cells [8, 9]. The aph-parE cassette was origi-
nally described for gene disruption in Escherichia coli and Salmo-
nella enterica [10, 11]. The aph-parE cassette encodes a ParE toxin,
which synthesis is controlled by a rhamnose-inducible promoter
(PparE) and a kanamycin resistance gene (aph) (Fig. 1) [10]. ParE is
the toxin of the toxin–antitoxin (TA) system parDE and targets the
DNA gyrase [12]. Interaction of ParE with the DNA gyrase blocks

Fig. 1 Scheme showing the integration process of the aph-parE cassette into the plasmid of interest. The aph-
parE cassette is first amplified by PCR using pKD267 plasmid as template [1]. Then, cells harboring a plasmid
encoding λ-Red recombinase are electroporated with the aph-parE DNA fragment. λ-Red recombinase directs
the specific integration of the aph-parE cassette into the plasmid region containing the 50 bp upstream and
50 bp downstream homologous sequence included in the oligonucleotides used for PCR [2]. The aph-parE
insertion is confirmed using primers annealing with the cassette (red arrows) and with the plasmid (black
arrows). (Adapted from [9])
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gyrase activity, resulting in an inhibition of DNA synthesis, induc-
tion of breaks and nicks in the DNA, and consequently cell death
[12]. This method can be applied to Gram-negative bacteria that
can uptake and metabolize rhamnose from the culture medium and
are sensitive to the ParE toxin. Additionally, the strain carrying the
plasmid of interest must not encode any gene that confers resistance
to neither kanamycin nor ampicillin. The aph-parE cassette is
inserted into the plasmid of interest via λ-Red recombinase-
mediated recombination. Then, the recombinant strain is grown
in the absence of antibiotic selective pressure. Upon induction of
PparE promoter in minimal media containing rhamnose as the only
carbon source, plasmid-containing cells are eliminated and only
plasmid-free cells survive [8]. Colonies grown in rhamnose are
tested for their kanamycin sensitivity to confirm the loss of the
plasmid (Fig. 2). To measure the stability of the wild type plasmid,
the aph-parE cassette is inserted in a region that does not

Fig. 2 Plasmid stability procedure. To avoid plasmid loss, the strain carrying the aph-parE cassette is initially
grown under antibiotic selection pressure (using kanamycin). When kanamycin is removed from the medium,
the plasmid of interest will be lost after a certain number of generations. Plasmid-free cells are selected
when the culture is plated in M9-rhamnose plates containing rhamnose as the only carbon source. (Modified
from [8])
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contribute to its stability. Complementary, this technique can be
used to study the contribution of individual genes to plasmid
stability by interrupting them with the aph-parE cassette. Using
this method, we were able to measure the stability of the highly
stable (�10�7 segregants per cell generation) pSLT virulence plas-
mid of Salmonella enterica subsp. enterica serovar Typhimurium
and to test the contribution of three maintenance modules to its
heritability (Fig. 3).

2 Materials

Prepare all solutions using ultrapure milliQ water.

2.1 Culture Media 1. Lysogeny broth (LB): 10 g/L Bacto tryptone, 5 g/L
Bacto yeast extract, 10 g/L NaCl. Sterilize by autoclaving.
For LB plates, add 15 g/L of European bacteriological agar
before autoclaving.

2. M9-rhamnose plates: first prepare all the components.

Fig. 3 Plasmid stability assays of S. Typhimurium pSLT derivates. Segregants
fraction measurement of pSLT plasmid comparing bacteria bearing the following
plasmids: (1) wild-type pSLT, (2) pSLT lacking ccdABST TA module, (3) pSLT
lacking vapBC2ST TA system, and (4) pSLT lacking parAB partition system.
Disruption of all maintenance modules significantly decreased pSLT stability.
The fraction of segregants was determined dividing the number of colony-
forming units grown in M9-rhamnose-agar plates (plasmid-free bacteria) by
total bacteria grown in LB-agar plates. Data represent the means and
standard deviations from five independent experiments. ∗∗∗P < 0.001 by
one-way ANOVA and Tukey’s multiple comparison posttest. (Taken from [8])
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M9 (10�): 176.5 g/L HNa2PO4, 30 g/L H2KPO4, 5 g/L
NaCl, 10 g/L NH4Cl. Filter sterilize.

100� CaCl2/MgSO4 solution: 0.01 M CaCl2, 0.1 MMgSO4.
Sterilize by filtering or autoclaving.

Sterile L-rhamnose solution: it is recommended preparing a
15% stock solution. Dilute rhamnose in distilled milliQ
water and filter sterilize using a 0.22 μm pore Millipore
filter.

Vitamin B1: it is recommended preparing a 1 mg/mL stock
solution. Sterilize by filtering using a 0.22 μm pore Milli-
pore filter. Keep stock solution at 4 �C protected from
light.

M9-rhamnose plates: 1� M9, 1� CaCl2/MgSO4 solution,
10 μg/mL vitamin B1 (thiamine), 0.5% L-rhamnose and
15 g/L European bacteriological agar. Sterilize water with
agar by autoclaving and add the rest of the sterile compo-
nents. Do not autoclave the final solution. This solution
can be kept at room temperature but should be kept pro-
tected from light to preserve thiamine integrity.

2.2 Solutions

and Buffers

1. PBS: 8 g/L NaCl, 0.2 g/L KCl, 2.89 g/L Na2HPO4·12H2O,
0.2 g/L KH2PO4. Adjust pH to 7.4.

2. Glycerol: Dilute glycerol (Sigma-Aldrich) in milliQ water to a
final concentration of 10% (v/v). Sterilize by autoclaving.

3. Ampicillin: prepare a stock solution of 100 mg/mL in milliQ
water. Sterilize by filtering using a 0.22 μmporeMillipore filter.
Use a working concentration of 50 μg/mL.

4. Kanamycin: prepare a stock solution of 50 mg/mL in milliQ
water. Sterilize by filtering using a 0.22 μmporeMillipore filter.
Use a working concentration of 50 μg/mL.

5. Arabinose: prepare a stock solution of 20% (w/v) in milliQ
water. Sterilize by filtering using a 0.22 μmporeMillipore filter.
Use a working concentration of 0.4%.

6. Glucose: prepare a stock solution of 20% (w/v) in milliQ water.
Sterilize by filtering using a 0.22 μm pore Millipore filter. Use a
working concentration of 0.2%.

2.3 Plasmids 1. pKD46: described in [13]. Encodes λ-Red recombinase under
control of an arabinose (PBAD)-inducible promoter. It also
harbors a gene conferring resistance to ampicillin.

2. pKD267: described in [10]. Encodes aph-parE cassette. parE
toxin gene is under control of a rhamnose-inducible promoter.
The gene aph confers resistance to kanamycin.
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2.4 Polymerase

Chain Reaction (PCR)

1. Expand high fidelity DNA polymerase (Roche): use 0.4 μL
(1.4 units) per 50 μL PCR reaction.

2. Deoxynucleotides (dNTPs): mix equal amount of deoxyade-
nosine (dATP), deoxycytosine (dCTP), deoxyguanosine
(dGTP), and deoxythymidine (dTDP) to prepare a stock solu-
tion of 25 mM. Use a working concentration of 0.25 mM.

3. Oligonucleotides: use a working concentration of 0.5 μM.

2.5 Other Material 1. Glass beads: used to plate bacteria.

3 Methods

3.1 Constructing

Recombinant Plasmid

Derivatives

The first step is construction of the recombinant strain by inserting
the aph-parE cassette into the plasmid of interest. For this, the well-
described homologous recombination method relying on the
λ-Red recombinase is employed [13].

1. Amplify the aph-parE cassette by PCR using 50 ng of pKD267
plasmid as template (originally described in [10]) and 0.5 μM
of the primers containing 50 bp homologous to the insertion
site in the plasmid of interest (seeNote 1 and Fig. 1). This PCR
reaction typically produces a ~1800 bp DNA fragment. It is
highly recommended to use the following PCR program and
the expand high fidelity DNA polymerase (Roche): 94 �C
5 min, [94 �C 30 s – 60 �C 30 s – 72 �C 2 min] �
10, [94 �C 30 s – 60 �C 30 s – 72 �C 2 min + 5 s increment
per cycle] � 25 cycles.

2. Digest the PCR-amplified aph-parE cassette by adding 1 μL of
DpnI (New England Biolabs) per 50 μL of PCR reaction.DpnI
digests methylated DNA, thus eliminating the parental
pKD267 plasmid DNA.

3. Purify the DpnI-digested PCR reaction of step 2 eluting DNA
in distilled milliQ water.

4. Concentrate purified-PCR product to 500–800 ng/μL using a
DNA SpeedVac (Savant, DNA 110).

5. Transform the strain containing the plasmid for which the
stability is to be analyzed, with pKD46 (see Note 2). Grow
the resulting variant in LB-plates containing 50 μg/mL of
ampicillin (Sigma-Aldrich) and 0.2% glucose at 30 �C (see
Note 3).

6. Make electrocompetent cells of the strain obtained in step 5:
pick one colony of the transformant strain carrying pKD46
plasmid and inoculate 5 mL of LB supplemented with 50 μg/
mL of ampicillin and 0.4% arabinose (w/v). Grow the culture
for 16 h at 30 �C in a 50 mL flask with shaking (~150 rpm).
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7. Dilute 1:100 the overnight culture in LB containing 50 μg/
mL of ampicillin and 0.4% arabinose and grow it at 30 �C and
150 rpm up to an optical density (measured at 600 nm) of 0.6.

8. Centrifuge the bacterial culture in a 4 �C refrigerated centri-
fuge for 5 min at 10,800 � g.

9. Discard the supernatant and rinse the bacterial pellet twice with
4 �C chilled sterile distilled water.

10. Discard the supernatant and rinse the bacterial pellet with 4 �C
sterile 10% glycerol.

11. Resuspend the bacterial pellet in sterile 10% glycerol (500 μL
per 50 mL of bacterial culture).

12. Aliquot bacterial electrocompetent cells in 1.5 mL Eppendorf
tubes (250 μL culture per tube). Keep on ice if competent cells
are to be used immediately. Otherwise, electrocompetent cells
should be kept at �80 �C.

13. Electroporate pKD46 competent cells obtained in step 6
(2.5 kV, 5 ms) with 800–1000 ng of purified aph-parE DNA
fragment. Then, collect bacteria with 1 ml of LB and grow cells
for 3 h at 37 �C in a 1.5 ml Eppendorf tube without shak-
ing (this temperature promotes the loss of pKD46).

14. Plate electroporated cells on LB-plates containing 50 μg/mL
of kanamycin (Sigma-Aldrich) and 0.2% of glucose (see Note
4).

15. Confirm the proper integration of the aph-parE cassette in
your plasmid by PCR and primers annealing within the cassette
and within the plasmid (Fig. 1, Table 1). At this point, the
thermosensitive pKD46 plasmid should have been lost (see
Note 5).

3.2 Plasmid Stability

Assay and Analysis

Grow bacteria in the presence of 50 μg/mL of kanamycin before
counting the number of desired generations. This procedure will
ensure starting the experiment with ~100% bacteria-containing
plasmid.

Table 1
DNA sequence of the 30-end of oligonucleotides annealing with the pKD267 aph-parE cassette

Primer name Primer sequence (50-30) Used for

Forward 30-end TCTCTACGCCGGACGCATCGTG Amplify the aph-parE cassette

Reverse 30-end ACTGATCAGTGATAAGCTGTC Amplify the aph-parE cassette

Km-Comp5 CACGATGCGTCCGGCGTAGAG Check aph-parE insertions

Km-Comp3 GACAGCTTATCACTGATCAG Check aph-parE insertions
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It is very important to keep PBS, LB medium, and
M9-rhamnose plates sterile. If bacterial cultures containing aph-
parE cassette are contaminated with a non-aph-parE-containing
strain, then it will produce false-positive colonies in M9-rhamnose
plates also sensitive to kanamycin.

1. Inoculate the bacterial culture in 10mL of LB without selective
pressure in a 100 mL flask at 37 �C and 150 rpm shaking. If
different strains are to be used, then the amount of inoculum of
each strain must be adjusted by measuring OD600 (seeNote 6).
Grow cultures according to the number of desired bacterial
generations (see Note 7).

2. Collect 1 mL of grown cultures in 1.5 mL Eppendorf tubes and
centrifuge for 1 min at ~10,800 � g at room temperature.

3. Discard supernatants and wash bacterial pellets twice with 1mL
of phosphate buffered saline (PBS), pH 7.4. Resuspend bacte-
rial pellets in 1 mL PBS (see Note 8).

4. Perform serial dilutions of PBS-resuspended bacterial cultures
in PBS-containing Eppendorf tubes.

5. Plate 100 μL of the appropriate dilutions onto LB- and
M9-rhamnose-plates. Proper dilution must be adjusted accord-
ing to the studied plasmid (see Note 9).

6. Incubate plates for 24 h (LB-agar) or 48–72 h (M9-rhamnose-
agar) at 37 �C before counting the number of colony forming
units (CFUs) (see Note 10).

7. To discard false positives, colonies grown in M9-rhamnose-
agar can be tested for their kanamycin sensitivity by streaking
them onto antibiotic-containing LB plates.

8. The segregant fraction (the fraction of bacteria that have lost
the studied plasmid) can be calculated as the number of
(CFUs/mL in M9-rhamnose)/ (CFUs/mL in LB).

4 Notes

1. Primer design and aph-parE amplification: design oligonucleo-
tides that bind to the aph-parE region of the pKD267 plasmid
(Table 1). Primers must contain 50 bp homologous to the
upstream (forward) and downstream (reverse) regions of the
desired insertion site, in the 50-end of the sequence annealing
with pKD267 (Fig. 1, Table 1). To test the stability of the
plasmid of interest, the aph-parE cassette must be inserted
into a region of the plasmid that is not involved in plasmid
stability. If testing the contribution of a specific gene to plasmid
stability, then the aph-parE cassette must be inserted in such a
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way that the gene of interest is disrupted (preferentially also
inactivating the promoter of that gene, to avoid polar effects).

Km-Comp5 and Km-Comp3 anneal with the aph-parE
cassette (small red arrows in 3� of Fig. 1). These two oligonu-
cleotides face out the aph-parE. Thus, combining them with
other two oligonucleotides annealing on the plasmid (small
black arrows in point 3� of Fig. 1) can be used to confirm the
proper insertion of the cassette.

2. The pKD46 plasmid is a thermosensitive plasmid encoding
λ-Red recombinase necessary to integrate the aph-parE cassette
into the desired region of the plasmid. λ-Red recombinase
synthesis is induced in the presence of arabinose. Once trans-
formed with pKD46 plasmid, the resulting recombinant strain
must be grown at 30 �C and in the presence of 50 μg/mL of
ampicillin until electroporation with the aph-parE fragment.
The parental strain cannot have any gene conferring resistance
to ampicillin; if so and if it is possible, then such ampicillin
resistance gene should be removed before transforming with
pKD46 plasmid.

3. Glucose represses the synthesis of λ-Red recombinase and so
avoids undesired recombination events.

4. After insertion of aph-parE cassette into the plasmid of interest,
it is highly recommended to always grow cells in the presence of
0.2% glucose prior to the stability assay. Glucose represses the
PparE promoter and so avoids any possible toxicity derived from
ParE synthesis. When the plasmid stability is to be measured,
glucose must be removed from the medium; otherwise, ParE
will not be produced.

5. Confirm the mutant strain (carrying the aph-parE cassette) is
cured of pKD46 by streaking PCR-positive colonies in
LB-plates supplemented with 50 μg/mL of kanamycin and
LB-plates supplemented with 50 μg/mL of kanamycin and
50 μg/mL of ampicillin. Cured strains should grow in
LB-plates containing kanamycin but not in the LB-plates also
containing ampicillin. If none of the positive colonies had lost
pKD46, then inoculate 5 mL LB supplemented with 50 μg/
mL of kanamycin and grow overnight (~16 h) at 42 �C. The
day after, plate in LB-agar a small aliquot of the bacterial
culture and incubate at 42 �C for another ~16 h. Then, streak
colonies in LB-plates supplemented with kanamycin as well as
kanamycin and ampicillin.

6. If several strains containing different plasmid derivatives are
being compared, then the researcher should confirm that the
growth rate of all strains is the same. Different growth rates
mean a different number of bacterial generations and would
therefore produce differences in the fraction of segregants.
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7. This methodology was used to measure plasmid stability of S.
Typhimurium pSLT plasmid after ~10 generations and was
able to detect ~1 segregant in 2 � 106 bacteria [8]. Due to
the high sensitivity of the described assay, we strongly believe
that this procedure might be adapted to identify plasmid-free
cells in a fewer number of generations.

8. Bacterial culture aliquots must be washed with PBS to remove
traces of LB medium. The PparE promoter is subjected to
catabolic repression, meaning that other carbon sources such
as glucose repress the expression of parE and therefore prevent
the negative selection of plasmid-harboring cells.

9. Working dilutions: as an example, for the highly stable pSLT
virulence plasmid of S. Typhimurium (~10�7 segregants per
cell generation), 1/107 dilution was used to quantify total
bacterial population in LB-agar plates, and dilutions in the
range 1/1–103 were used to determine the number of segre-
gants in M9-rhamnose-agar plates.

10. M9-rhamnose plates should not be kept for more than 72 h at
37 �C, except those for bacteria with an extremely low duplica-
tion rate. ParE toxin activity is more bacteriostatic than bacte-
ricidal, meaning extended time at 37 �Cmay permit the growth
of plasmid-containing cells.
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Chapter 17

Methods for the Analysis and Characterization of Defense
Mechanisms Against Horizontal Gene Transfer: CRISPR
Systems

Alicia Calvo-Villamañán, Aude Bernheim, and David Bikard

Abstract

CRISPR-Cas systems provide RNA-guided adaptive immunity to the majority of archaea and many
bacteria. They are able to capture pieces of invading genetic elements in the form of novel spacers in an
array of repeats. These elements can then be used as a memory to destroy incoming DNA through the
action of RNA-guided nucleases. This chapter describes general procedures to determine the ability of
CRISPR-Cas systems to capture novel sequences and to use them to block phages and horizontal gene
transfer. All protocols are performed in Staphylococcus aureus using Type II-A CRISPR-Cas systems.
Nonetheless, the protocols provided can be adapted to work with other bacteria and other types of
CRISPR-Cas systems.

Key words Adaptation, Adaptive immunity, CRISPR-Cas, Horizontal gene transfer (HGT), Interfer-
ence, Mobile genetic elements (MGE), Protospacer, Protospacer adjacent motif (PAM), Spacer

1 Introduction

1.1 CRISPR-Cas

Systems and Their

Classification

The CRISPR-Cas systems (Clustered Regularly Interspaced Short
Palindromic Repeats, CRISPR associated) are RNA-guided, adap-
tive immune systems found in many bacteria (~50%) and most
archaea (~90%) [1]. The genomic structure of the system was first
identified in 1987, but its role as an adaptive immune system
against mobile genetic elements (MGEs), and phages in particular,
was only proposed in 2005 [2–4], with experimental evidence
being published in 2007 [5]. These systems were first hypothesized
to be a force that counteracts horizontal gene transfer (HGT) in
2008, when a study of Staphylococcus epidermidis revealed the pres-
ence of a CRISPR-Cas system that targets the nickase gene present
in the majority of the staphylococcal conjugative plasmids
[6]. CRISPR-Cas systems are able to destroy target DNA elements
whether carried by the chromosome, phages, or plasmids [7] and
can thus block horizontal transfer regardless of the mode of entry:
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injection by phage particles, plasmid conjugation, or natural
transformation [8].

A CRISPR locus consists in an array of short palindromic direct
repeats, separated by non-repetitive sequences, called spacers,
which can be easily identified through bioinformatics tools
[9, 10]. The spacers provide a genetic memory of past encounters
with exogenous genetic elements. The size of individual CRISPR
arrays can vary from a single spacer to more than 300, and genomes
can carry more than 10 CRISPR arrays. While most CRISPR arrays
are found in association with Cas genes at the same locus, Cas-less
CRISPR arrays are also frequently identified. These CRISPR can
either rely on Cas genes present at a distant locus in the genome or
be inactive. Different CRISPR-Cas systems present distinctive com-
binations of Cas genes frequently found in operons. In fact, it is
based on the difference between the architecture and protein con-
tent of the Cas operons that these systems are classified [1].

In the last years, a great variety of different CRISPR-Cas sys-
tems have been described in both bacteria and archaea. Obtaining a
straightforward classification of these systems is hard, because they
show complex dynamics. Their evolution is very fast, involving
changes such as rearrangements of the Cas operon, horizontal
transfer of complete loci, or modular parts [1]. We provide here a
brief overview of their classification but recommend reading the
following reviews for more detailed information [1, 11]. CRISPR-
Cas systems are divided into two broad classes: Class 1 systems,
which possess multi-subunit effector complexes, and Class 2 sys-
tems, in which all functions of the effector complex are carried out
by a single protein [12].

Class 1 systems include three types: type I, type III, and type
IV. Type I CRISPR-Cas systems contain the signature gene cas3,
which encodes a single-stranded DNA helicase that acts both on
dsDNA and RNA-DNA duplexes [13–15]. Type III CRISPR-Cas
systems possess the signature gene cas10, which encodes a multi-
domain protein. Lastly, type IV CRISPR-Cas system present a
minimalistic architecture and their signature gene, csf1 [1].

Class 2 systems include types II, V, and VI. Type II systems’
signature gene is the well-known cas9. This protein has been stud-
ied in detail due to its use as a biotechnological tool [16]. Cas9 has
anHNHnuclease domain inserted within a RuvC nuclease domain.
Together they cleave dsDNA, creating blunt ends [16]. Type V
systems were initially described to include the cas12a (cpf1) gene, a
functional analogue of cas9 [17], or cas12b (c2c1), which is distantly
related to cas12a [18, 19]. These Cas12 proteins differ from Cas9
in that they only have the RuvC domain and cleave dsDNA, creat-
ing a staggered break. Type V systems have now been described to
include 15 different subtypes with a variety of biochemical activ-
ities, including further variants of Cas12 and Cas14 [20]. Lastly,
type VI is a recently described novel type that includes systems able
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to target RNA. Their signature gene is Cas13 (c2c2), which has two
HEPN domains that cleave RNA [12, 18–20].

The different types of CRISPR-Cas systems show a complex
distribution among bacteria and archaea phyla. Overall, type I
systems are the most commonly found, accounting for 50% of the
CRISPR-Cas systems found in both archaea and bacteria [1]. Type
II systems are only found in bacteria, but correspond to 10% of
their CRISPR-Cas systems. Finally, type III make up 20%–25% of
the CRISPR-Cas systems across both archaea and bacteria [1].

1.2 CRISPR-Cas

Immunity

CRISPR-Cas immunity is divided into three phases. The adaptation
phase is where short sequences from the invader, also called proto-
spacers, are integrated as novel spacers in the CRISPR array. The
expression phase is where the CRISPR array is transcribed and
processed into small crRNA molecules. The immunity or interfer-
ence phase is where the crRNA guides a complex of Cas proteins to
destroy target nucleic acids. These steps are common to all CRISPR
types, but the mechanism employed and the nature of the target
can be different.

During adaptation, pieces of the invader’s DNA are captured
by a complex of Cas proteins preferentially from broken DNA or
free DNA ends [5, 21–23]. They are then processed and trans-
ported to the CRISPR array to be integrated in a process that will
create a novel spacer and repeat [24–26]. Protospacer selection is
generally guided by the presence of a specific motif, called a proto-
spacer adjacent motif (PAM), next to the target sequence
[27, 28]. Depending on the type of CRISPR system, the PAM
can be found on the 30 or the 50 side of the protospacer/target,
and its sequence and size can vary. The PAM sequence from many
CRISPR-Cas systems has already been identified, and methods to
identify PAM motifs have recently been reviewed elsewhere
[29, 30]. Note that type III systems do not rely on a PAM motif.
The mechanisms involved in novel spacer selection by these systems
largely remains to be investigated. It is also important to note that
two modes of spacer acquisition are described in the literature,
depending on whether there is already a record of the MGE in
the CRISPR array or not. On the one hand, when there is already a
preexisting spacer matching theMGE in the array, even imperfectly,
the acquisition is called primed [28, 31]. On the other hand, when
there is no spacer in the array matching the MGE, the spacer
acquisition is said to be naı̈ve [32]. Primed acquisition occurs at a
much higher frequency than naı̈ve acquisition, presumably thanks
to the generation of DNA breaks by Cas proteins guided toward
the MGE [33].

During the expression phase, the CRISPR array is first tran-
scribed into a pre-crRNA which may contain a series of hairpins due
to the CRISPR’s palindromic repeats. The pre-crRNA is then
processed either by Cas enzymes or host’s RNAses into smaller
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units that correspond to a single spacer flanked by partial repeats
[34–37]. In type II systems, processing is dependent on a trans-
activating CRISPR RNA (tracrRNA), which hybridizes to the
repeat sequences in the pre-crRNA [35].

During the interference step, the mature crRNA binds to a
complex of Cas proteins, scans the DNA in the cell, and locates
the corresponding target [38, 39]. In CRISPR-Cas systems of
type I, II, and V, the PAM motif is first located. Then, DNA is
unwound, and base pairing is established between the crRNA and
the target DNA strand. Binding in the region next to the PAM,
which has been termed the seed sequence, is of particular impor-
tance as mismatches between the target and this part of the crRNA
will abrogate interference [40, 41]. Finally, the target DNA is
broken in ways that depend on each specific type of CRISPR-Cas
system. In type I systems, the Cas3 nuclease will progressively
degrade the target strand, thanks to its helicase and exonuclease
activity [15]. In type II systems, a blunt double-strand break is
created [7, 16, 42], while in type V systems, a staggered cut is
produced [17]. Combined with the action of host nucleases, this
results in the destruction of target DNA molecules. In type III
systems, the complex of Cas proteins binds to messenger RNAs
rather than DNA, but this activates both an RNAse and DNAse
activity that leads to the destruction of both the target mRNA and
DNA [43, 44].

The reliance on the PAM motif enables self vs. non-self-dis-
crimination, as the CRISPR array does not carry a PAM motif next
to the spacer and therefore will not damage its own DNA. Type III
systems do not rely on a PAM motif for this purpose but rather on
the complementarity between the crRNA handle and the sequence
just upstream [45].

1.3 Methods to Study

CRISPR-Cas Activity

The experimental procedures described in this chapter focus on the
use of type II-A CRISPR systems in Staphylococcus aureus, but the
general concepts can be applied to other experimental systems. A
previous volume of Methods in Molecular Biology has been
released focusing on CRISPR. The book “CRISPR, Methods and
Protocols” can offer more insight on working with CRISPR for the
first time. We particularly recommend Chapter 10 (on interference)
and Chapter 13 (on acquisition), which include protocols that can
be useful in the context of this chapter [46, 47].

Studying the activity of a CRISPR system involves different
methods for each step of CRISPR immunity: adaptation, expres-
sion, and interference. This chapter will provide methods to inves-
tigate adaptation and interference. Methods used to study
expression involve the detection and characterization of small
RNA molecules and their processing. We refer the reader to the
following article for protocols dedicated to these aspects [48] and
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to two chapters from the “CRISPR, Methods and Protocols” book
on the same topics [49, 50].

The study of interference requires a CRISPR array containing a
spacer targeting an exogenous sequence, which could either be
carried by a phage or a plasmid. Interference can only be observed
if a PAMmotif is present next to the target sequence. If the PAM is
not known, one can try to identify proper targets by blasting the
CRISPR spacers against sequence databases in the hope to find
natural targets, which can then be cloned. Ideally knowledge of
the PAM should be obtained and is a prerequisite for any serious
investigation of interference. Methods to characterize PAM
sequences have been described elsewhere [30, 51]. With knowl-
edge of the PAM, one can easily modify a plasmid to clone a target
that will match one of the spacers already present in the CRISPR
array.

When studying CRISPR interference against phages, it is fre-
quently easier to modify the CRISPR array to target the phage
rather than modifying the phage. CRISPR arrays can be provided
on a plasmid and modified with methods inspired by Golden Gate
assembly for the easy cloning of novel spacers. The goal is then to
investigate whether target genetic elements are blocked by the
CRISPR system (no transformation or no phage plaques), while
nontarget sequences can readily enter the cell. An alternative
method to quickly check the activity of a CRISPR system is to
clone a CRISPR array on a plasmid and program it to target a
sequence in the bacteria’s own chromosome. Cleavage by Cas
nucleases in the chromosome leads to cell death [8, 52]. If the
CRISPR system is active, then such a CRISPR plasmid cannot be
transformed in the recipient cells, while a control nontargeting
CRISPR plasmid can.

To determine adaptation activity, one simply needs to challenge
a bacterium with phages and monitor the addition of spacers in the
CRISPR array. Bacteria can survive the infection using several
mechanisms (reviewed in ref. 53), besides spacer acquisition in
the CRISPR array. During an adaptation experiment, a mixture of
bacteria that resist through different mechanisms is thus frequently
obtained. Checking for an adaptation event is commonly done by
PCR, as described below. Primers are designed so that the PCR
product will be longer if novel spacers are incorporated. This sce-
nario can be visualized easily on an agarose gel, and the product can
also be sequenced. High-throughput sequencing can also be used
to determine the general profile of acquired sequences. When
performing adaptation experiments, it is important to remember
that primed adaptation occurs at much higher frequencies than
naı̈ve adaptation. Modifying the CRISPR array or the phage
sequence so that a mismatched target is present can greatly facilitate
measurements of spacer acquisition. In the absence of phage infec-
tion assays, it might still be possible to assess adaptation activity.
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Several studies have focused on the acquisition of spacers from
protospacers carried on plasmids or in the bacteria’s own chromo-
some. Such events will lead to plasmid loss or cell death and are
harder to capture. A PCR trick using a primer with a mismatched 30

end can be used to amplify rare acquisition events and
analyze them.

The vast majority of Staphylococcus aureus isolates do not carry a
CRISPR-Cas system. However, the group of Luciano Marraffini
has been able to transfer both type III and type II CRISPR systems
in this organism and established it as a model organism to study
CRISPR [27, 54]. Here we will describe methods using the type
II-A CRISPR-Cas system from Streptococcus pyogenes cloned on a
staphylococcal vector. In particular, plasmid pDB114 carries the
tracrRNA, Cas9, and a minimal CRISPR array with a single spacer,
displaying BsaI restriction sites for the easy cloning of new spacers
[55]. It is used in interference assays. Plasmid pRH087 carries the
complete CRISPR-Cas operon, and the first repeat-spacer-repeat
from S. pyogenes, and is used in adaptation assays [27].

2 Materials

2.1 Cell Growth

and Culture

1. Staphylococcus aureus RN4220 (BEI resources: NR-45946).

2. Phage ϕNM4 (can be obtain by induction of the prophage
from strain S. aureus Newman, ATCC 25904) [56].

3. Tryptic soy broth (TSB). Autoclaved and stored at room tem-
perature (Rt) until use (see Note 1).

4. Tryptic soy agar. TSB supplemented with 1% (w:v) agar. Ster-
ilized by autoclaving (see Note 1).

5. 1 M calcium chloride stock solution.

6. Ice-cold ddH20 and ice-cold 10% glycerol solution for electro-
competent cell preparation. Sterilized by autoclaving.

7. Lysostaphin.

8. Lysis buffer 250 mM KCl, 5 mM MgCl2, 50 mM Tris–HCl,
pH 9.0, 0.5% Triton X-100.

9. Soft top-agar. TSB supplemented with 0.7% (w:v) agar.

10. Antibiotic stock solutions. Antibiotics are used at the following
final concentrations: 10 μg/mL chloramphenicol, 30 μg/mL
kanamycin, 10 μg/mL erythromycin, and 5 μg/mL
tetracycline.

2.2 List of Primers

for Testing Spacer

Acquisition in Plasmid

pRH087

1. Oligo 1 (on-plate method): 50-CGAAATTTTTTAGACA
AAAATAGTC-30.

2. Oligo 2 (on-plate method): 50-AAAACAAAAAGCGCAAGA
AGAAATCAACCAGCGCA-30.
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3. Oligo 3 (in-liquid method): 50-GGCTTTTCAAGACTGAAG
TCTAG-30.

4. Oligo 4 (in-liquid method): 50-AAAACAGCATAGCTCTAA
AACG-30.

5. Oligo 5 (in-liquid method): 50- AAAACAGCATAGCTCTAAA
ACA-30.

6. Oligo 6 (in-liquid method): 50-AAAACAGCATAGCTCTAA
AACT-30.

2.3 Reagents

for Molecular Biology

1 M NaCl solution.

T4 Phosphonucleotide kinase, with its corresponding buffer.

BsaI restriction endonuclease, with its corresponding buffer.

T4 Ligase, with its appropriate buffers, and ATP.

Taq PCR reaction mix.

3 Methods

3.1 Reprograming

the CRISPR Array

Protospacer selection is guided by the presence of a PAM next to
the target sequence. The S. pyogenes Cas9 protein (SpCas9) recog-
nizes a 50-NGG-30 PAMmotif 30 of the target. It is involved in both
protospacer selection and target recognition. The 30 nucleotides
upstream of the PAM sequence can be cloned into the CRISPR
array to make a spacer. The protospacer should be chosen as
depicted in Fig. 1a and cloned into the CRISPR array as depicted
in Fig. 1b. Spacers can be cloned in vector pDB114 or equivalent
following the protocol below. On plasmid pDB114, the CRISPR
array has been modified to contain a single spacer with two BsaI
restriction sites, cutting just outside of the spacer in the repeats.

Fig. 1 Protospacer selection and target design. (a) Protospacer selection is guided by the presence of a PAM
next to the target sequence. In the case of SpCas9, the NGG PAM should be located immediately downstream
from the target sequence. The protospacer consists in the 30 nt upstream the PAM sequence. (b) After being
cloned into the CRISPR array, the spacer sequence is inserted between direct repeats and matches the 30 nt
of the protospacer. (c) Although spacers have a length of 30 nt, after processing of the pre-crRNA, crRNA only
carries 20 nt of homology to the target. Therefore, when performing interference experiments, only the last
20 nt of the spacer followed by a proper PAM have to be cloned in the target vector
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This process enables a scar-less replacement of the spacer by any
novel sequence of choice. Two oligonucleotides following the
design described in Fig. 2 can be synthesized, phosphorylated,
and annealed.

1. Setup the following mix: 15 μL of each of the 10 μMdilution of
both oligos and a mix of T4 polynucleotide kinase, its appro-
priate buffer, and H2O to a final volume of 50 μL.

2. Incubate the mix at 37 �C for 30 min.

3. Add 2.5 μL of 1 M NaCl (salts help annealing).

4. Incubate the mix at 95 �C for 5 min in a heat block and slowly
cool the mix down to room temperature by leaving the block
on the bench until the temperature decreases to below 40 �C.

5. The annealed oligos can then be cloned following the Golden
Gate cloning technique.

6. In a PCR tube, mix 100 ng of the plasmid miniprep (see
Note 2), 2 μL of the annealed oligos (1/10 dilution of the
protocol above), and then 20 U of BsaI, 400 cohesive-ends
units of T4 ligase, the appropriate buffer (with ATP), and H2O
to a final volume of 10 μL.

7. In a thermocycler, set the following cycle: 25 cycles of 3 min at
37 �C and 4 min at 16 �C; 1 cycle of 5 min at 50 �C and 5 min
at 80 �C.

8. Dialyze the mix, and introduce in S. aureus RN4220 by elec-
troporation (2500 V, 25 μF, 100 Ω, and 2 mm cuvettes).

Fig. 2 Golden gate strategy for reprograming the CRISPR array. (a) Vector pDB114 has two BsaI restriction
sites that cut just outside of the spacer within the repeats. (b) Digesting pDB114 with BsaI gives place to sticky
ends that can then be complemented by a correctly designed spacer. (c) Two oligos with the appropriate
target sequence have to be designed, adding the overhangs indicated in the figure. After phosphorylation and
annealing, (d) the oligos can be cloned in plasmid pDB114 through Golden Gate assembly
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3.2 Constructing

a Plasmid that Is

Targeted by

the CRISPR-Cas

System

1. Reprograming a CRISPR array as described above requires a
plasmid carrying a CRISPR array already modified to contain a
spacer with restriction sites. Rather than constructing such a
plasmid, it can be easier to measure the interference activity of
spacers already present in the CRISPR array. In order to iden-
tify CRISPR arrays and the spacers they carry, online tools such
as CRISPRDetect [10] or CRISPR finder [9] can be used. A
target with the proper PAM sequence can then be cloned on a
plasmid. In the case of the S. pyogenes type II-A CRISPR-
systems, spacers have a length of 30 nt, but the processed
crRNA only carries a 20 nt sequence of homology to the target.
Therefore, it is sufficient to clone the last 20 nt of the spacer
followed by a proper NGG, as depicted in Fig. 1c. This
sequence can be introduced at any position and orientation
on a plasmid following commonmolecular cloning techniques.

3.3 Measuring

CRISPR Interference

Using Phages

1. Start an overnight culture of the S. aureus strain carrying the
reprogramed CRISPR, and as a negative control, use a strain
carrying the CRISPR programed to target some sequence not
present in phage ϕNM4.

2. Take 100 μL of the ON culture and supplement it with enough
CaCl2 to reach a 5 mM concentration once the TSA top-agar is
added.

3. Add 5 mL of TSA top agar to the mix and quickly pour it over
TSA + CaCl2 plates.

4. When the top agar layer has set, spot serial dilutions of the
phage stock over the top agar layer. Perform dilutions down to
10�8. We recommend spotting 2 μL of each dilution.

5. Incubate at 37 �C overnight.

6. Next day, compare the number of PFUs obtained on the strain
with the CRISPR programed against the phage to the number
of PFUs obtained on the strain with the target-less CRISPR.

3.4 Interference

Using Plasmids

1. Start an overnight culture of the S. aureus strain carrying the
CRISPR-Cas system in TSB supplemented with appropriate
antibiotics.

2. Dilute the overnight culture 1:100 into 100 mL of fresh TSB
supplemented with the appropriate antibiotics, and incubate at
37 �C shaking at 250 rpm.

3. Wait until the culture reaches an optical density OD600nm of
0.8.

4. Chill the cells on ice for 10 min, and then centrifuge at
4000 � g for 10 min.

5. Wash the cells twice with 20 mL of ice-cold water and once
with 10 mL of ice-cold glycerol 10%.
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6. Resuspend the cells in 1 mL of 10% glycerol and stock at
�80 �C. Cells are now electrocompetent.

7. Electroporate up to 5 μL of a miniprep of the plasmid carrying
the CRISPR target (see Notes 3 and 4). Recover the cells in
1 mL of TSB, at 37 �C with shaking.

8. Plate the cells on TSA supplemented with the appropriate
antibiotics.

9. Next day, compare the number of CFUs obtained when the
CRISPR system targets the plasmid with those obtained when
it does not.

3.5 Adaptation Using

Phages, Spacer

Acquisition Assay

(On-Plate Method)

1. Start an overnight culture of a S. aureus strain that carries the
CRISPR-Cas9 system (see Note 5). Overnight cultures should
be grown in fresh TSB supplemented with the appropriate
antibiotic.

2. Next day, mix 100 μL of cells from the overnight culture with
ϕNM4 at an m.o.i. (see Note 6) of 1 in 5 mL of top agar
supplemented with the appropriate antibiotic and 5 mM
CaCl2 (see Note 7).

3. Quickly (top agar sets very fast) pour the mixture on top of
TSA plates supplemented with the appropriate antibiotic and
incubate at 37 �C overnight.

4. Colonies observed in the plate correspond to cells that survived
phage infection. Restreak isolated colonies in TSA plates sup-
plemented with the appropriate antibiotic (see Note 8). Incu-
bate the plates at 37 �C overnight.

5. To check for spacer acquisition, pick individual colonies (see
Note 9) and resuspend them in lysis buffer (see Note 10) with
50 ng/μL lysostaphin (see Note 11).

6. Incubate the samples at 37 �C for 10 min and then at 98 �C for
10 min (see Note 12).

7. Centrifuge the samples at 11,000 � g for 1 min.

8. Use between 1 μL of the supernatant of each sample in a PCR
reaction using as primers the following oligos: oligo 1 and oligo
2 (see Note 13).

9. Analyze the PCR reactions on 2% agarose gels. In the case of
adaptation not having occurred, the size of the amplification
will be 100 bp. In case an adaptation event occurs, the size of
the amplification will be 100 bp + 66 bp, since a new spacer-
repeat will have been added to the array (see Note 14).

3.6 Spacer

Acquisition Assay

with PCR

In this assay, rather than looking for adaptation events in single
colonies, we amplify adapted CRISPR arrays in the bulk culture.
For this purpose, we use a mixture of primers carrying mismatched
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30ends that will preferentially amplify CRISPR arrays that have
captured a novel spacer, even if they represent only a small fraction
of the CRISPR arrays present in the culture (see Note 15).

1. Start an overnight culture of a S. aureus strain that carries the
CRISPR-Cas9 system. Overnight cultures should be grown in
fresh TSB supplemented with appropriate antibiotics.

2. Dilute the overnight culture 1:100 into 10 mL of fresh TSB
supplemented with the appropriate antibiotics and 5 mM
CaCl2.

3. Wait until the culture reaches an optic density OD600nm of 0.4
and infect with ϕNM4 to an m.o.i. of 1.

4. Incubate at 37 �C for 16 h (see Note 16).

5. Perform plasmid extraction of the cultures using any desired
plasmid extraction kit. It is important nonetheless to modify
the plasmid extraction protocol slightly. On the step of resus-
pending the cells after the first centrifugation, add lysostaphin
(see Note 11) to a final concentration of 50 ng μL�1 and
incubate at 37 �C for 1 h. Then continue with the standard
protocol.

6. Use 100 ng of plasmid DNA to amplify the CRISPR locus. As
primers use a mix consisting of three parts of oligo 3 and one
part each of oligos 4, 5, and 6 (see Note 15).

7. Analyze the PCR reactions on 2% agarose gels. In case of no
adaptation, only one band will be amplified. In case of adapta-
tion, two bands will be present. Analysis of the bands’ strength
allows for quantification of the adaptation.

4 Notes

1. When working with ϕNM4, it is important to remember to add
CaCl2 to a final concentration of 5 mM to the growth media.

2. Although 100 ng is the recommended amount of plasmid to
use, the protocol works fine with smaller amounts. A range of
50–150 ng of plasmid can be used.

3. The electroporation setup that we normally use is as follows:
2 mm electroporation cuvettes, 50 μL of electrocompetent
cells, 2500 V, 25 μF, and 100 Ω.

4. We recommend using as a negative control the exact same
plasmid but without a target or with a mutation in the PAM
sequence.

5. In this assay, the CRISPR array should not contain a spacer
targeting the phage with a perfect match. Imperfect targets can
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be used to increase adaptation frequency through primed
adaptation.

6. Multiplicity of infection is the ratio of viral particles to the
number of target cells.

7. Adding CaCl2 is important because many phages require Ca++

in solution to form plaques. The cation is needed for nucleic
acid injection and/or efficient adsorption to the cell wall bind-
ing sites.

8. Colonies obtained at this step can contain mixtures of adapted
and nonadapted cells, which can also still undergo attack by
phages and mutant phages. Restreaking enables to obtain a
pure colony that is easier to analyze.

9. When picking the individual colonies, there is no need to pick a
lot of cells. Just lightly touching the colony should be enough.

10. We recommend resuspending each colony in 20–40 μL of lysis
buffer.

11. Lysostaphin is a metalloendopeptidase that is able to cleave
crosslinking bridges of pentaglycine found in the peptidogly-
can layer of S. aureus. Using it in this step is needed to break
S. aureus wall and therefore retrieve the DNA in solution.

12. We recommend performing all these steps in PCR strips. This
cycle of temperatures can be easily set up in a thermocycler.

13. One of these primers anneals with the leader region of the
CRISPR array (a sequence upstream the CRISR array) and
the other anneals with the first repeat.

14. Fragments need to be separated in 2% agarose gels. This con-
centration of agarose is needed to nicely separate the fragments
to be detected.

15. The first primer anneals on the leader region of the CRISPR,
while the other three primers anneal on the repeat and differ
only in their 30 end nucleotide. This last nucleotide does not
match the leader sequence. Only upon spacer acquisition will
the 30 end of these oligonucleotides anneal to the template
DNA, enabling efficient amplification. For more information
on this technique, read the supplementary information of the
following article [27].

16. The duration of the incubation can be adjusted depending on
the purpose of the experiment. Longer incubations can lead to
the amplification of cells that first captured spacers. Spacers
might also be captured from mutant phages that can arise
during the course of the incubation.
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Chapter 18

The Mobilome: Metagenomic Analysis of Circular Plasmids,
Viruses, and Other Extrachromosomal Elements

Patrick Denis Browne, Witold Kot, Tue Sparholt Jørgensen,
and Lars Hestbjerg Hansen

Abstract

Isolation, sequencing, and analysis of circular genetic elements bring new insights to mobile genetic
elements related to microbial ecology. One method used to study circular plasmids, viruses, and other
elements is called the mobilome method. The mobilome method presented here is an unamplified
mobilome approach allowing fast isolation of circular DNA elements from a variety of samples followed
by directly building unamplified Illumina-compatible sequencing libraries using enzymatic tagging and
fragmentation. Several methods for bioinformatic analysis of mobilome data are also suggested.

Key words Mobilome, Plasmidome, Circular DNA elements, Plasmid, Metagenomics, Mobile
genetic elements, Horizontal gene transfer, MGE

1 Introduction

Many mobile DNA elements either have circular topology or
haveintermediates with circular topology. Mobilomics is an
approach used to study circular plasmids, viruses, and other extra-
chromosomal elements. Mobilomics offers the opportunity to
study microbial genes either in transit or with the potential to be
horizontally transferred to other microbes due to detachment from
the host’s chromosome(s). In recent publications, mobilomics was
characterized by three essential steps. First, a careful lysis of cells is
followed by a nondestructive isolation of the circular DNA content
with commercial plasmid preparation kits. Second, a removal of
noncircular chromosomal DNA is performed via a plasmid-safe
exonuclease digestion for a prolonged time. Third, circular ele-
ments have been amplified by a multiple displacement amplification
(MDA) after which a sequencing library preparation step is done in
any of various ways. Several studies have utilized the mobilome
(also called plasmidome) method to study plasmids and other
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circular DNA molecules such as IS-element intermediates and cir-
cular phages from prokaryotes [1–5] and even in Yeast [6]. As
demonstrated in previous studies, the introduction of the MDA
step is strongly biased toward manyfold overrepresentation of small
(1–5 kb) elements [2, 4] that rarely carry genes other than the few
needed for self-replication and maintenance [7]. Often, the genes
of interest in such studies are the accessory loads such as antibiotic
resistance genes or degradation pathways carried by conjugative
plasmids [8]. This pool of genes is often missed or at least hugely
underrepresented in mobilomics. Further, the abundance relation-
ships between sequences are skewed in MDA datasets, limiting the
possibilities of downstream analyses. Here we describe an unampli-
fied mobilome approach, utilizing enzymatic fragmentation prior
to library preparation exclusively from extrachromosomal circular
DNA in environmental extracts, thus avoiding the bias for small
circular elements of all previously published chromosome-free
mobilome sequencing protocols (Fig. 1). The approach has
recently been shown to improve detection of larger-sized elements.

2 Materials

1. Variable volume pipettors covering volumes in the range of
0.3 μl to 1 ml (see Note 1).

2. Capped microcentrifuge tubes (1.5 ml), sterile and low
DNA-binding.

3. Sterile 15/50 ml conical tubes (general lab supplier).

4. Heating block for microcentrifuge tubes.

5. Laboratory vortex mixer.

6. Plasmid Isolation Kit (e.g., Plasmid Midi AX, A&A Biotech-
nology, cat. nr 092-10) with double volumes of solutions L1
(resuspension buffer), L2 (alkaline lysis buffer), and L3 (neu-
tralizing solution).

7. Centrifuge for microcentrifuge tubes.

8. Centrifuge for 15/50 ml conical tubes (min. 11,000 � g).

9. Plasmid-Safe™ ATP-dependent exonuclease (Epicentre,
E3101K) kit.

Fig. 1 Representation of the major steps in this protocol. Initially, total DNA is extracted, and linear DNA is
eliminated with exonucleases. The remaining circular DNA molecules are incorporated into libraries and
sequenced. (Figure modified from Jørgensen TS, Kiil AS, Hansen MA, Sørensen SJ and Hansen LH (2015)
Current strategies for mobilome research. Front. Microbiol. 5:750. https://doi.org/10.3389/fmicb.2014.00750)
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10. DNase-free water (e.g., Sigma-Aldrich, W4502).

11. Bovine serum albumin (BSA) (20 mg/ml, e.g., Sigma-Aldrich,
B8667).

12. Phosphate-buffered saline solution (PBS) (general lab
supplier).

13. DNA Clean & Concentrator™-5 Kit (Zymo Research cat #:
D4013).

14. Nextera® XT DNA Library Prep Kit (Illumina, cat #:
FC-131-1024 or -1096, contains tagment DNA buffer, ampli-
con tagment mix, neutralize tagment buffer, Nextera® PCR
mix, and resuspension buffer).

15. Nextera® XT Index Kit (Illumina, e.g., FC-131-1001, contains
index 1 and 2 primers).

16. 0.2 ml PCR-tubes.

17. Thermocycler.

18. Magnetic stand for 1.5 ml microcentrifuge tubes (e.g.,
DynaMag™-2 Magnet or similar).

19. Agencourt AMPure XP beads (Beckman Coulter, cat #:
A63880).

20. Ethanol, 70% and 80%, freshly prepared.

21. Qubit fluorometer with dsDNA HS Kit (Thermo Fisher, cat #:
Q32851).

3 Methods

3.1 Isolation

of Plasmid DNA

3.1.1 Cell Harvesting

Harvest the cells. Ideally, the microbial load should correspond to
cells from 50 to 100 ml of an overnight culture of E. coli. Input for
this protocol is around 4 g of sample rich in bacteria, such as feces,
or an equivalent amount of pelleted organic material. From watery
samples, such as wastewater, cells can be harvested by centrifuga-
tion of a sufficient amount of starting material to obtain a 4 g pellet.
This centrifugation should be prolonged (15–30 min), at high
speed (>10,000 � g) and low temperature (4 �C). From samples
with a high inorganic content, such as soil, suspend the material in
PBS and vigorously vortex, and then remove inorganic granular
material by sedimentation and harvest bacteria from the superna-
tant as described for wastewater (see Note 2).

3.1.2 Cell Lysis 1. Add 10 ml of L1 resuspension buffer to a 50 ml conical tube
(see Note 3).

2. Add up to 4 g of environmental biomaterial to the tube (see
Note 4).
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3. Cap tube tightly and pulse vortex for several minutes or until
the biomaterial is completely resuspended and without clumps.
Pipetting up and down can aid the resuspension of the pellet.

4. Add 10 ml of L2 lysis buffer and mix by carefully turning the
tube until uniformly viscous.

5. Incubate for 10 min at room temperature.

6. Add 10 ml of L3 neutralization buffer and mix by turning the
tube several times until a massive flocculant forms.

3.1.3 Filtration 1. Spin tubes in a centrifuge at 10,000 � g for 10 min at 4 �C
(balance the tubes with sterile H2O or PBS if necessary; a
swingout rotor is preferred at this step). This step prevents
the filters from clogging by removing the majority of particu-
late matter.

2. Add supernatant to the filter (not more than 25 ml at a time to
prevent overflow) and spin at 1500 � g for 5 min at room
temperature.

3. Repeat step 2 if not all supernatant fits in the filter the first
time. Take care not to have the filter clog or the tube overflow.
If clogging occurs, it is necessary to use an additional filter.

3.1.4 Membrane Binding 1. Add filtrate to a membrane (plasmid-200, part of the Plasmid
Midi AX Isolation Kit) in a new 50 ml tube and let the solution
flow through the membrane.

2. Wash the membrane with 20 ml washing buffer by gravity flow.

3. Repeat step 2 twice, for a total of three washes, each with 20 ml
of washing buffer. This prolonged washing will remove most of
the contaminants that can inhibit downstream applications.
Often, an initially strong brown coloration of the membrane
from humic acid or similar becomes weaker with washes.

4. After the washing buffer stops flowing through the membrane,
move membrane to a 50 ml collection tube.

5. Add 6ml of elution solution and let the eluate flow through the
membrane by gravity. For maximal elution efficiency, add an
additional 6 ml of elution buffer when the flow stops and
collect in a new collection tube. This second elution can often
retrieve as much DNA as the initial one.

3.1.5 Precipitation 1. Transfer the eluates to new 15 ml conical tubes.

2. Add 25 μl of precipitation enhancer and 5 ml of isopropanol to
each collection tube. Mix by inverting the tube. DO NOT
INCUBATE ON ICE to prevent unwanted precipitation.

3. Centrifuge at room temperature at 11,000 � g for 10 min.

4. Aspire the supernatant completely, taking care to not disturb
the pellet.
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5. Add 2 ml of 70% EtOH (room temperature) to wash the pellet.

6. Centrifuge at room temperature, 11,000 � g for 3 min.

7. Aspire supernatant and repeat steps 5 and 6 to completely
remove coprecipitated salts.

8. Aspire supernatant completely and remove remaining EtOH
with a pipette tip.

9. Let the pellet dry but avoid overdrying. A total of 5–10 min of
air drying is usually sufficient.

10. Add 100–500 μl of either nuclease-free water or 10 mM
Tris–HCl (pH 8.0). Avoid using TE buffer as EDTA inhibits
the downstream exonuclease step.

11. Dissolve the pellet either (a) overnight in the fridge, (b) at
room temperature for an hour, or (c) at 50 �C for 20 min.
Light shaking might be needed, but avoid vigorous move-
ments of the liquid.

12. Measure the DNA concentration of a tenfold diluted subsam-
ple with a Qubit or similar fluorometric system.

3.1.6 Plasmid-SafeTM

Reaction

1. Proceed with Plasmid-Safe™ exonuclease reaction. The exam-
ple one is suggested as follows, but can be scaled up if needed:

(a) 300–500 ng DNA, diluted to 40 μl.
(b) 5 μl of Plasmid-Safe™ buffer.

(c) 1 μl of Plasmid-Safe™ enzyme.

(d) 2 μl of ATP solution.

(e) 2 μl of BSA (20 mg/ml).

2. Incubate at 37 �C for 2 h. Monitor the DNA concentration
hourly using a Qubit fluorometer (dsDNA HS Kit).

3. Every 2 h, add a mixture of 1 μl fresh Plasmid-Safe™ enzyme,
2 μl ATP, and 0.33 μl of 10� reaction buffer.

4. Usually, within 6 h, the DNA concentration stabilizes (seeNote
5 and Fig. 2). (For wastewater, approximately 10–20% of DNA
is left after this treatment.)

5. When the DNA concentration has stabilized, inactivate the
exonuclease enzyme by incubating at 70 �C for 30 min.

6. Purify the enriched circular DNA using a DNA Clean &
Concentrator™-5 Kit according to the manufacturer’s instruc-
tions, eluting with 10 μl of 10 mM Tris (pH 8.0), and proceed
to sequencing library building (see Note 6).

3.2 Sequencing

Library Building

Any sequencing library protocol and technology that takes into
consideration the circular nature of the input DNA can be used:
there are no blunt ends on which to ligate adaptors directly. Here,
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we suggest the Illumina Nextera® XT Kit as it is easy and reliable
and has a combined shearing and adaptor ligation step (seeNote 7).

1. Adjust the concentration of the circular DNA to 0.2 ng/μl
using Qubit.

2. Label a new 0.2 ml PCR tube.

3. Add 10 μl of tagment DNA buffer.

4. Add 5 μl of amplicon tagment mix.

5. Add 5 μl of adjusted plasmid DNA from step 1.

6. Vortex briefly and spin down for 30 s.

7. Place the tube in a thermocycler and run the following
program:

(a) 55 �C for 5 min.

(b) Hold at 10 �C.

8. When sample reaches 10 �C, immediately add 5 μl of neutralize
tagment buffer.

9. Vortex briefly and spin down for 30 s and incubate for 5 min at
room temperature.

Fig. 2 Exonuclease is used to eliminate linear DNA from a mixture of linear and
circular DNA in mobilomics studies. The conceptualization is based on the
measured data points and shows that the rate of DNA loss is initially high.
However, spiking in additional exonuclease enzyme, reaction buffer and ATP
solution when DNA concentration has become constant can result in further
degradation of linear DNA. Eventually, when only circular DNA remains, further
spikes of enzyme, buffer, and ATP solution will become ineffective. Please note
that it is not necessary or recommended to wait 20 h between spikes; when the
reaction slows down after ca. 2 h, then the enzyme–buffer–ATP can be spiked in
immediately
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10. Add 15 μl of Nextera® PCR mix to the PCR tube.

11. Add 5 μl of index 1 primer to the PCR tube.

12. Add 5 μl of index 2 primer to the PCR tube.

13. Vortex briefly and spin down for 30 s.

14. Place the tube in a thermocycler and run the following
program:

(a) 72 �C for 3 min.

(b) 95 �C for 30 s.

(c) 12 cycles of the following:
95 �C for 10 s.

55 �C for 30 s.

72 �C for 30 s.

(d) 72 �C for 5 min.

(e) Hold at 10 �C.

15. Transfer the contents (50 μl) of the 0.2 ml tube to a new
labeled 1.5 ml tube.

16. Add 25 μl of AMPure XP beads.

17. Vortex briefly and incubate at room temperature for 5 min.

18. Place the tube on a magnetic stand. Leave for 2 min.

19. Carefully remove and discard the supernatant.

20. Add 300 μl of 80% ethanol. Incubate at room temperature for
30 s. Carefully remove and discard the supernatant and repeat
the wash.

21. Carefully remove and discard the supernatant.

22. With the tube still on the magnetic stand, allow the beads to
air dry for 10 min.

23. Remove the tube from the magnetic stand. Add 52 μl of
resuspension buffer. Vortex briefly and incubate at room tem-
perature for 2 min.

24. Place the tube on a magnetic stand. Leave for 2 min.

25. Transfer 50 μl of the finished library into a new, labeled
1.5 ml tube.

26. Keep library on ice until use or store at �20 �C.

27. This produces Illumina-compatible libraries. Before sequenc-
ing, samples should be analyzed using Qubit and/or qPCR for
concentration and analyzed for their average size.

28. Sequencing can be done on any Illumina instrument. Prefera-
bly with longer, paired-end technology (2 � 150 or higher).
The depth of sequencing highly depends on the samples but
should not be lower than 1 M reads (see Note 8).
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3.3 Quality

Assurance

and Bioinformatics

Analysis

Owing to the variety in the goals and designs of different experi-
ments, it is impossible to provide a comprehensive, concise, and
definitive protocol for data analysis here. Hence, the following
guidelines and suggestions are provided to aid users of the above-
described experimental procedures to derive data analyses proce-
dures that fit their own particular needs.

3.3.1 Quality Control,

Adaptor Removal,

and Merging

1. Adapter sequence contamination in the reads must be identi-
fied and removed. If necessary, contamination of reads with
adapter sequences can be detected by BLASTn [9] search against
the UniVec database. Commonly used softwares for adapter
trimming include Cutadapt [10] and AdapterRemoval [11].

2. The merging of paired reads can be done using any of various
softwares (e.g., pear [12], AdapterRemoval [11] or others).
Prior to assembly, it can be important to merge read pairs
where possible.

3. Quality filtering of reads should be performed to remove
low-quality reads (e.g., usearch’s-maxee function [13]).

3.3.2 Assessing

Chromosomal

Contamination

Map mobilome reads on the SILVA 16S rRNA gene database [14]
(https://www.arb-silva.de/) using Bowtie 2 [15], BWA [16], or a
similar program. In chromosomal samples, ca. 0.1% of reads will
map on the 16S rRNA gene, and this read can be used as a
benchmark for chromosomal removal. Additionally, running
qPCR with universal 16S rRNA gene primers on samples pre- and
post-exonuclease treatment is useful for quantifying the degrada-
tion of chromosomal DNA, but is not a requirement.

3.3.3 Mobilome

Assembly

There is a variety of assembly programs that may be used to assem-
ble mobilome sequences. The choice of assembler must be suited to
the read technology, and care must be taken to use parameters
suited to mobile element assembly. Possible choices of assembly
program include IDBA-UD [17] (for short reads), metaSPAdes
[18] (for short and long reads), or CANU [19] (for long reads),
which has the advantage of being able to output circular contigs.
Make sure to avoid the use of assembly parameters or programs
suited to the assembly and identification of plasmids with a high
chromosomal background in the data from a single species (e.g.,
plasmidSPAdes [20]). Potentially, newly developed tools such as
metaplasmidSPAdes can resolve many of the intricacies in metag-
nome plasmid assemblies [21].

3.3.4 Circularize

to Obtain Complete

Plasmids

Several programs and workflows for circularization and identifica-
tion of plasmids have been suggested the last few years. Here, we
recommend the recently published program Recycler [22] or the
workflow proposed in [3]. Further, the program PLACNET [23]
can be used but critically requires a final manual curation step.
Recycler can be used on both metagenomic, single strain and
mobilomic datasets and has a high retrieval, but lower accuracy
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than the approach in [3]. Thus, if accuracy is more important than
retrieval, we recommend the approach in [3] (Information S1).
This latter approach utilizes a feature of most current assemblers:
they leave identical ends of ca. 100 nt on circular contigs. Further,
the method confirms the circularity by mapping read pairs on both
ends of putatively circular contigs. If the aim is to identify known
plasmids, for example, with antibiotic resistance or pathogenicity
markers, the online resource (https://cge.cbs.dtu.dk/services/
PlasmidFinder/). Potentially, binning methods could prove effi-
cient in separating contigs to single plasmid bins, for example,
MaxBin (https://sourceforge.net/projects/maxbin/).

3.3.5 Gene Calling Gene calling and annotations can be done with several available
tools and adjusted to particular analysis. For automated gene call-
ing and functional annotations pipelines such as RAST [24],
MG-RAST [25], or Blast2GO [26] can be used. Alternatively,
gene calling can be performed in a separate software such as Meta-
GenMark [27, 28], Glimmer [29], or Prodigal [30, 31] and fol-
lowed by functional annotations using specialized databases like,
among others, PFAM [32], COG [33], or KEGG [34–36]. Classi-
fication of plasmids are typically done on the basis of single genes
such as replication initiation or mobilization genes. While several
issues are inherent with this kind of plasmid classification, we rec-
ommend retrieving both replication initiation and mobilization
genes using the PFAM database (http://pfam.xfam.org/) and
compare to the PFAM seed alignment of representative sequences.

4 Notes

1. Use filtered tips to avoid cross contamination.

2. This method should be adjusted to specific environments by
appropriate harvesting of microbial cells to avoid inhibitors and
contamination with eukaryotic DNAs using (e.g., Nycodenz
treatment [37]). Although biases will inevitably be introduced
in the process [38].

3. The volumes of solutions L1, L2, and L3 can be varied in the
lysis steps, depending on the nature of the starting material. It
is important that the mixtures are (a) sufficient to fully lyse the
bacteria in the sample (the sample should be very viscous after
lysis) and (b) have the correct pH after L3 is added to ensure
binding to the column matrix. This matter can be achieved by
increasing the volumes of L1, L2, and L3 or by monitoring the
pH and adjusting accordingly. Note that the DNA binding
capacity of the column matrix is very high compared to the
expected output of the protocol, and focus should be on opti-
mizing input material quality and lysis.
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4. In step 2, Subheading 3.1.2, the method can be augmented
with the use of additional lytic enzymes such as lysozyme,
lysostaphin, mutanolysin, or their mixes (e.g., MetaPolyzyme,
Sigma-Aldrich, cat# MAC4L) as long as they are active in the
L1 buffer and do not change the pH of the L1 + L2 + L3
mixture.

5. It is suggested to monitor the rate of decrease in DNA concen-
tration (using a Qubit fluorometer) throughout step 4, Sub-
heading 3.1.6, in order to know when further exonuclease
addition becomes ineffective (Fig. 2).

6. In order to achieve an accurate estimation of chromosomal
contamination, perform qPCR (universal ribosomal RNA gene
primers) on the mobilome samples using a non-exonuclease-
treated aliquot of sample as a control. Alternatively, a sequenc-
ing library can be prepared from a non-exonuclease-treated
sample and sequenced along with the mobilome library
(ca. 500,000 reads is sufficient). Then, reads can be mapped
on the ARB-Silva 16S rRNA gene database and the two
libraries compared.

7. Sequencing technologies that produce long reads are a very
promising tool in mobilome sequencing, and it is encouraged
to combine mobilome data from Illumina with long reads from
(e.g., the Oxford Nanopore platform). It is important to con-
sider DNA input requirement, fragmentation method, and
sequencing throughput when choosing a sequencing technol-
ogy, as large quantities of plasmid DNA are difficult to obtain
and as there are no natural blunt or sticky DNA ends on
complete plasmids which to ligate adaptors. Furthermore,
physical DNA shearing could influence the sample composition
as supercoiled plasmid DNA could shear differently than linear,
chromosomal DNA. For the above reasons, we recommend
using an enzyme-based combined shearing and adaptor liga-
tion kit such as the Oxford Nanopore Rapid Kits
(SQK-RLI001 or RAD004).

8. To ensure that a mobilome sample has been sequenced to a
sufficient depth, subsample reads and assemble the subsamples
separately. By plotting “total nucleotides in assembly” against
“M reads in subset,” a rarefaction- such as curve will indicate
sequencing depth; if sufficient, then a plateau will be seen.
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Chapter 19

Identifying Conjugative Plasmids and Integrative
Conjugative Elements with CONJscan

Jean Cury, Sophie S. Abby, Olivia Doppelt-Azeroual, Bertrand Néron,
and Eduardo P. C. Rocha

Abstract

We present a computational method to identify conjugative systems in plasmids and chromosomes using
the CONJscan module of MacSyFinder. The method relies on the identification of the protein components
of the system using hidden Markov model profiles and then checking that the composition and genetic
organization of the system is consistent with that expected from a conjugative system. The method can be
assessed online using the Galaxy workflow or locally using a standalone software. The latter version allows
to modify the models of the module (i.e., to change the expected components, their number, and their
organization).
CONJscan identifies conjugative systems, but when the mobile genetic element is integrative (ICE), one

often also wants to delimit it from the chromosome. We present a method, with a script, to use the results of
CONJscan and comparative genomics to delimit ICE in chromosomes. The method provides a visual
representation of the ICE location. Together, these methods facilitate the identification of conjugative
elements in bacterial genomes.

Key words MacSyFinder, Conjugation, Integrative conjugative element, Plasmid, Protein profiles,
Comparative genomics, Integrase, Genomic islands

1 Introduction

Conjugative elements transfer large amounts of genetic informa-
tion between cells, having an important evolutionary role in bacte-
rial evolution. There are several different types of conjugation.
For example, some Actinobacteria are able to conjugate dsDNA,
while others make distributive conjugation [1]. These alternative
mechanisms will not be discussed here. Instead, we will focus on the
most common mechanism of conjugation: the transfer of ssDNA
through a type IV secretion system, or an analogous structure
(reviewed in [2, 3]). This mechanism involves three key molecular
systems: the relaxosome, the type 4 coupling protein (T4CP), and
the type IV secretion system (T4SS). The relaxase, often associated
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with other proteins in the relaxosome, interacts with the mobile
genetic element (MGE) at the origin of transfer, produces a single-
stranded cut, and becomes covalently linked with it. The T4CP is
an ATPase that couples the nucleoprotein filament including the
ssDNA and the relaxase with the T4SS. Finally, the T4SS is a large
protein complex that spans both cell membranes (in diderms) and is
able to deliver the nucleoprotein filament into another cell. The
identification of a conjugative system requires the identification of
these key components or at least the most conserved ones: the
relaxase, the T4CP and VirB4, the only ubiquitous ATPase of the
T4SS. Both relaxases and VirB4 can be divided in a number of
families that have been used to type plasmids and to establish the
resemblance between T4SS [4, 5]. It is important to note that
different combinations of these three components can have very
different functions. MGEs with a relaxase and a T4CP are mobiliz-
able by conjugative systems but are not a conjugative system.
Replicons with a T4SS and a T4CP, but devoid of relaxases, may
be protein secretion systems or other co-options of the conjugation
machinery that are not involved in conjugation.

The analysis of large-scale genome data requires reliable and
flexible computational tools to identify and class conjugative ele-
ments. Ideally, these tools should allow the user to modify the
number and type of components and their genetic organization.
MacSyFinder was created with this goal in mind [6]. It can be used
with predefined modules (including a set of protein profiles and
molecular system’s definitions), but it can also be customized to
meet the researcher needs. The program uses information on the
presence and absence of a number of components and their genetic
organization to identify systems matching these specifications in
genome data. This makes it as simple to use as classical approaches
based on blast searches, but allows more powerful queries. It is also
more sensitive because it uses protein profiles for similarity search,
as well as information on the presence and organization of the
different components of the system.

The accuracy of CONJscan depends on its ability to identify the
components of the conjugative system. When these are highly
conserved (e.g., the ATPase VirB4), they can be identified with
high sensitivity. When they evolve fast (high sequence divergence)
or are facultative components, such as the lipoprotein VirB7, the
task becomes more complicated. To allow for some flexibility,
MacSyFinder searches for components that are expected to be
almost always present (“mandatory” components) and those that
may be either absent or non-identifiable (“accessory”). Some com-
ponents can also be described as “forbidden” in which case they
cannot occur in the conjugative system. This option is useful to
distinguish conjugative systems from other co-opted molecular
systems (see Note 1). For each type of component, one can set up
a minimal quorum. Decreasing the minimal quorum allows to
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search for more degenerate or distant systems, whereas the inverse
only identifies systems closer to the prototypical system.

An important variable in MacSyFinder is the distance allowed
between components. While the T4SS is usually encoded in one
operon or a set of contiguous operons (contiguity formalized by an
authorized intergenic distance of 30 genes), the relaxase is often
encoded apart (sometimes with the T4CP). Hence, the intergenic
distance between the relaxase and any other elements is increased to
60 genes. In total, three types of information facilitate the detection
of conjugative systems: the identification of the components (and
their type), the completeness of the set of components expected to
form a full system, and their proximity in the genome (genetic
organization). This information can be put together in a text file
following a certain grammar that constitutes the model of the
system that is given to MacSyFinder, which searches genomes for
instances satisfying these descriptions [6].

The first part of this text shows how one can use MacSyFinder
to identify conjugation systems with the predefined models of
CONJscan. These models have been validated and shown to iden-
tify the vast majority of known systems [7, 8]. However, they may
be inadequate in certain specific situations. For example, the con-
jugative systems of a number of taxa (e.g., Archaea, Actinobacteria,
and Firmicutes) lack known relaxases [2, 9]. In this case, the models
can be adapted to identify novel components (or to accept the
absence of the component) and then easily shared with others via
text files. The second part of this text describes how the analysis of
CONJscan can be complemented with a comparative genomics
method to delimit ICEs in genomes. This method uses the core
genome (i.e., the list of gene families present in all the genomes
available for the species), the genome annotations, the CONJscan
results, and a script that we provide to plot all this together.

2 Materials

MacSyFinder reads a model and works in two steps: it uses Hidden
Markov model (HMM) protein profiles to search for the system’s
components and then checks if their organization and quorum
respect the specifications of the model (Fig. 1).

2.1 Sequence Data 1. Proteome data. MacSyFinder analyzes protein sequences stored
in one single file in FASTA format. The search for conjugative
elements usually requires a completely assembled replicon (or a
known order of contigs; see Note 2). Hence, the file for the
analysis should contain all the proteins encoded in the genome
(or the replicon of interest) in the order of their genomic
position. The corresponding option for this file type is “--
ordered_replicon.” The analysis of multiple genomes in one
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single batch is possible using the type “--gembase,” which is
similar to the “--ordered_replicon” but requires special
sequence identifiers (see MacSyFinder’s documentation).

2. Protein profiles. The protein profiles used by CONJscan are
included in the package (https://github.com/gem-pasteur/
Macsyfinder_models). They are described in [7]. The protein
profiles for integrases can be retrieved from PFAM. For the

Fig. 1 Screening genomes for conjugation systems using CONJscan with MacSyFinder. The components of a
conjugation system are an ATPase, a coupling protein (“coupling p.,” T4CP), and a relaxase, plus MPF-type
specific genes which are found in a particular genetic organization, described in the models for T4SS (see
Fig. 2). The CONJscan module turns MacSyFinder into a search engine for conjugation systems in genomes.
First, the selected models of conjugation systems are read, and the corresponding components are searched
by sequence similarity in the proteins of the genome (present in a multi-FASTA file) using HMMER with the
HMM profiles of CONJscan. Then, the genetic organization of the hits for the components is analyzed to
identify sets of hits compatible with the models. Clusters of hits fulfilling the requirements are used to fill up
occurrences of the systems. In the end, if the predefined number of components is found in the expected
genetic organization, then the presence of a conjugation system is predicted, for example here, a MPF of type
T. Whether fruitful or not, the results of the search are stored in the output files (see Table 1) that can be used
to guide the design of customized models
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tyrosine recombinase, it is PF00589 (one single profile). More-
over, for the serine recombinase is PF07508 and PF00239 (the
protein should hit both profiles to be regarded as an integrase).

2.2 Predefined

Models Available

in CONJscan

CONJscan is a MacSyFinder module that includes a set of prede-
fined models and profiles to detect the eight types of ssDNA
conjugation systems. These models are used as examples through-
out the following sections. The standalone version of MacSyFinder
expects to find the files of CONJScan (HMM profiles and model
files) at a recognizable location (a folder for the HMM profiles and
a folder for the models). Currently, only the standalone version
allows the modification of the models and the introduction of novel
protein profiles.

2.3 Software

and Availability

We listed resources of interest for this protocol in Table 2 (seeNote
3 for issues related to installing the programs).

1. To run MacSyFinder (until version 1.0.5), one needs to install
the NCBI/BLAST tools (in particular makeblastdb version
�2.8 or formatdb), HMMER, and MacSyFinder [6, 10,
11]. The latter requires a Python interpreter (version 2.7)
that must be installed beforehand. See MacSyFinder’s online
documentation for more details and Note 3 for details on the
upcoming version of MacSyFinder: http://macsyfinder.
readthedocs.org/en/latest/installation.html.

2. To build HMM protein profiles, one also needs a program to
make multiple sequence alignments (e.g., MAFFT [12]), an
alignment editor (e.g., Seaview [13]), and a program to cluster
proteins by sequence similarity (e.g., Silix or usearch [14, 15]).
These programs are also required to build the pan-genomes.

3. CONJScan can be downloaded for local use with MacSyFinder
(https://github.com/gem-pasteur/Macsyfinder_models) or it
can be used online (http://galaxy.pasteur.fr/, search CON-
JScan or the direct link https://galaxy.pasteur.fr/tool_runner?
tool_id¼toolshed.pasteur.fr%2Frepos%2Fodoppelt%
2Fconjscan%2FConjScan%2F1.0.2). Alternatively, one can
query a database of conjugative systems already detected
(http://conjdb.web.pasteur.fr).

4. The programMacSyView can be used to visualize the results of
MacSyFinder [6]. It can be used locally (https://github.com/
gem-pasteur/macsyview) or online (http://macsyview.web.
pasteur.fr).

5. The script to plot the spots (region between two consecutive
core genes) with ICEs can be downloaded for local use
(https://gitlab.pasteur.fr/gem/spot_ICE).
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3 Methods

The procedure to annotate conjugative elements contains twomain
steps. In the first step we show how to identify conjugative systems
using CONJscan. In the second step, we show how to delimit the
conjugative element. For the use of the standalone version, we
assume some familiarity with a Unix environment (Linux or
Mac OS X).

3.1 Identifying

Conjugative Systems

The identification of conjugative systems in a replicon relies on the
CONJScan module for MacSyFinder.

3.1.1 Preparing the Data 1. The protein file should be in multi-FASTA format (a succession
of FASTA entries in a text file) and must be in a directory where
the user has permissions to write.

2. The models’ definitions and the protein profiles must be in two
different folders, typically called “DEF” and “HMM,” respec-
tively. The files with the protein profiles must have the same file
extension (e.g.,∗.hmm). The easiest is to download (or clone)
the CONJScan module from the link provided above, where a
folder called “Conjugation” has two other folders for the
definitions of the models and for the profiles.

3.1.2 Running

MacSyFinder

The standalone version of MacSyFinder requires a Unix-like termi-
nal. In the terminal, MacSyFinder can be started with a command
line. For example, to detect a conjugative system of type F using the
default model, one should type the following:

macsyfinder typeF \

--db-type ordered_replicon \

-d Conjugation/DEF \

-p Conjugation/HMM \

--profile-suffix .HMM \

--sequence-db my_sequence.prt \

-o my_sequence_typeF

Here, all the paths of the filenames are relative, meaning that
MacSyFinder will look for the presence of the files starting from the
folder where the command is executed. This scenario can be
changed by providing absolute paths. The meaning of the options
is the following:

--db-type is a mandatory parameter that specifies whether the
proteins in the multi-FASTA file are sorted according to the
order of the respective genes in the replicon (for drafts or
metagenomes see Note 2).

-d the path to the definitions of the model.

-p the path to the set of protein profiles (--profile-suffix is
the suffix of these files).
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--sequence-db sets the FASTA file with the protein sequences.

-o specifies the nameof the output folder. Thedefault name contains
the date and time of the command execution. It is advisable to
provide meaningful names for these folders [16]. The standard
output of the program is saved automatically in the file macsy-
finder.out, in the output folder my_sequence_typeF.

In the previous example, we searched for only one of the eight
types of MPF available. Figure 2 describes the different systems in
terms of components and genetic organization. If the user wishes
to run all the models, we advise to make a loop over each definition
with the previous command line (seeNote 4 for other possibilities).
A bash command to do this is as follows:

for conj_type in typeF typeB typeC typeFATA typeFA typeG typeI typeT; do

macsyfinder "$conj_type" \

--db-type ordered_replicon \

-d Conjugation/DEF \

-p Conjugation/HMM \

--profile-suffix .HMM \

--sequence-db Data/plasmid_seq.prt \

-o plasmid\_seq\_"$conj_type"

done

Fig. 2 The graphical representation of the models of CONJscan for each MPF type. Each line is a graphical
representation of a model, as defined in the main text. On the right-hand side, in gray, there are the three
mandatory proteins, virb4, t4cp, and MOB, common for all models. At the bottom, the box “exchangeable”
indicates that any of the relaxase profiles can be used for each MPF type. On the left-hand side, colored by
type, there are the specific genes of each MPF type. They are coined “accessory” because they are not always
identified in the locus for a number of reasons (missing, unidentifiable, etc.). Hence, we set a quorum as the
minimum number of components in a valid system (in parenthesis, in front of each line). In the model’s
definition file, one can modify the quorum for the mandatory profiles and the quorum for the total number of
profiles (mandatory + accessory)
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3.1.3 Analyzing

the Results

Table 1 presents the different output files with their description.
The main output file is located in the folder my_sequence_ty-
peF/ in the previous example. It is named macsyfinder.
report. It is a tabular file where each line corresponds to a protein
identified as a component of a conjugative system, with its annota-
tion and some results of the detection (including the hmmer
i-evalue and the alignment coverage with the profile). It contains
the predicted system (here typeF) (see Note 5 for how to class
systems). This file is empty when there is no occurrence of a
conjugation system that satisfies the model. If in spite of the nega-
tive result, one wishes to analyze the presence of proteins that
might be components of a conjugation system, which might reveal
an atypical or degraded system, this information can be found in
the macsyfinder.out file. More specifically, this file contains
the information on proteins that have matched certain protein
profiles of the model and whether they formed a complete system
(in which case this is reported in the macsyfinder.report file). If
the analysis of these results suggests the existence of an atypical yet
relevant system, then the user can modify the model to account for
such cases and rerunMacSyFinder with the novel model (seeNote 6).

3.1.4 Running

MacSyFinder with Galaxy

CONJScan was integrated on the public Galaxy@pasteur instance
available at https://galaxy.pasteur.fr. It is classified in the “genome
annotation” category. Any user can connect to Galaxy (anony-
mously or with an account) and launch an execution of CONJScan.
The functioning, input, and output of CONJScan in the Galaxy@-
pasteur instance is similar to the standalone version. The only
differences between the two instances concern expert options and
the ability to change the models, which are only available for the
standalone version.

Table 1
List of MacSyFinder output files and folders

Output Description

macsyfinder.conf Parameters used for the run

macsyfinder.log Log information in case of problem

macsyfinder.out Standard output

macsyfinder.report Tabular report with the proteins of conjugation systems

macsyfinder.summary Tabular report with the systems and their components

macsyfinder.tab Tabular report with the number of systems detected per replicon

results.macsyfinder.
json

JSON file summarizing the results for visualization with
MacSyView

hmmer_results Folder containing all the hmmer output files (“raw” and filtered)
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Before selecting a genome to scan, one must upload the data by
opening the dialog box (highlighted in green on Fig. 3a). Then, this
dataset can be selected in the first parameter of the form. The option
“Type of dataset to deal with” must be set as in the standalone,
typically “ordered replicon” or “gembase,” to analyze completely
assembled replicons. The option “Conjugative element to detect”
allows to select onemodel from a precompiled set of models used by
MacSyFinder. When one is not sure of which model to use, one can
run the process consecutively, changing the model at each time.

Expert users can access and change the parameters for the
search with the HMM profiles by clicking on the select button
under the Hmmer code option label. If so, then the options,

Fig. 3 Screenshots of the Galaxy interface for CONJscan. See main text for explanations
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“Maximal e-value,” “Maximal independent e-value,” and “Mini-
mal profile coverage” can be tuned before execution (similar options
are available in the standalone version). The two former options are
specific to the HMMER program (see Table 2), and the latter
represents the minimal accepted value for the fraction of the profile
that is matched in the alignment with the protein sequence.

Once the options are set, the user needs to click on “execute”
to launch the process. The user history (the panel on the right) will
then be updated with information on the process and the associated
files. New files will appear in gray when the job is waiting to be ran
on the Institut Pasteur’s cluster, in yellow when the process is
running (Fig. 3b), and in green when it has correctly terminated
(clicking the icon circled in red will update the job status).

Among the five outputs of CONJScan (Table 1), the “MacSy-
View output (CONJScan on data 1)” allows to visualize the results
(Fig. 3c). Clicking on the eye on this file will display the link
“Display in MacSyView,” and clicking this link will open the Mac-
SyView web application in a new tab of the web browser, automati-
cally filled with the results of CONJScan. The user can then browse
graphically these results.

The first page of MacSyView displays all occurrences of the
systems found on the input data (Fig. 4). The user can pick an
instance to visualize it by clicking on it in the list. The page dis-
playing the instance is divided in three parts. The first panel shows
how the instance fits the model in terms of the components of the
system. Boxes represent the number of each mandatory, accessory,
and forbidden components. A tooltip gives the name of the compo-
nent when the mouse hovers a box. The second panel shows the
genetic context of the system (as transcribed from the input FASTA
file), with components drawn to scale. When the mouse hovers a
box (circled in red), a tooltip displays information on the
corresponding component, including the scores of the HMMER
hit. This view can be exported as a SVG file (tools in blue at panel
bottom). The third panel gives detailed information on the com-
ponents of the system.

3.2 Delimiting an ICE After the detection of a conjugative system, one is often interested
in delimiting the associated MGE. If the element is a plasmid, then
the delimitation is trivial (it is the replicon). However, if the ele-
ment is integrated in a chromosome (ICE), then one needs to
delimit the ICE within the replicon. For this, we have developed
a method using multiple genomes (usually more than four) of the
same species [17]. This approach is described in the following
paragraphs.

3.2.1 Building Core

Genomes

The first step of the analysis consists in building the core genome of
the species with the ICE. The core genome is the set of genes that
are shared by all the genomes of the species and can be built rapidly

274 Jean Cury et al.



Table 2
List of resources or tools for useful for the detection and annotation of conjugative elements

Resource Type Description Link

MacSyFinder Generic Program to identify molecular
systems (of which CONJscan
and TXSScan are modules)

https://github.com/gem-
pasteur/macsyfinder

CONJScan Conjugation
systems

MacSyFinder module to identify
conjugation systems

https://github.com/gem-
pasteur/Macsyfinder_models

https://galaxy.pasteur.fr/

MacSyView Generic To visualize MacSyFinder’s results https://github.com/gem-
pasteur/macsyview

Blast tools Sequence
analysis

Rapid sequence similarity searches
(including blast, psi-blast,
makeblastdb)

https://blast.ncbi.nlm.nih.gov

HMMER HMM analysis Allows the use HMM profiles but
also build one’s own profiles
(incl. hmmsearch and
jackhmmer)

http://hmmer.org/

Usearch Protein
clustering

Very fast clustering method
(uclust) for very similar proteins
(>50% identity)

http://drive5.com/usearch/

MAFFT Alignment Multiple sequence alignment http://mafft.cbrc.jp/alignment/
software/

Seaview Alignment
visualization

To visualize and edit multiple
alignments

http://doua.prabi.fr/software/
seaview

Roary Pan-genomes Construction of core and
pan-genomes

https://sanger-pathogens.
github.io/Roary/

PFAM Proteins Database of HMM profile http://pfam.xfam.org/

TIGRFAM Proteins Database of HMM profile http://www.jcvi.org/cgi-bin/
tigrfams/index.cgi

EggNOG Proteins Database of HMM profile for
functional annotation

http://eggnogdb.embl.de

CONJdb Conjugation
systems

Database of conjugative systems http://conjdb.web.pasteur.fr/

TXSScan Secretion
systems

MacSyFinder module with model
for all type of secretion system

https://github.com/gem-
pasteur/Macsyfinder_models

IntegronFinder Integrons Detects integrons in genomes https://github.com/gem-
pasteur/Integron_Finder/

RFAM RNA Database of covariance models to
find many types of RNA

http://rfam.xfam.org/

Infernal RNA Searches for RNAs using
covariance models, notably
for RFAM.

http://eddylab.org/infernal/

(continued)
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using the program Roary [18]. This program requires the availabil-
ity of gff3 files for each genome in the same directory, a file format
containing both annotations (list of genes) and the nucleotide
sequences. These files can be downloaded from GenBank if the
genome sequences are available there. They can also be generated
by genome-annotation tools such as Prokka [19]. The commands
to obtain the core genome are as follows:

roary GFF/∗.gff

Roary creates many output files whose description is not in the
scope of this chapter. To obtain the information on the core
genome, one can type:

query_pan_genome -g 1493304436/clustered_proteins \

-a intersection \

/GFF/∗.gff

which will create a file called pan_genome_result containing the
core genes identifiers. The script query_pan_genome is installed
with Roary. The -g option takes the output of the previous com-
mand. The -a intersection option indicates the script to build
the core genome.

3.2.2 Defining the Spot Initially, one does not know the location of the ICE, except that its
upper boundaries are the two flanking core genes in the genome
(we assume here that the ICE is not part of the core genome). We
define an interval as the genomic region between the two core
genes. We define a spot as the set of intervals flanked by the same
two families of core genes across genomes. Because there is only

Table 2
(continued)

Resource Type Description Link

Silix Protein
clustering

Clustering method to build protein
families from “blast all against
all” results

http://lbbe.univ-lyon1.fr/-
SiLiX-.html?lang¼en

Prokka Annotation Rapid annotation of bacterial
genomes

https://github.com/tseemann/
prokka

ResFams Antibiotic
resistance

Database of HMM profiles specific
of antibiotic resistance

http://www.dantaslab.org/
resfams

CARD Antibiotic
resistance

Database of antibiotic resistance
genes

https://card.mcmaster.ca/

Victors Virulence
factor

Database of virulent factor http://www.phidias.us/victors/
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one member of a core gene family per genome, the spot has one
interval in each genome at most. If there are rearrangements in this
region, then there may not be an interval with the same two core
gene families in certain genomes. The latter are not part of the spot
and should be excluded from further analysis. The goal of the
method is to focus on the interval with the ICE, while accounting
for the gene repertoires of the spot, to delimit the ICE. We recom-
mend to restrict such analyses to cases with a minimum of four
genomes in the species (the fewer genomes, the weaker the statisti-
cal signal).

Fig. 4 Screenshot of the Galaxy interface for the visualization of the results of CONJscan using MacSyViewer.
See main text for explanations
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3.2.3 Delimiting the ICE

Within the Spot

Once the spot with the conjugative system is defined, one needs to
build the pan-genome of the genes in the spot. The pan-genome is
the full set of protein families that are present in a given set of
genomes (here in the set of proteins in the spot). To identify the
pan-genome, one could reuse the pan-genome built earlier by
Roary (built when constructing the core genome). However, if
that step was skipped because the core genome was already built
independently, then one can use usearch [15], a program that
builds protein families rapidly using clustering by sequence
similarity:

1. Gather all proteins from the spots in one file (allproteins_-
spot.prt).

2. Run usearch:

usearch -quiet -cluster_fast allproteins_spot.prt \

-id 0.7\

-uc allproteins_spot-70.uc

where the options are as follows:

-quiet, to remove the verbose standard output.

-cluster_fast to use the algorithm uclust, a centroid-based
clustering algorithm.

-id sets the percentage of identity for clustering.

-uc is a tabular file containing the results of the clustering.

In the ∗.uc file, a family number is attributed to each
protein, and one can easily build the protein families.

A visual representation of the spot focused on the genome with
the ICE can be done using the script plot_ICE_spot.py (see
https://gitlab.pasteur.fr/gem/spot_ICE). This website contains
also a tutorial on how to delimit ICE. The genes of the ICE are
expected to be at roughly the same frequency in the spot. Hence,
their visual representation greatly facilitates the delimitation of the
ICE (for degenerate elements, see Note 7). Figure 5 shows an
example of the visual representation of the data.

3.2.4 Disentangling

Tandem Elements

When two ICEs are inserted into the same spot (in tandem or
intermingled), they are both represented on the graph, and this
can be used to disentangle them. If the elements are intermingled,
or if the two ICEs are present in the same set of strains, then their
discrimination can be difficult (see Note 8). When the ICEs are in
tandem, the presence of an integrase between the elements can help
to identify the limits of each element. Also, tandem ICEs have a
similar succession of a tandem of integrases and conjugative
systems.
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When the ICE is in tandem with another MGE in the same set
of strains (such as a prophage or an integrative mobilizable ele-
ment), their delimitation may be facilitated by the presence of a
separating integrase. However, it should be noted that ICEs can
excise with neighboring elements and thus mobilize them [20]. In
this case, the difference (and thus the delimitation) between the
elements may be questionable.

3.2.5 Annotating

the Elements

The delimited conjugative element can be functionally annotated
using a range of computational tools (see Table 2). MGEs such as
ICE tend to have many genes with no homologs in the sequence
databases (see Note 9).

Fig. 5 Example of a visualization plot. The figure shows two ICEs that are in the same spot. Boxes represent
genes (width proportional to its length), which are encoded on the direct strand (pointing up) or the
complementary one (pointing down). The focal genome (containing the ICE) is in the middle of its subplot
(focal ICEs are turquoise and orange, respectively). Each box above a gene in the focal genome belongs to the
same pan-genome family. On the extremities, the core genes are represented (these genes families have
representatives in all genomes, thus the piling of boxes of all colors above them). The two ICEs have
homologous conjugative systems (with hatches) but not the totality of the ICE. The gray line represents the
GC% along the focal genome. The window on the right-hand side represents the number of genes in the
interval divided by the number of genes in the interval with the largest number of genes of the spot. Here we
see that there are few genes in the intervals lacking ICEs (this scenario is not necessarily always the case).
One can click on the genes to see their annotations. A right-click will select a gene as one of the limits
(red-boxed genes near the core genes). When the two limits are set, the intervening elements will be exported
in a tabular file when closing this window
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4 Notes

1. Co-optations of Conjugative Systems
Conjugative systems were often co-opted for other func-

tions, notably protein secretion (pT4SS), and also for DNA
secretion, and DNA uptake [5, 21]. To distinguish between
protein secretion and conjugative systems, it is usually sufficient
to identify a relaxase, because this protein is essential for the
transfer of DNA, but not for protein secretion. However, some
systems may perform both functions. In this case, CONJscan
will correctly identify the conjugative system because there is a
relaxase. Researchers interested in identifying pT4SS might use
the TXSScan module of MacSyFinder [8].

2. Use of Draft Genomes and Metagenomes
The analysis of draft genomes poses numerous challenges

and typically precludes the identification of conjugative plas-
mids or ICEs. This is because these elements often carry
repeats, such as transposable elements, that produce breaks in
the assembly process when replicons are sequenced using short
reads technology. As a result, MGEs are split in several contigs,
and it is usually difficult to knowwhich contigs belong to which
element (except if a very similar element is available for com-
parison). CONJScan can only be used reliably in draft genomes
if one knows the order of the contigs, in which case one can
give to the program the ordered list of protein sequences, or if
the entire conjugative system is a single contig (but that is rarely
known a priori). Note that while T4SS tends to be encoded in
one single locus, and thus are often in a single contig, the
relaxase is often encoded apart and may be in another contig.
Otherwise, CONJScan may be used to identify the compo-
nents of the conjugative machinery in draft genomes.

Metagenomic datasets are even more difficult to analyze
because the contigs belong to different and unassigned gen-
omes (and can be very small). In this case, CONJScan can be
used to identify components of the conjugation system, but the
complete systems are rarely identifiable.

The use of long reads sequencing technologies—that
enable easier, longer assemblies, and powerful genome binning
techniques that efficiently separate contigs between organisms
using multivariate analyses—is levering these challenges and
promise exciting developments concerning the study of con-
jugative systems in overlooked portions of the tree of life [22].

3. Installing Issues
The installation of MacSyFinder (until version 1.0.5, see

below) requires prior installation of makeblastdb (or formatdb)
and HMMER. It also needs Python 2.7. The detailed proce-
dure for installation can be found online (http://macsyfinder.

280 Jean Cury et al.

http://macsyfinder.readthedocs.io/en/latest/installation.html


readthedocs.io/en/latest/installation.html). In case of pro-
blems with installation or with the use of the programs, we
encourage the users to open an “issue” on the corresponding
Github’s web page (https://github.com/gem-pasteur/
macsyfinder/issues). Before, users can check if this issue was
not already solved and described in the sites’ “closed issues.”
To be noted, a new version of MacSyFinder is currently under
development. Starting from MacSyFinder version 2.0, Python
3 will be supported, and the dependence on makeblastdb or
formatdb will be removed. The information presented in this
chapter will remain relevant, but some additional features are
expected to be introduced with the new version.

4. Running Multiple Jobs
One can run MacSyFinder with a number of models and

on a number of replicons in several ways. As a rule, it is better to
make a loop in a shell to run the program independently on
each dataset and on each model (see the main text). The use of
the “gembases” format as input allows MacSyFinder to analyze
a large number of replicons at a time with the same model.
There is also an option inMacSyFinder to run several models at
a time (parameter “all,” see documentation). However, if these
models have homologous components or if the systems are
scattered in the replicon, or in tandem, then the program may
misidentify certain systems. Hence, we advise against the use of
this option for nonexpert users.

5. Classing the Systems
The output of CONJScan indicates the MPF type of a

system given the presence of components specific to this
MPF. However, some closely related systems, notably FA and
FATA, can sometimes hit the same components. Usually the
correct system is the one with more components assigned to
and for which the protein profiles have better (lower) i-evalues
in the HMMER output. If the situation is unclear, then it may
be that the system is degenerated (few MPF-specific compo-
nents), intermingled with another, or a set of tandem of sys-
tems (see Note 8).

6. Modifying the Models
The models of MacSyFinder are written in a text file fol-

lowing a specific grammar (seeMacSyFinder’s documentation).
It is very simple to change the models’ specifications regarding
the quorum, genetic organization, and role of each compo-
nent. Most of them can be directly altered in the command line
or can be modified permanently in the model text file by
following the predefined syntax. The models can also be
improved by adding (or removing) novel components. In this
case, one must provide the corresponding protein profile,
which can be retrieved from public databases (e.g., PFAM or
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TIGRFAM; see Table 2) or built specifically for the model (see
[23] for a description of this process). They should be added to
the profiles’ directory.

7. Degenerate Elements
MGEsmay endure inactivatingmutations—including large

deletions—that result in degenerate elements. These elements
may lack a few components of an active conjugation system,
but still be regarded as valid systems by CONJscan because they
fit the minimal conditions of the model. Degenerate elements
may also complicate the identification of the ICEs because the
gene families of the element are present at different frequencies
in the pan-genome. It is difficult to distinguish mildly degen-
erate elements from atypical functional ones without
experimental data.

8. Intermingled ICE
Intermingled components of conjugative elements can

occur in a number of cases. Some MPF types are closely related
and their protein profiles crossmatch, leading to a series of
components from different MPFs and thus to an apparent
intermingled set of conjugative elements. Some cases of true
intermingled elements occur when an element integrates inside
another element. These cases may be hard to disentangle with-
out experimental evidence.

9. ORFs with Unknown Function
Many genes in MGEs have unknown functions. If the

MGE of interest has many such elements after annotation
with standard tools (generic tools such as Prokka), then specific
curation may be necessary, for example, by using broader data-
bases of protein profiles such as EggNOG or using iterative
searches with PSI-BLAST or jackhmmer (Table 2). It is not
unusual that several genes remain of unknown function after all
these analyses.
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Chapter 20

PlasmidFinder and In Silico pMLST: Identification
and Typing of Plasmid Replicons in Whole-Genome
Sequencing (WGS)

Alessandra Carattoli and Henrik Hasman

Abstract

PlasmidFinder and in silico plasmid multiLocus sequence typing (pMLST) are two easy-to-use web tools
for detection and characterization of plasmid sequences in whole-genome sequencing (WGS) data from
Enterobacteriaceae. These tools have been adopted worldwide and facilitate plasmid detection and typing
based on draft genomes of multi-drug-resistant Enterobacteriaceae. The PlasmidFinder database currently
includes 133 unique plasmid replicon sequences. It was built starting with 126 sequences devised on fully
sequenced plasmids available at the NCBI nucleotide database in 2014 and has been continuously updated
to include novel replicons detected in more recently sequenced plasmids associated with the family
Enterobacteriaceae. PlasmidFinder is usable for replicon sequence analysis of raw as well as assembled
sequencing data. For pMLST analysis, a weekly updated database was generated from www.pubmlst.org
and integrated into a web tool called in silico pMLST.

Key words Replicons, Plasmid typing, Bacterial typing, Genomics, WGS

1 Introduction

Plasmids carry specific regions, called replicons, encoding functions
that are able to activate and control their replication independently
by the replication of the bacterial chromosome. Since 2005, a PCR-
based replicon typing (PBRT) scheme has been available, targeting
the replicons of the major plasmid families occurring in Enterobac-
teriaceae [1] by PCRs. In the decade following the introduction of
PBRT, thousands of enterobacterial strains have been typed for
replicon content. Replicons were originally used to attribute plas-
mids to related plasmid families. Plasmids typed by PBRT follows
the same nomenclature of the families established by conjugation-
based incompatibility (Inc) testing [2]. Here, the strategy was to
use PCR targeting the replicon sequences that were, in most of the
cases, the molecular mechanism causing the incompatibility behav-
ior of plasmids. The Inc. prefix continues to be used to name

Fernando de la Cruz (ed.), Horizontal Gene Transfer: Methods and Protocols, Methods in Molecular Biology, vol. 2075,
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plasmid families, even when the Inc. phenotype has not been
formally confirmed by conjugation against the appropriate refer-
ence plasmids.

With the recent rapid increase in whole-genome and whole-
plasmid sequence data generated by high-throughput sequencing
platforms, there arose a need to translate the Inc. typing and PBRT-
based classification schemes in a tool that can identify replicon
content in raw sequence data or contigs generated by high-
throughput sequencing of entire genomes. Replicon sequences
targeted by PBRT were used for building the first collection of
replicon sequences for the PlasmidFinder database [3]. The analysis
of nucleotide sequences available in GenBank determined the need
to add additional replicon sequences up to the current 110 Plasmid-
Finder Enterobacteriaceae probes to successfully recognize—at
>95% nucleotide identity and>96% coverage—almost all complete
sequences of large plasmids (>20 kb in size) available at the NCBI
database. When replicons cannot be referred to a previously existing
Inc. group nomenclature, then the plasmid is assigned to a group of
homology using replication initiation protein genes as reference for
the new plasmid types.

Among plasmids that can be present in WGS, a large majority
consists of small, ColE-like plasmids that were not detectable and
classified by Inc. typing or PBRT [3, 4]. For these plasmids, multi-
ple phylogenetic analysis of the repA, RNAI, oriT sequences
allowed the identification of 23 sequences that, using the >80%
nucleotide identity and 96% coverage criteria, were able to identify
and classify the small plasmids in WGS in discrete plasmid groups.

In conclusion, a total of 132 replicon sequences, 109 and
23 recognizing large and small plasmids, respectively, are currently
included in the PlasmidFinder Enterobacteriaceae database
(https://cge.cbs.dtu.dk/services/PlasmidFinder/). By BLASTN,
the 132 PlasmidFinder sequences recognize almost 9000 large
and more than 11,000 small complete or partial plasmid sequences,
respectively, at the currently available NCBI nucleotide database
(Dec. 2018).

Since not all plasmid families occur at the same frequency, but
rather some families are prevalent, sequence-based typing schemes
were devised to identify plasmid types within the families. IncF,
IncI1, IncN, IncHI2, IncHI1, and IncA/C plasmids are currently
subtyped by plasmid multilocus sequence typing (pMLST; http://
pubmlst.org/plasmid/) [5–9]. For pMLST analysis, a weekly
updated database was generated from www.pubmlst.org and
integrated into a web tool called in silico pMLST. PlasmidFinder
and pMLST web tools present an opportunity to screen WGS data
obtained from every kind of genome sequencers, and without
particular bioinformatics skills, retrieving plasmid information to
be used in clinical and epidemiological investigations.
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For Gram-positive bacteria, a PlasmidFinder database has been
built on replication initiation protein genes of plasmids identified in
Enterococci, Streptococci, Staphylococci, Bacilli, Clostridia, and
Lactobacilli [10, 11] and includes 141 replicase sequences recog-
nizing more than 10,000 complete or partial plasmid sequences
(with a sequence identity between 73% and 100%) in the NCBI
nucleotide database (Dec. 2018). Since the Inc. typing scheme for
Enterobacteriaceae did not include most of these plasmids, an
alternative nomenclature has been implemented by numbering
the different replication initiation protein genes and referring to
accession numbers of plasmids in GenBank used as prototypes for
specific replicons.

2 Materials

A personal computer or workstation with web access is needed.
Only data from one single isolate should be uploaded at the http://
cge.cbs.dtu.dk/services/PlasmidFinder/ website. Either raw
sequencing reads or assembled contigs can be uploaded (seeNote 1).

The option “Assembled Genomes/Contigs” should be
selected if assembled sequences have been obtained from short
sequencing reads into one continuous genome or into several con-
tigs. “Assembled Genomes/Contigs” is defined as one or several
contigs in one FASTA file (one entry per contig). For preassembled
partial or complete genomes, the input sequence must be in
one-letter nucleotide code in a single FASTA file (https://en.
wikipedia.org/wiki/FASTA_format). If large collections of geno-
mic data are to be analyzed, it is also possible to perform batch
upload to the Bacterial Analysis Pipeline at the Center for Genomic
Epidemiology (https://cge.cbs.dtu.dk/; [12]).

3 Method

3.1 PlasmidFinder

Single Analysis

The web tool PlasmidFinder (http://cge.cbs.dtu.dk/services/
PlasmidFinder/) utilizes the BLAST algorithm to look for DNA
homologies in both raw and assembled sequencing data from four
different sequencing platforms. If assembled bacterial genomes or
plasmids are uploaded to the web service, they are immediately
converted into a BLAST database. If raw sequencing reads are
uploaded, KMA will be used for mapping [13]. KMA supports
the major sequencing platforms: Illumina, Ion Torrent, Roche
454, SOLiD, Oxford Nanopore, and Pacific Biosciences (PacBio).
If input consists of raw sequencing reads, the PlasmidFinder web
server will support FASTA and FASTQ files.

A database should be selected among Enterobacteriaceae
(a database containing 133 unique sequences) and Gram-positive
bacteria (a database containing 141 unique replication initiation
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protein gene sequences). Furthermore, a percent identity (%ID)
threshold (the percentage of nucleotides that are identical between
the best-matching replicon sequence in the database and the
corresponding sequence in the assembled sequencing data)
between 100% and 50% can be selected. All genes with a %ID
equal or greater than the selected threshold will be shown in the
output. By default the %ID ¼ 95. This cutoff will allow the detec-
tion of the larger Inc-related plasmids, while a cutoff of 80% is
required for the detection of the smaller ColE plasmids. Finally, a
threshold for minimum %ID can be selected between 100% and
20%. All plasmids with a percent coverage equal or greater than the
selected threshold will be shown in the output. By default the
minimum percent coverage is set to 60%.

To input the sequences, upload a single FASTA file on your
local disk by using the applet. Upon sequence submission, the
green “Upload” button can be used and the status of the job (either
“queued” or “running”) will be displayed and constantly updated
until it terminates and the server output appears in the browser
window. At any time during the wait, an e-mail address can be given
and job will continue and notified by e-mail when it has terminated.

3.2 pMLST Single

Analysis

To execute a sequence-type prediction using the pMLST web
server, the pMLST profile for the plasmid query should be selected.
pMLST has six plasmid configurations that it distinguishes
between. They are IncA/C, IncF, IncHI1, IncHI2, IncI1, and
IncN. Raw data in FASTQ format or preassembled partial or com-
plete genomes in FASTA format can be uploaded (see Note 1).

To input the sequences, a single FASTA file on local disk can be
uploaded by using the applet. For successful typing, a partial
genome must, as a minimum, contain all the loci necessary for
pMLST concatenated in one FASTA file.

The green “Upload” button starts the job. The status of the job
(either “queued” or “running”) will be displayed and constantly
updated until it terminates and the server output page appears in
the browser. There is also the option to input e-mail address to be
notified as soon as the results are ready.

3.3 PlasmidFinder

and pMLST

in the Bacterial

Analysis Pipeline:

Batch Upload

PlasmidFinder and pMLST are also included in the Bacterial Anal-
ysis Pipeline—Batch Upload (https://cge.cbs.dtu.dk/services/
cge/). The CGE Bacterial Analysis Pipeline executes a workflow
of services with predefined parameters, stores the submitted data,
and results in the database at the user’s disposal. This analysis can
only process preassembled isolates; therefore, contig files in fasta
should be uploaded. The pipeline was benchmarked using datasets
previously used to test the individual services.

Plasmid services included in the Bacterial Analysis Pipeline are
PlasmidFinder-1.2 and pMLST-1.4.
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The procedure consists of three steps. The first step is to
download metadata template and fill it (see Note 2). The second
step is to upload the template and the third step is to upload the
FASTA files and submit the process.

3.4 PlasmidFinder

Output

Once the PlasmidFinder server has finished running the submitted
job, it will display a graphical output similar to the example in
Fig. 1.

Output data include the name of input file(s) uploaded by the
user and the selected threshold for minimum percent identity (%
ID) between sequence in the genome of the input isolate and the
plasmid in the database. The output table has seven columns:
(1) replicon if available expressed as an Inc. group against which
the input genome has been aligned; (2) percent identity in the
alignment between the best matching plasmid in the database and
the corresponding sequence in the input genome. A perfect align-
ment is 100%, but it must also cover the entire length of the plasmid
in the database; (3) query length of the best match in the genome
sequence compared to the length of the template (the matching
plasmid replicon in the database); (4) name of contig or scaffold in
which the replicon is found; (5) starting position of the found

Fig. 1 PlasmidFinder output. Overview of the PlasmidFinder V2.0 output at the web page. The dark green color
indicates a perfect match for a given plasmid. The %Identity is 100 and the sequence in the genome covers
the entire length of the plasmid in the database. The light green color indicates a warning due to a non-perfect
match. The grey color indicates a warning due to a non-perfect match, query length is shorter than plasmid
replicon length. The red color indicates that no plasmids with a match over the given threshold was found
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replicon in the contig; (6) notes to the plasmid; and (7) reference
GenBank accession number according to NCBI for the plasmid in
the database. The accession numbers of plasmids that have been
used to build up the PlasmidFinder database are very useful because
the reference plasmid can be used in a BLST2N analysis to detect
other contigs and scaffolds in the query sequence that presumably
belong to the same plasmid whose replicon has been identified by
PlasmidFinder (see Note 3). A FASTA file containing the best
matching sequences from the query genome can be downloaded
at the Hit in genome sequences.

The extended output shows the alignments. In the extended
output format, green color indicates matching nucleotides, red
color indicates mismatches, and gray indicates no query sequence
in part of the alignment. Downloadable files are text files containing
the result table and alignments.

3.5 pMLST Output The output shows the sequence type (ST) that has been associated
with the query and a table that has six columns containing detailed
results (Fig. 2): (a) allele name, (b) percentage of nucleotides that
are identical between the best-matching pMLST allele in the data-
base and the corresponding sequence in the plasmid, (c) length of
the alignment between the best-matching pMLST allele in the
database and the corresponding sequence in the plasmid,
(d) length of the best-matching pMLST allele in the database,

Fig. 2 In silico pMLST output. Overview of the in silico pMLST output at the web page. For a perfect matching
allele, the % identity will be 100, the allele length will equal the query length, and the number of gaps will be
0. Green color indicates a perfect match, while red color indicates an imperfect match or no match at all
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(e) number of gaps in the alignment, and (f) name of the best-
matching pMLST allele for each gene and allele identified. The
output also shows input file name used in the analysis and a possi-
bility to clicks for downloading results text files, as well as an
optional graphical presentation of the alignment for each of the
loci against the allele on the selected pMLST scheme that had the
best alignment score (see Note 4).

4 Notes

1. Upload the raw sequencing file(s) of the isolate or partial/
complete genomes. For preassembled partial or complete gen-
omes, the input sequence must be in one-letter nucleotide code
in a single FASTA file. The allowed alphabet (not case sensitive)
is the following: A C G T and N (unknown). It is indifferent
which type of short sequence reads that was used to produce
the genome.

If the input consists of raw sequencing reads, then the
PlasmidFinder web server will support FASTA and FASTQ
files. Raw read from the following technologies is supported:

l Illumina Solexa single end reads

l Illumina Solexa paired end reads

l Roche 454 single end reads

l Roche 454 paired end reads

l Ion-torrent single end reads

l SOLiD single end reads

l SOLiD paired end reads

l SOLiD mate paired reads

l Pacific Biosciences (PacBio)

l Oxford Nanopore

Depending on the technology used, it may produce more
than one raw read file. Therefore, the web server allows for
multiple FASTA or FASTQ files to be uploaded, but keep in
mind that the data have to originate from the same single
isolate.

2. The metadata template for the bacterial analysis pipeline.
Metadata is a term that covers additional data that supports

the main data, which in this case is theWGS sequence data. The
information required include place and year of isolation and so
on. The metadata template is in Excel format. It contains
27 attributes, where 11 of them are mandatory (header is in
bold), of which 7 are technical attributes used by the CGE
server. To avoid problems caused by file names, the server
accepts a limited selection of ASCII characters.

PlasmidFinder and In Silico pMLST: Identification and Typing of Plasmid. . . 291

http://en.wikipedia.org/wiki/FASTA_format


a-z

A-Z

0-9

_

-

.

3. Interpretation of PlasmidFinder results for the IncF, IncH, and
IncI plasmid families

In general, every replicon detected by PlasmidFinder could
be interpreted as one plasmid in the isolate, but there are
important exceptions due to plasmids that contain more than
one replicon and are defined as multireplicon plasmids. The
most diffused are plasmids belonging to the IncF, IncHI1, and
IncHI2 families.

IncF multireplicon plasmids may show different combina-
tions of the FIA, FIB, and/or FII-FIC replicons. A Plasmid-
Finder probe for the IncFIC(FII) combined replicon was
inserted into the database to make it more clear that some
IncFIC replicons also contain sequence data homologous to
IncFII replicons. FIA, FIB, and FII-FIC replicons may be
identified on different contigs that however belong to the
same plasmid. The assembly of these plasmids needs to link
the contigs carrying the different IncF-replicons by a
PCR-based gap closure approach. Alternatively, these complex-
ities can often be resolved by long sequence reads generated
with Single Molecule, Real-Time (SMRT) technology (Pac-
BIO, MinION, or similar).

The archetypal IncHI1 R27 plasmid (acc. no. AF250878)
carries the repHI1A, repHIB, and also an FIA-like replicons.
These can be recognized by the IncHI1A_1__AF250878,
IncHI1B(R27)_1_R27_AF250878, and IncFIA(HI1)
_1_HI1_AF250878 PlasmidFinder probes, respectively. There-
fore, the detection of these three replicons in a WGS of an
isolate can be interpreted as the presence of a unique IncHI1
plasmid in the isolate and not three different plasmids.

Novel variants of the HI1 family have been recognized and
the archetypal plasmids are named pNDM-CIT [14] and
pNDM-MAR [15]. These can be recognized by the IncHI1B
(CIT)_1_pNDM-CIT_JX182975, IncHI1A(CIT)_1_pNDM-
CIT_JX182975, IncHI1B_1_pNDM-MAR_JN420336, and
IncFIB(Mar)_1_pNDM-Mar_JN420336, PlasmidFinder
probes.

The IncHI2 family refers to the R478 archetypal plasmid
(acc. no._BX664015). R478 has two replicons, the repHI2
replicon that is unique of the IncHI2 group and the repHI2A
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replicon recognized by the IncHI2_1__BX664015 and
IncHI2A_1__BX664015 PlasmidFinder probes.

4. Interpretation of in silico pMLST output that does not report the
sequence type

In silico pMLST output gives allele numbers and the
corresponding sequence type (ST) when all the alleles are
detected and present in the pMLST database. New alleles
eventually present on the plasmid impair the generation of
the ST. For plasmids lacking one of the alleles necessary to
determine the ST, the in silico pMLST generates an output
listing the alleles present in the WGS but not the ST.

For IncF plasmids carrying multireplicons as described in
Note 3, pMLSToutput will provide the alleles assigned to each
IncF-replicon, but these do not generate a sequence type. The
mosaic structure of these plasmids impaired the application by a
classical multilocus sequence typing (MLST)-based approach.
IncF plasmids can have (or may not have) a complete set of
FIA, FIB, and FII-FIC replicons. In silico pMLST results can
be used to assign a FAB (FII, FIA, FIB) formula by the allele
type and number identified for each replicon (like a serotype
formula). For example, the FAB formula [F1:A1:B1] can be
assigned to plasmid pRSB107 (AJ851089), which results posi-
tive by pMLST to allele F1 for FII, A1 for FIA, and B1 for FIB
replicons, respectively. Analogously, the FAB formula [F2:A-:B-]
can be assigned to plasmid R100 (AP000342), positive for the
allele F2 only [6].
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Chapter 21

MOBscan: Automated Annotation of MOB Relaxases

M. Pilar Garcillán-Barcia, Santiago Redondo-Salvo, Luis Vielva,
and Fernando de la Cruz

Abstract

Relaxase-based plasmid classification has become popular in the past 10 years. Nevertheless, it is not
obvious how to assign a query protein to a relaxase MOB family. Automated protein annotation is
commonly used to classify them into families, gathering evolutionarily related proteins that likely perform
the same function, while circumventing the problem of different naming conventions. Here, we implement
an automated method, MOBscan, to identify relaxases and classify them into any of the nine MOB families.
MOBscan is a web tool that carries out a HMMER search against a curated database of MOB profile
Hidden Markov models. It is freely available at https://castillo.dicom.unican.es/mobscan/.

Key words Relaxase, MOB family, Plasmid, Bacterial conjugation, Horizontal gene transfer

1 Introduction

Conjugation is a horizontal gene transfer mechanism widely spread
among bacteria. Plasmids are key players in this process, allowing
the dispersion of adaptive traits and promoting the genetic
exchange between bacterial chromosomes. A comprehensive analy-
sis of bacterial plasmidomes is thus crucial to understand the bacte-
rial population dynamics and requires a phylogenetically
meaningful classification system. Genetic elements transmissible
by conjugation, either conjugative or mobilizable, encode a single
gene determinant in common: the relaxase. Its name comes from
the fact that this protein is able to relax supercoiled DNA of its
natural coding plasmid. The relaxase binds a DNA sequence known
as origin of transfer (oriT), where it catalyzes a strand-specific DNA
cleavage at the nic site. A protein-DNA adduct is formed after the
nicking reaction, which is the substrate transferred to the recipient
cell through the conjugative type IV secretion system. Once in the
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recipient, the relaxase catalyzes a strand transfer reaction to circu-
larize the transferred single-stranded DNA (for reviews on the
bacterial conjugation mechanism see [1–3]).

Relaxases were originally gathered by PSI-BLAST to assort
them into different MOB families [4, 5]. Later on, profile Hidden
Markov Models (HMMs) were used to search for distant similari-
ties without the convergence problems of the former method
[6, 7]. Eight relaxase MOB families were phylogenetically defined,
which provided support for an evolutionary-based classification
system of elements transmissible by conjugation. These families
comprised all transmissible elements for which conjugation had
been experimentally tested, namely mobilizable and conjugative
plasmids, and mobilizable and conjugative elements (IMEs and
ICEs). To the best of our knowledge, the single exception to this
rule was plasmid pCW3 from Clostridium perfringens, for which a
novel relaxase, TcpM, has been recently identified [8], inaugurating
the here named as MOBM family.

Most relaxase families (MOBF, MOBP, MOBQ, MOBH,

MOBB, and MOBV) belong to the His-hydrophobe-His (HUH)
endonuclease superfamily [9] (Fig. 1). The histidine triad (3H) is
essential for the relaxase activity. It coordinates a divalent metal ion
to facilitate cleavage by localizing and polarizing the scissile phos-
phodiester bond of the nic site. A 3H functional variant, HEN, is

Fig. 1 Relaxase MOB families in the NCBI plasmid database (see Note 8). Each relaxase MOB family is
represented by colored circle(s): MOBP in dark blue, MOBF in red, MOBQ in dark green, MOBV in magenta,
MOBH in yellow, MOBC in brown, MOBM in orange, MOBT in light green, and MOBB in light blue. Relaxases
targeting the same profile HMM are represented by a circle. The size of the circle is proportional to the number
of relaxases it includes (T4SS_MOBP1, 1437; profile_MOBF, 1002; T4SS_MOBQ, 798; T4SS_MOBV, 356;
T4SS_MOBH, 262; T4SS_MOBC, 197; T4SS_MOBP2, 176; profile_MOBM, 18; profile_MOBT, 37;
T4SS_MOBP3, 16; T4SS_MOBB, 10). Overlapping circles indicate homology between profiles. The four protein
superfamilies to which relaxase MOB families belong (HUH endonucleases, tyrosine recombinases, Rep_trans
RCR initiators, and PD-(D/E)XK restriction endonucleases) are individually shadowed by dark gray boxes. A
light gray box shadows MOB families that use at least a tyrosine residue for the nucleophilic attack, while a
light magenta box shadows MOBV family, which uses a histidine residue instead

296 M. Pilar Garcillán-Barcia et al.



present in ColE1-like plasmids belonging to the MOBP5 subfamily
[10]. Until recently, it was considered a rule that a tyrosine was the
catalytic residue of HUH relaxases, as demonstrated for MobA of
plasmid RSF1010/R1162 (MOBQ prototype [11]), TraI of plas-
mid RP4 and MbeA of plasmid ColE1 (MOBP prototypes
[10, 12]), TrwC of plasmid R388, and TraI of plasmid F (MOBF

prototypes [13, 14]), among others. Such residue performs nucle-
ophilic attack on the nic site, generating a phosphotyrosine bond.
Biochemical studies of the MOBH andMOBB conjugative relaxases
remain to be performed, but a MOBH relaxase involved in chro-
mosomal DNA secretion into the medium, TraI of the gonococcal
genetic island of Neisseria gonorrhoeae [15], relies on a tyrosine
residue for that process [16]. The MOBV relaxase prototype,
MobM of the mobilizable plasmid pMV158, was found to be the
rule breaker by using a histidine residue, instead of a tyrosine, to
nick the phosphodiester bond [17].

Out of the HUH metal-coordination signature of relaxases,
other MOB families emerged (Fig. 1). Such is the case of MOBC,
MOBT, and MOBM. Relaxases MobC of plasmid CloDF13 and
TraX of plasmid pAD1 are MOBC prototypes. They contain an
N-terminal winged helix-turn-helix (HTH) DNA binding domain
and a C-terminal catalytic domain related to the PD-(D/E)XK
family of restriction endonucleases, the latter containing the poten-
tially catalytic tyrosine residue [18]. MOBT prototypes are relaxases
Orf20 and NicK of ICEs Tn916 and ICEBs1 [19, 20]. They exhibit
the Rep_trans domain (Pfam PF02486) present in some rolling-
circle replication (RCR) initiation proteins, such as RepC of plas-
mid pT181 and RepD of plasmid pC221. Precisely, Orf20 and
NicK were, respectively, found to be responsible for the ability of
Tn916 and ICEBs1 to replicate autonomously via a RCR mecha-
nism [21, 22]. Like most HUH endonucleases, Rep_trans replica-
tors also use a catalytic tyrosine to form the covalent attachment to
DNA, but lack the HUH motif [23–25]. It is thus expected—yet
not empirically demonstrated—that MOBT relaxases also perform
nucleophilic attack by using a tyrosine residue. The Int integrase of
Tn916, a member of the tyrosine recombinase family, was found to
act as a relaxase accessory protein, conferring strand and sequence
specificities on the endonucleolytic cleavage activity of Orf20 [20].
Curiously, another member of the tyrosine recombinase family
(Pfam PF00589), TcpM of plasmid pCW3, was recently reported
to function as an actual relaxase [8]. This MOBM relaxase most
likely uses a tyrosine residue for its relaxation activity. In a bioinfor-
matics analysis of IMEs from streptococci, other RCR-like initiators
(PF01719 (Rep_2), PHA00330, and PF02407) were recently
identified as putative relaxases [26]. They have not been included
in this work because experimental confirmation is lacking.

In order to know if a protein belongs to a relaxase MOB family,
homologs are searched. Relaxase proteins often contain several
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distinct domains, thus PSI-BLAST searches could retrieve hits that
are not relaxase homologs, despite using only the relaxase domain
sequence in the first BLAST round. Besides, homologs are fre-
quently neither annotated as relaxases nor assigned to a Pfam
protein family. A solution to these problems could be querying a
curated relaxase profile HMM database with the protein sequences
of interest. The generation of such database and its implementation
on an online platform for automated identification and annotation
of relaxases in bacterial genomes is the aim of this work.

2 Materials

A personal computer or workstation with web access is needed. A
text file containing the protein sequence(s) to be analyzed in
FASTA format (https://en.wikipedia.org/wiki/FASTA_format)
should be provided. In this format, the first line of each protein
starts by a “>” (greater than) symbol followed by a header contain-
ing a protein description. The following lines contain the protein
sequence in standard one-letter code.

3 Method

3.1 Profile HMM Files 1. Individual profile HMM files for relaxase families MOBP

(T4SS_MOBP1, T4SS_MOBP2, and T4SS_MOBP3 (seeNote
1)), MOBQ (T4SS_MOBQ), MOBH (T4SS_MOBH), MOBC

(T4SS_MOBC), MOBV (T4SS_MOBV), and MOBB

(T4SS_MOBB (see Note 2)) were retrieved from the TXSScan
suite (https://research.pasteur.fr/en/tool/txsscan-models-
and-profiles-for-protein-secretion-systems/) [27]. These pro-
files are also used in the CONJScan server (https://galaxy.
pasteur.fr/root?tool_id¼toolshed.pasteur.fr/repos/odoppelt/
conjscan/ConjScan/), which allows to identify conjugative
systems in genomes [6, 7, 28] (see Chapter 19 by Cury et al.).

2. New profile HMMs were built for MOBF, MOBT, and MOBM

families from seed multiple sequence alignments generated
with MUSCLE v3.8.31 [29] by using the hmmbuild function
of the HMMER3 software suite [30]. The profile HMM for
the MOBF relaxase family (profile_MOBF) was generated from
an alignment of the N-terminal 300 residues of 146 MOBF

proteins described in refs. 5, 31, which was previously trimmed
to remove poorly aligned regions at the edges by using trimAl
[32] (see Note 3). The profile HMM for the MOBT relaxase
family (profile_MOBT) was built from an alignment of
498 relaxases retrieved from a BLASTP search [33] using as
query the Orf20_Tn916 complete sequence present in Figure 3
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of ref. 21. The alignment was trimmed while keeping both
HTH and Rep_trans domains (see Note 4). For the novel
family MOBM, a profile HMM (profile_MOBM) was built
based on an alignment of 13 relaxases from Clostridium per-
fringens plasmids, retrieved from a BLASTP search using
TcpM_pCW3 (GenBank acc. no. WP_003479716.1) as
query. The three new profiles were checked to match signifi-
cantly the proteins included in the alignments used to
generate them.

3.2 Hmmscan

Search

1. The hmmpress function of the HMMER3 suite (see HMMER
User’s Guide at http://hmmer.org/) was used to prepare the
HMM database for hmmscan (MOBfamDB) from the 11 pro-
file HMMs for the nine MOB relaxase families.

2. Hmmscan was used to search query protein sequences against
MOBfamDB and output-targeted profiles. Default settings
(0.01) were used for per-target and per-domain inclusion
thresholds (respectively --incE and --incdomE, in options for
inclusion thresholds in the hmmscan function).

3.3 MOBscan Server 1. MOBscan is a web-server Ajax application where the user can
upload a FASTA file containing either one or several query
proteins to identify automatically relaxases belonging to any
of the nine MOB families. MOBscan uses custom-made PHP
and Python scripts to invoke hmmscan and produce the output
summary table. This application is freely available at https://
castillo.dicom.unican.es/mobscan/. Links are available at the
MOBscan web page to the following: (1) other resources that
allow the detection of conjugative systems in genomes (CON-
JScan and TXSScan), (2) online server to perform HMMER
search using query proteins against profile HMM databases (see
Note 5), and (3) MOBfamDB database.

4 Implementation

4.1 MOBscan Input In the MOBscan web page, the user should upload a text file in
FASTA format with the query sequence(s) and provide an input
name to identify the job (Fig. 2).

4.2 MOBscan Output Once the job is completed, a table with the results shows up in the
web page (e.g., Table 1). It contains a row for each query sequence
that matched a MOB profile HMM fulfilling the inclusion criteria:
E-value �0.01, i-Evalue �0.01, and profile HMM coverage �60%.
When more than one profile HMM is targeted meeting these
criteria, then that with the lowest i-Evalue is reported. The output
table has eight columns: (1) query name, that is, the header
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provided by the user in the FASTA file; (2) relaxase MOB family to
which the query protein belongs; (3) profile HMM targeted with
the most significant match to the query sequence; (4) coverage,
that is, proportion of the profile HMM that matches the query
sequence (see Note 6); (5) and (6) endpoints of the reported local
alignment with respect to the query sequence; (7) per-target
threshold (E-value); and (8) per-domain threshold (i-Evalue). For
more details on (5) to (8), see HMMER User’s Guide at http://
hmmer.org/.

A complete report can be downloaded from a link in the web
page. It is a zip folder that includes four files (seeNote 7). The log.
txt file contains an output identifier of the submitted job, the job
identifier provided by the user, pipeline version, and execution
time. The results.txt file is the hmmscan standard output that
contains information of all query proteins regarding their matching
to MOBscan profile HMMs, while results.dom.txt is a tabular

Fig. 2 MOBscan input. Overview of the MOBscan web page
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Table 1
Summary table of a MOBscan job generated by using as query a multi-FASTA file containing
relaxases of the nine MOB families

Query name
Relaxase
MOB family Profile HMM Coverage Start End Evalue i-Evalue

TraI|RP4|
WP_011205818.1

MOBP T4SS_MOBP1 0.99 1 234 1.8e-52 1.8e-52

VirD2|pTi|
WP_010892502.1

MOBP T4SS_MOBP1 0.83 8 218 5.5e-40 5.5e-40

TaxC|R6K|
WP_012845396.1

MOBP T4SS_MOBP1 0.86 56 264 1.2e-24 1.2e-24

TaxC|pOLA52|
YP_001693207.1

MOBP T4SS_MOBP1 0.86 54 263 5e-24 5e-24

TaxC|pSAM7|
YP_008439334.1

MOBP T4SS_MOBP1 0.65 66 226 7.5e-26 7.5e-26

TraR|pIPO2T|
CAC82765.1

MOBP T4SS_MOBP1 0.81 64 256 5.2e-35 1.6e-34

MbeA|ColE1|
CAA33883.1

MOBP T4SS_MOBP1 1.00 1 224 3.6e-45 1.6e-44

NikB|R721|
WP_010895884.1

MOBP T4SS_MOBP1 0.99 1 249 6e-39 6e-39

MobA|pC221|
WP_002493199.1

MOBP T4SS_MOBP1 0.97 5 219 9.8e-47 9.8e-47

RelLS20|pLS20|
WP_013603221.1
(see Note 7)

MOBP T4SS_MOBP2 0.71 57 406 3.4e-62 1.4e-58

OrfY36|pY0017|
WP_014107014.1

MOBP T4SS_MOBP3 1.00 1 308 2.4e-220 3.2e-220

TcpM|pCW3|
WP_003479716.1

MOBM profile_MOBM 1.00 1 266 8.3e-179 9.3e-179

Orf20|Tn906|
WP_009966621.1

MOBT profile_MOBT 0.84 24 351 4.5e-98 5.5e-98

NicK|ICEBs1|
WP_009966621.1

MOBT profile_MOBT 0.84 24 351 4.5e-98 5.5e-98

TrwC|R388|
YP_009182119.1

MOBF profile_MOBF 0.96 6 262 4.9e-90 4.9e-90

TraI|F|WP_000987005.1 MOBF profile_MOBF 1.00 1 263 8.2e-98 1.9e-97

Alr8034|
pCC7120gamma|
WP_010994092.1

MOBF profile_MOBF 1.00 1 295 1.8e-99 5.1e-99

TraA|pGA2|
WP_011091136.1

MOBF profile_MOBF 1.00 1 290 1.4e-75 1.4e-75

(continued)
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Table 1
(continued)

Query name
Relaxase
MOB family Profile HMM Coverage Start End Evalue i-Evalue

MobM|pMV158|
AAA25387.1

MOBV T4SS_MOBV 0.99 1 198 1.4e-72 1.4e-72

Mob|pBBR1|
WP_031943939.1

MOBV T4SS_MOBV 0.97 3 188 2.1e-58 2.1e-58

BmpH|Tn5520|
AAD24590.1

MOBV T4SS_MOBV 0.99 1 216 4.1e-37 4.1e-37

Mob|pTX14–1|
NP_054010.1

MOBV T4SS_MOBV 0.97 5 227 4.3e-52 4.3e-52

Mob|pPMA4326D|
WP_011178602.1

MOBV T4SS_MOBV 0.99 19 246 5.6e-39 5.6e-39

TraI|R27|
WP_010892327.1

MOBH T4SS_MOBH 1.00 63 275 3e-74 4.8e-74

TraI|SXT|ABA87024.1 MOBH T4SS_MOBH 1.00 26 228 1.9e-70 3.4e-70

TraI|pKLC102|
WP_003158138.1

MOBH T4SS_MOBH 0.87 31 203 2.9e-45 2.9e-45

TraI|pMOL28|
WP_011239901.1

MOBH T4SS_MOBH 0.73 1 143 7.7e-47 1e-46

MobC|CloDF13|
CAB62410.1

MOBC T4SS_MOBC 1.00 25 237 3.2e-54 3.7e-54

TriL|p29930|
CAD58576.1

MOBC T4SS_MOBC 1.00 20 239 2.1e-67 2.4e-67

TraX|pAD1|AAL59457.1 MOBC T4SS_MOBC 0.87 2 207 1e-36 1.1e-36

Orf12|pSci5|
WP_011310479.1

MOBC T4SS_MOBC 0.91 15 187 8.7e-47 9.2e-47

Orf1|pUA140|
WP_002290776.1

MOBC T4SS_MOBC 1.00 17 242 2.2e-53 2.5e-53

MobA|RSF1010|
WP_001395566.1

MOBQ T4SS_MOBQ 1.00 1 207 2.7e-59 2.7e-59

TraA|pTi|
WP_010892383.1

MOBQ T4SS_MOBQ 1.00 1 232 7.9e-79 2.1e-78

TraA|pIP501|
AAA99466.1

MOBQ T4SS_MOBQ 0.96 2 224 8.6e-66 8.6e-66

Nes|pSK41|
WP_001252101.1

MOBQ T4SS_MOBQ 1.00 1 206 1.4e-69 3.6e-69

MobB|p5482|
WP_011109632.1

MOBB T4SS_MOBB 1.00 1 233 3.2e-80 4.4e-80
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output file with one data line per homologous domain detected in a
query sequence for each homologous model. File results_60.csv
contains the output table shown in the web page, including thus
only query proteins that targeted �60% of a given profile HMM.

5 Notes

1. All plasmid proteins present in the NCBI plasmid database
ftp://ftp.ncbi.nlm.nih.gov/refseq/release/plasmid/ (version
RefSeq84) were analyzed by using MOBscan to identify and
classify the relaxases. Proteins assigned to a MOB profile were
aligned using MUSCLE, and the alignment was used as input
to search against the MOBfamDB database using HHsearch
version 2.0.16. Profile HMMs targeted with P-value �0.001
were considered to have homology to the MOB profile of the
corresponding input alignment. Homology between
T4SS_MOBP1 and profiles T4SS_MOBB, T4SS_MOBP3,
T4SS_MOBP2, T4SS_MOBQ, and T4SS_MOBV was
detected and therefore they are represented as overlapped cir-
cles in Fig. 1.

2. MOBP is a diverse superfamily and a single profile HMM
cannot detect all its members. Three profiles were developed
to uncover this family (T4SS_MOBP1, T4SS_MOBP2, and
T4SS_MOBP3) [7, 27]. These profiles should not be mistaken
for MOBP subfamilies. Representative relaxases of the seven
MOBP subfamilies (MOBP1–MOBP7) described in ref. 5 tar-
geted the T4SS_MOBP1 profile.

3. Although MOBB family was phylogenetically described in ref.
7, there are no experimental reports on this family, neither
in vivo nor in vitro.

4. MOBF profile HMM at CONJScan and TXSScan
(T4SS_MOBF) includes both the relaxase and helicase
domains typically found in most MOBF members. The latter
domain is shared by some MOBQ relaxases and thus
T4SS_MOBF rescues a mix of MOBF and MOBQ hits. The
new MOBF profile (profile_MOBF) does not rescue proteins
containing a MOBQ relaxase domain.

5. A mass spectrometry analysis of Orf20_Tn916 revealed that,
besides the Rep_trans domain, the protein contained an extra
N-terminal peptide of 67 residues, which was a conserved
xenobiotic response element (XRE)-like HTH domain
(HTH_3, Pfam PF01381) indispensable for relaxase activity
[21]. The previously published MOBT profile HMM at CON-
JScan and TXSScan (T4SS_MOBT) was built from proteins
lacking the HTH_3 domain and targets non-conjugative
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Rep_trans replication initiation protein hits. A list of
263 Rep_trans RCR initiators, hits of a BLASTP search using
RepC_pT181 as query, were not retrieved by using the new
MOBT profile HMM (profile_MOBT) and MOBscan inclu-
sion criteria, while MOBT relaxases lacking the XRE-like HTH
domain, like NicK_ICEBs1, were retrieved. Anyhow, the recov-
ery of a RCR Rep_trans initiator using profile_MOBT cannot
be ruled out (seeNote 6). Here, we have manually checked the
existence of an annotated replication initiation protein different
from the putative MOBT relaxase in most of the MOBT plas-
mids, as well as an FtsK-/SpoIIIE-like ATPase gene located
downstream the MOBT relaxase gene. Experimental evidence
on the conjugation of MOBT plasmids, currently lacking,
would be very valuable to detect these relaxases more
accurately.

6. Overlapping between Pfam and MOBfamDB. Pfam is a large
database of protein domain models developed for automated
protein sequence classification and annotation [34] (http://
pfam.xfam.org/). When a query protein contains a conserved
Pfam domain, it is shown in the output of an online BLASTP
search at the NCBI or EMBL-EBI platforms. Searches against
HMM libraries (either Pfam or others) can be performed
at https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan.
Relaxase domains representatives of the nine MOB families
were used to match Pfam domains. Different MOB relaxases
families are uncovered at different extents by the following
Pfam entries:

MOBP: Pfam PF03432 (also known as relaxase) was targeted
by the relaxase domain of TraI_RP4 (MOBP1 subfamily),
VirD2_pTi (MOBP2), TaxC_R6K (MOBP3), TraR_pI-
PO2T (MOBP4), MbeA_ColE1 (MOBP5), and
MobA_pC221 (MOBP7), but not by NikB_R721
(MOBP6). All of them are also targeted by the
T4SS_MOBP1 HMM profile. Nevertheless, relaxases
uncovered by the T4SS_MOBP2 and T4SS_MOBP3
HMM profiles are not members of the PF03432 family.

MOBF: TrwC_R388 (MOBF11 subfamily), TraI_F (MOBF12),
Alr8034_pCC7120γ (MOBF13), and TraA_pGA2
(MOBF2) targeted Pfam domain PF08751 (also known
as TrwC).

MOBQ: Pfam domain PF03389 (MobA_MobL) was targeted
by the relaxase domain of MobA_RSF1010 (MOBQ1 sub-
family), TraA_pTi (MOBQ2), TraA_pIP501 (MOBQ3),
and Nes_pSK41 (unclassified subfamily (MOBQu)).

MOBV: MobM_pMV158 (subfamily MOBV1), Mob_pBBR1
(MOBV2), BmpH_Tn5520 (MOBV3), Mob_pTX14–1
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(MOBV4), and Mob_pPMA4326D (MOBV5) targeted
PF01076 (Mob_Pre).

MOBH: TraI_R27 (MOBH11), TraI_SXT (MOBH12),
TraI_pKLC102 (MOBH2), and TraI_pMOL28 (MOBH3)
targeted the PF07514 domain (TraI_2).

MOBC: MobA_CloDF13 (MOBC11 subfamily), TraX_pAD1
(MOBC21), and Orf1_pUA140 (MOBC3) targeted Pfam
PF13814 (Replic_Relax), but this profile was not rescued
either by MOBC12 (TriL_p29930) or by MOBC22

(Orf12_pSci5) relaxases.

MOBM: Pfam domain PF00589 (Phage_integrase) was tar-
geted by the prototype relaxase TcpM_pCW3.

MOBT: Pfam domain PF02486 (Rep_trans) was targeted by
the prototype relaxases Orf20_Tn916 and NicK_ICEBs1.

MOBB: No Pfam domain was targeted by the prototype relax-
ase MobB_p5482.

Profile–profile comparisons between relaxase HMMs of the
Pfam and MOBfamDB databases were carried out by
using HHsearch version 2.0.16 [35] to detect significant
sequence similarity among them. Matches with P-value
�0.001 were considered significant and are shown in
Table 2.

7. MOBL was recently defined as a new relaxase family, and the
RelLS20 relaxase of plasmid pLS20 was considered its proto-
type [36]. Some members of this group were classified as
MOBP relaxases in ref. 5. The 817 non-redundant proteins
rescued by PSI-BLAST by querying with p58_pLS20 and listed
in Table S1 of ref. 36 were analyzed by using MOBscan. Of
them, 807 proteins targeted a MOBP family profile of the

Table 2
HMM–HMM comparison between Pfam and MOBfamDB relaxase profiles

Pfam profile MOBfamDB best hit Other MOBfamDB hits

PF03432 T4SS_MOBP1 T4SS_MOBQ, T4SS_MOBV

PF08751 profile_MOBF –

PF03389 T4SS_MOBQ T4SS_MOBP1, T4SS_MOBV

PF01076 T4SS_MOBV T4SS_MOBP1

PF07514 T4SS_MOBH –

PF13814 T4SS_MOBC –

PF00589 profile_MOBM –

PF02486 profile_MOBT –
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MOBfamDB but only 504 fulfilled the coverage requirement
(T4SS_MOBP1: 25 hits, T4SS_MOBP2: 351, and
T4SS_MOBP3: 128). A total of 10 out of the 817 query
proteins neither matched anyMOB profile nor contained relax-
ase motifs.

8. We queried MOBscan with a set including all RefSeq84 plas-
mid proteins. MOB proteins assigned to a profile HMM were
rescued and their relaxase domains aligned using MUSCLE
and MAFFT [37]. Many proteins with coverage <60% of the
targeted profile HMM were truncated, lacking some of the
relaxase motifs typical of the corresponding families. A closer
inspection (alignment to the corresponding profile HMM and
genetic context of the encoding gene) was carried out with
proteins targeting T4SS_MOBH, profile_MOBT, and profi-
le_MOBM with coverage <60%. It revealed putative
HD-hydrolases, Rep_trans initiators, and site-specific recombi-
nases, which share homology withMOBH,MOBT, andMOBM

relaxases, respectively. Coverage �0.6 was thus chosen to
report a query sequence as a MOB relaxase in the MOBscan
online output to avoid truncated proteins and limit cross talk
with related families. Query sequences fulfilling the E-value and
i-Evalue criteria (�0.01) and exhibiting coverage <60% of the
targeted profile HMM are excluded from the results_60.csv
report but are included in files results.txt and results.dom.txt.
Thus, a careful inspection of these results by the user is recom-
mended either to detect putative relaxases excluded by the
MOBscan cut-off coverage or to discard positive matches.

9. More than one profile HMM can be matched by a query
sequence and more than one region of the protein (referred
to as domain in files results.txt and results.dom.txt) can target
each profile. Details of all HMMs targeted by each query and
their corresponding domains are recorded in files results.txt
and results.dom.txt. Further information on the content of
these two files is available at HMMER User’s Guide at
http://hmmer.org/. File results.csv contains only the best
HMM hit for each query, that with the lowest i-Evalue, when-
ever the profile coverage is �60%.
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Chapter 22

Plasmid Typing and Classification

Laura Villa and Alessandra Carattoli

Abstract

Plasmids identification and classification is an essential parameter in current bacterial typing. The most
widely used PCR-based methods are the PCR-based replicon typing (PBRT) and the degenerate primer
MOB typing (DPMT). PBRT targets the replicons on the plasmids and DPMT targets the relaxase genes. A
finer resolution of phylogenetic relatedness can be obtained by plasmid multiLocus sequence typing
available for the major plasmid types occurring in Enterobacteriaceae.

Key words PBRT, DPMT, pMLST, Bacterial typing, Incompatibility group

1 Introduction

The identification of the plasmid family is useful to trace the spread
of common and successful resistance plasmids and to perform a
complete bacterial typing with the information relative to plasmid
content. In the 1970s, plasmids from Enterobacteriaceae were
categorized in almost 30 major incompatibility (Inc) groups on
the basis of their conjugative and exclusion properties [1]. Conju-
gation experiments were performed to recognize the Inc group,
but this method was performed on a limited number of bacterial
isolates, being a laborious, time-consuming work. The molecular
detection of genes controlling plasmid replication (replicon typing)
was initially based on a Southern blot hybridization-based method
that used parts of replicons cloned from plasmids of known Inc
groups as probes [2]. This method had a limited use, because it was
laborious and showed probe cross-hybridization among closely
related replicon sequences. Plasmid classification and typing is cur-
rently based on conventional PCR-based methods.

PCR-based replicon typing (PBRT) was devised on the repli-
con sequences, mostly on the repA gene identified in reference

Fernando de la Cruz (ed.), Horizontal Gene Transfer: Methods and Protocols, Methods in Molecular Biology, vol. 2075,
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plasmids belonging to the 18 major Inc. groups of Enterobacter-
iaceae [3]. For the I1, B/O, K, FII, and FIC replicons, which
showed closely related repA genes, PBRT was devised on the
sequences of the regulatory antisense RNAs, regulating the Inc
behavior and the repA gene expression [3]. PBRT has been updated
for including novel repA genes [4–9]. PBRT schemes have also
been developed for Acinetobacter baumannii, enterococcal, and
staphylococcal plasmids [10–12].

Degenerate primer MOB typing (DPMT) detects by PCR the
relaxase genes encoded by transmissible plasmids. Since relaxase
genes are more conserved than the repA genes, this method poten-
tially detects all γ-proteobacterial transmissible plasmids, classifying
them in five phylogenetic relaxase MOB families [13]. MOB typing
has higher sensitivity but lower resolution and cannot be applied to
non-transmissible plasmids that lack the relaxase gene.

For enterobacteria plasmid families, pMLST schemes have been
devised for plasmid subtyping [5, 14–18].

2 Materials

This protocol is based on standard PCRs assays.

1. Taq polymerase with its reaction buffer.

2. 30 mM and 50 mM MgCl2.

3. 10 mM dNTP.

4. PCR-grade H2O.

5. 100 μM solutions for each primer (seeNote 1). Primers used in
PBRT, DPMT, and pMLST PCRs are, respectively, listed in
Tables 1, 2, and 3.

6. Agarose basic, DNAse free.

7. 10� TAE buffer, pH 8: Tris–acetate 0.04 M; EDTA 0.001 M
or in alternative 10� TBE buffer, pH 8.3: 890 mM Tris–bo-
rate, 890 mM boric acid, 20 mM EDTA.

8. Ethidium bromide stock solution at 10 mg/ml (5 μl stock/
100 ml gel, 0.5 mg/ml final concentration).

9. Ladder for DNA electrophoresis with 1000–100 bp size range.

10. DNA-loading buffer 6�: 2.5% Ficoll-400, 11 mM EDTA,
3.3 mM Tris–HCl, 0.017% SDS, 0.015% bromophenol blue
pH 8.

11. A thermal cycler to perform PCR amplifications.

12. An electrophoresis apparatus for visualization of the amplicons
in agarose gels.
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R
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P
0
0
1
9
1
8
)

C
ar
at
to
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P
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P
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0
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P
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3 Methods

3.1 Preparation

of the PCR DNA

Template

1. The total DNA is extracted from 2 ml of LB overnight liquid
cultures, without antibiotics, using commercially available total
DNA purification kits, according to the protocol supplied from
the manufacturer, making sure that the extracted DNA is free
of PCR inhibitors (see Note 2).

2. Store the DNA at �20 �C avoiding repeated freeze/thaw
cycles.

3.2 PBRT

for Enterobacterial

Plasmids

Table 1 shows the updated PBRT scheme detecting 25 replicons in
5 multiplex and 11 simplex PCRs. The IncX multiplex detects four
further plasmid types, including IncX1, IncX2, IncX3, and IncX4
[7]. Currently, a commercial PBRT kit, detecting 28 replicons
in an array of 8 multiplexes has become available, reducing
cross-reactions and simplifying the screening of a large number of
isolates [20].

1. Prepare the reaction mixture for the standard multiplex PCRs
by mixing 2.5 μl of 10� buffer, 2.5 μl of 30 mMMgCl2, 0.5 μl
of 10 mMdNTP, 0.5 μl of 50 μMprimers A FW, A RV, B FW, B
RV, C FW, C RV, D FW, and D RV, 0.25 μl of 2 U/μl Taq
polymerase, and 100 ng of purified total DNA (see Note 3).
Add H2O up to a volume of 25 μl (see Note 4). Primers for A,
B, C, and D targets, respectively, are those included in each
multiplex PCR, following the scheme reported in Table 1.

2. Prepare the reaction mixture for simplex PCRs by mixing 2.5 μl
of 10� buffer, 2.5 μl of 30 mMMgCl2, 0.5 μl of 10mMdNTP,
0.5 μl of 50 μM primers FW and RV, 0.25 μl of 2 U/μl Taq
polymerase, and 100 ng of purified total DNA (see Note 4).
AddH2O up to a volume of 25 μl (seeNote 3). Primers FWand
RV are those included in each simplex PCR, following the
scheme reported in Table 1.

3. Run the PCR by using the amplification running program for
PBRT specified in Table 1 for each multiplex and simplex PCR.

4. Load 15–25 μl of the amplified products and 1 μl of the
DNA-loading buffer onto 2% agarose gel containing ethidium
bromide (5 μl stock/100 ml gel, 0.5 mg/ml final concentra-
tion). Load at least one lane in each gel with DNA ladder.
Separate by electrophoresis at room temperature (recom-
mended maximum voltage 100 V) and visualize under ultravi-
olet light (see Notes 5–8).

3.3 DPMT

for γ-Proteobacterial
Transmissible

Plasmids

A set of 19 degenerate primer pairs, specific for subfamilies within
MOBC, MOBF, MOBH, MOBP, and MOBQ groups, are used in
DPMT (Table 2).
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1. Prepare the reaction mixture for the PCR by mixing PCR
buffer (50 mM KCl, 10 mM Tris–HCl (pH 8.8), 0.1% Triton
X-100), 1.5 mM MgCl2, 0.2 mM dNTP, 1 μM of the
corresponding pair of degenerate oligonucleotides (Table 2),
2–5 μl (0.4–1 μg) of total DNA, and 1 U of BioTaq polymerase
(Bioline) in a final volume of 50 μl.

2. Run the PCR by using the amplification running program for
DPMT specified in Table 2 for each primer pair.

3. Proceed as in step 4 of Subheading 3.2 (see Note 8).

3.4 Plasmid

MultiLocus Sequence

Typing

pMLST is available for IncI1, IncN, IncF, IncHI2, IncHI1, and
IncA/C plasmids. Primers, PCR conditions, and the expected size
of the amplicons are listed in Table 3 (see Subheadings 2 and 3 at the
www.pubmlst.org/plasmid/site).

3.4.1 Amplicons

Purification

and Sequencing

1. Purify the amplicons of the pMLST alleles by using commer-
cially available PCR purification kits, according to the protocol
supplied from the manufacturer.

2. Sequence both DNA strands by fluorescent dye-labeled
dideoxynucleotides using a Sanger sequencing instrument.

3.4.2 Alleles Detection

and Sequence Type

Determination

1. Submit the amplicon sequences to the multilocus sequence
typing (MLST) website www.pubmlst.org/plasmid/ to check
for the allele number: the nucleotide sequences of the ampli-
cons are compared with allele sequences in the database using
software set for dynamic full alignment. If the amplicon
sequence matches at 100% of nucleotide identity with one of
the allele sequences in the database, the allele number is auto-
matically assigned at the website.

Alleles showing one mismatch or more need to be
assigned. Novel alleles should be sent to the website curator
to obtain a new allele number.

2. Submit the combination of the alleles numbers to the www.
pubmlst.org/plasmid/ website to obtain the sequence type
(ST) assignment. New combination of allele numbers should
be submitted to the website curator to obtaining the assigna-
tion of new STs.

4 Notes

1. Oligonucleotide solutions can be stored at �20 �C and diluted
in small aliquots to obtain 50 μM and 10 μMworking solutions
and stored at �20 �C, avoiding repeated freeze/thaw cycles.

2. The methods described in this chapter are all based on the
detection of a precise amplicon size produced by PCR, and
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positive controls for each PCR are needed to correctly recog-
nize positive and negative results. Several closely related repli-
cons can give cross-reaction with different primer pairs (FII, K,
B/O); a simplex PCR is recommended for this reason and for
these replicons. To minimize the cross-reaction among pri-
mers, total genomic purified DNA that includes both chromo-
somal and plasmids, obtained by commercial kit, is preferred as
PCR template to boiling extraction methods. Total genomic
DNA extraction is preferred to plasmid DNA extraction
because very large plasmids (>150 kb) cannot be easily
prepared by column-based plasmid purification systems, while
they are well represented in total genomic DNA extractions.
Plasmid DNA extraction can be used as template but in a very
small amount, since large amount of purified plasmid DNA
may generate false-positive PCR results, due to cross-reaction
of primers among similar replicons.

3. A minimal amount of template should be used, not exceeding
100 ng of total genomic DNA or 1–3 ng of purified plasmid
DNA. Depending on the performance of the thermocycler, a
reduction of PCR cycles is also useful to reduce the background
if extra bands are observed (25 cycles instead of 30 cycles of
amplification).

4. For the analysis of more than one sample, multiply the volumes
of each reagent for the number of samples to be tested exclud-
ing the purified DNA, then aliquot in separate tubes and add
the DNA template. One blank reaction must be tested for every
PCR mix, using distilled water instead of the DNA template.
Positive controls for each reaction should be amplified in paral-
lel with the tested samples.

5. IncF plasmids are usually multireplicon plasmids carrying FIA,
FIB, and FII replicons in different combinations. Double or
triple positivity of IncF PBRT is therefore considered normal
for this plasmid family.

6. PBRT results obtained in a multiplex PCR can be confirmed
repeating the positive PCR in simplex.

7. The amplicons obtained by simplex PCRs can be purified and
sequenced by standard Sanger method sequencing to verify the
result obtained.

8. Transformation or conjugation experiments should be done to
assign resistance genes to a specific plasmid family and PBRTor
DPMT can be repeated on transformants and transconiugants
to identify the family of the transferred plasmid. To transfer
plasmids in a suitable laboratory recipient, bacterial recipient is
particularly important when multireplicon plasmids are present
or more than one plasmid species is present within the same
bacterial cell.
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Chapter 23

Plasmid Reconstruction from Next-Gen Data: A Detailed
Protocol for the Use of PLACNETw for the Reconstruction
of Plasmids from WGS Datasets

Marı́a de Toro, Val F. Lanza, Luis Vielva, Santiago Redondo-Salvo,
and Fernando de la Cruz

Abstract

Mobile Genetic Elements (MGE) play essential roles in adaptive bacterial evolution, facilitating genetic
exchange for extrachromosomal DNA, especially antibiotic resistance genes and virulence factors. For this
reason, high-throughput next-generation sequencing of bacteria is of great relevance, especially for clinical
pathogenic bacteria. Accurate identification of MGE from whole-genome sequencing (WGS) datasets is
one of the major challenges, still hindered by methodological limitations and high sequencing costs.
This chapter encompasses the protocol used for plasmid reconstruction by applying the PLACNETw

methodology, from raw reads to assembled plasmids and chromosome. PLACNETw is a graphical user-
friendly interface to visualize and reconstruct MGE from short-read WGS datasets. No bioinformatic
background or sophisticated computational resources are required and high precision and sensitivity are
achieved.

Key words Mobile genetic elements, Whole genome sequencing, Plasmids, ICEs

1 Introduction

Horizontal gene transfer (HGT) is a fundamental driver of bacterial
evolution. It is, in many cases, responsible for the acquisition of
antimicrobial resistance and virulence determinants. Together with
transposons and Integrative Conjugative Elements (ICEs), plas-
mids are main players in HGT events, and thus key constituents
of bacterial genomes [1]. High-throughput next-generation
sequencing of bacteria is growing in relevance, especially for clinical
pathogenic bacteria. It is of main interest to assess taxonomic
identification and virulence and antibiotic resistance prediction,
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mainly linked to Mobile Genetic Elements (MGE). Consequently,
accurate identification of plasmids from Whole-Genome Sequenc-
ing (WGS) data remains one of the major challenges for
sequencing-based precision medicine in infectious diseases.

Characterization of plasmids in Whole-Genome Sequence
(WGS) data is hindered by methodological limitations. Short-read
sequencing cannot resolve repeated elements, resulting in hundreds
of contigs per genome [2]. This limitation has led the emergence
and development of alternative sequencing platforms produced by
Oxford Nanopore Technologies (MinION devices) and Pacific
Biosciences (PacBio) [3, 4]. They can generate long reads that are
several kilobases in length, exceeding the length of repeated
sequences in bacterial genomes and ideally enabling genome com-
plete assemblies. However, and in spite of this advantage, the
accuracy of the assembled genome seems not to be very good,
even after using error-correction tools. For this reason, many
authors consider the need to use hybrid assemblies, combining
both MinION/PacBio long reads and Illumina short reads
[3–5]. While effective, higher costs and error rates of long-read
sequences versus Illumina ones hamper their implementation as the
standard methodology. For these, short-read approaches currently
dominate theWGS bacterial reconstruction, providing crucial diag-
nostic information [3, 6].

Some tools, such as PlasmidFinder [7] and ACLAME database
[8], have been developed to assist in plasmid analysis. While both
can identify and analyze individual plasmid contigs, neither was
designed to assemble them. Other approaches, such as Plasmid-
SPades [9], enable the assembly of plasmid contigs, mainly by
exploiting differences in coverage. Other ones assist on separate
plasmid contigs from chromosomal ones by analyzing genomic
signatures (cBar [10]), the assembly graph (Recycler [11]) or
based on comparisons versus complete sequenced genomes and
machine learning techniques (mlplasmids [12]). All of them are
automate or semi-automate approaches: they show minimal human
intervention and are easy to implement in large-scale processes but
show significant differences in terms of precision, sensitivity, and
resolution, especially for large modular plasmids [6, 13].

We published PLACNET, a graph-based method to identify,
visualize, and analyze plasmids in WGS projects by creating a net-
work of contig interactions [14]. PLACNET allows the identifica-
tion of plasmids, providing a useful tool to carry out comprehensive
plasmid population genetic studies. Compared with previous meth-
ods, which are automated [13], PLACNET relies on manual prun-
ing of the graph, which results in added precision and sensitivity
[14, 15]. Nevertheless, using PLACNET was a difficult task for
users without solid bioinformatic background. To address this
issue, we recently developed PLACNETw [16], a web-based tool
that allows scientists with no specific bioinformatic background, or
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low computational resources, to explore plasmids in WGS data. Of
course, optimal network pruning relies on a user with knowledge of
microbiological concepts in the domain of bacterial and plasmid
genome analysis. PLACNETw displays the PLACNET graph in a
graphical user interface (GUI) and uses simple, comprehensible
operations to reconstruct plasmids from WGS datasets. The pro-
gram is interactive and includes visualization, pruning, and saving
tools that allow users to easily reconstruct the plasmids in the test
genome.

PLACNETw is a user-friendly solution for plasmid reconstruc-
tion. It builds on different characteristics of plasmid biology to
improve the result of contig assembly. This is achieved by manual
pruning of the graph representation, which is now optimized in
PLACNETw for easiness of use. When all the info is integrated,
each plasmid sequence is downloaded as a separate file that can be
used in downstream applications.

This chapter describes the protocol devoted to plasmid recon-
struction from WGS datasets by using the PLACNETw methodol-
ogy. From raw reads to assembled plasmids and chromosome, all
the processes are detailed in the following sections, paying special
attention to the pruning process, which is the most sensitive step
when looking for reliable genome reconstruction through PLAC-
NETw analysis.

2 Materials

PLACNETw networks are calculated by external servers, and thus a
personal computer (4 GB RAM, 500 GB hard drive) is enough to
analyze PLACNETw networks. A fast and reliable internet connec-
tion to minimize the time spent on the uploading process is encour-
aged. When using Wi-Fi, a strong signal link connection is
necessary to allow the correct uploading of the read files and to
prevent uploading partially corrupted files into the system. Web
platform will ask you for the Illumina paired-end demultiplexed
sequences for starting the analysis (see Note 1). Usually these
sequences are 100 bp to 300 bp in read length. The raw com-
pressed (gziped, .gz extension) FASTQ (.fastq, .fq) files are
required. Other sequencing technologies are not yet allowed in
PLACNETw (see Note 2).

3 Methods

3.1 Assessing

Quality and Cleaning

Raw Reads

To ensure high quality and prevent hybrid assemblies, it is necessary
to assess read quality and clean raw reads if necessary. We will use
the PRINSEQ (PReprocessing and INformation of SEQuences)
[17] tool to generate statistics of the sequence data (sequence
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length, GC content, quality scores, complexity, . . .), filter the data
(remove short or long sequences, low-quality or complexity
sequences, sequences with Ns, . . .), reformat the data, and trim
sequences with low-quality ends.

Open the PRINSEQ web tool at http://edwards.sdsu.edu/
cgi-bin/prinseq/prinseq.cgi.

1. Click on the “upload data” picture (green arrow pointing the
upper part of your screen).

2. Click on the “FASTQ Paired-End” option and select the paired
FASTQ files to upload from your hard drive. Two input files are
required for the paired-end option. Interleaved files are not
allowed. In this example, we will use L53 data, available at
https://castillo.dicom.unican.es/examples/. The quality for-
mat encoding by default is Phred+33 (see Note 3). Select the
option “all” to the basic quality process to analyze length
distribution, GC content, occurrence of Ns, and the base qual-
ity distribution.

3. After a while, you will be able to check the PRINSEQ results.
Some of the quality parameters are number of sequences, total
base pairs, number of singletons, GC content, mean raw
sequence length, base quality distribution, and percentage of
Ns in raw sequences. More information about these quality
parameters is available in the PRINSEQ manual (http://
prinseq.sourceforge.net/manual.html#QC).

4. These results can be stored as a HTML file by simply clicking
on “Generate HTML report in a new window.” The generated
window allows you to download the HTML report and a
compressed ZIP file containing all the quality figures in PNG
format.

5. To perform the cleaning of raw reads, click on the “Process
Input Data” option to select filtering and trimming options (see
Note 4). Recover clean (“good”) reads as FASTQ format,
necessary for PLACNETw analysis. It will be required to com-
press output files (_good_1.fastq and _good_2.fastq) by select-
ing them and clicking on “Compress selected files.” After a
while, gzipped FASTQ (.fastq.gz) files will be downloaded.

3.2 Clean Reads

Submission

The first step when analyzing Mobile Genetic Elements (MGE)
from WGS data through PLACNETw is to upload the previously
obtained clean reads into the web tool. Please be careful, as the
PLACNETw tool does not perform read cleaning and quality
trimming from raw reads. Good assemblies will depend on
the quality of input reads. At this step, the starting points are the
_good_1.fastq.gz and _good_2.fastq.gz files, obtained from the
previous steps.
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Open the PLACNETw web tool at https://castillo.dicom.
unican.es/upload/:

1. Enter the job ID and the two FASTQ compressed clean files
(_good_1/2.fastq.gz).

2. Click the upload button and wait until the files have been
completely uploaded into your system. Please be patient. This
step may take some time when connecting via Wi-Fi. The lower
bar will indicate you when the uploading process is complete.

3. After a few minutes, the screen will display the PLACNETw
network (see Note 5).

A video tutorial, covering the process of uploading read files,
network visualization, pruning process, and downloading final
results, is available as Electronic Supplementary Material online,
as well as at the PLACNETw website (https://castillo.dicom.
unican.es/placnetw_video/).

3.3 Behind

the Screen: PLACNETw

Internal Processing

PLACNETw is a two-layer web application: server layer and client
layer. On the server layer, it uses Bash and Python to invoke
PLACNET and Blast queries, thus providing a set of files that will
be used at the client layer. On the client layer, it uses ExtJS (https://
www.sencha.com/products/extjs) and D3 (https://d3js.org/) for
presentation, and a custom-made Javascript program for system
integration and processing. The interaction between server and
client layers uses AJAX requests.

PLACNETw, which is partly based on a PLACNET Perl script
(https://sourceforge.net/projects/placnet/) developed for the
command-line version of PLACNET [14], additionally integrates
read assembly and scaffolding detection. Read assembly is per-
formed with Velvet [18, 19] through Velvet Optimiser script
(https://github.com/tseemann/VelvetOptimiser/) to select the
optimal k-mer length (screening the last 32 bp of maximum read
length). Contig length, insert sizes, and deviations are inferred by
Velvet.

PLACNETw takes these values to search for potential scaffold
links between assembled contigs with Bowtie2 software [20]. Con-
tigs are blasted against a periodically updated reference database,
comprising all complete genomes and plasmids from the NCBI
database, to search for close references. Potential coding sequences
are defined with Prodigal software [21] and then mapped to plas-
mid protein homemade reference databases for relaxases, replica-
tion initiation proteins, and incompatibility groups.

PLACNETw scripts are fully available at https://github.com/
LuisVielva/PLACNETw (see Note 6).
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3.4 Network

Visualization

This example is available at the following link: https://castillo.
dicom.unican.es/ex1/?unique¼58f731fec480a. The displayed
window is composed of the following elements:

l The main panel (Fig. 1(1)) displays the network as a graph,
rendered with a force-directed algorithm. In the graph, two
types of nodes (assembled contigs, in blue color and reference
genomes in grey color) and two types of edges (scaffold links in
solid lines and homology to references in dotted lines) are
represented. Contig nodes include a color code, so that
plasmid-specific genes (relaxases and replication initiator pro-
teins) stand out in different colors for easier inspection.
Relaxases are colored in red, replication initiator proteins in
yellow, and in the case of the presence of both proteins at the
same contig, it is colored in green (color code is specified at the
bottom right part of Fig. 1).

l At the top of the main window, there are two button toolbars. The
toolbar at the left (Fig. 1(2)) allows interaction with the graph
without modifying it. From left to right, force-directed render-
ing of the graph can be paused and restarted, contigs can be
selected by node length or reference nodes by string match,
relevant information (number and type of selected nodes and
total length of selected contigs) can be obtained about the
current selection, and the graph can be zoomed in and out or

Fig. 1 PLACNETw screen of the reconstruction of the E. coli L53 genome. PLACNETw GUI interface shows the
following panels and elements: (1) Working panel showing a graphic representation of the network;
(2) visualization tools; (3) pruning and saving tools; (4) panel displaying a list of contigs and their closest
references; (5) information panel composed of three independent tabs: Additional info, Notes, and Log; and
(6) network color code
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be rotated clockwise and/or counterclockwise. The toolbar at
the right (Fig. 1(3)) provides tools to modify, save, and down-
load the graph. From left to right, a given node can be dupli-
cated to, for example, associate one copy with the main
chromosome and the other with one of the plasmids (Subhead-
ing 3.5 for pruning process will explain this point), a new link
between two unlinked nodes can be created, selected items can
be deleted (both nodes and links), previous actions can be
undone, the current state of the network can be saved for future
work, the original network can be uploaded, or the results can be
downloaded to the user machine. Additionally, the user can
select or unselect both nodes and links in the main window by
clicking with the mouse and selecting an area.

l The left panel (Fig. 1(4)) is a node tree linked to the graph in the
main window. It represents the network in a hierarchical way.
The tree is organized in such a way that contigs are the main
nodes and linked references are represented as their children.
When the user selects a node from the graph in the main win-
dow, it is highlighted in the tree and vice versa.

l The bottom panel (Fig. 1(5)) displays three alternative sections.
The first one shows the result of a BLAST query when the user
selects a specific reference in the tree view or in the main panel.
This section shows the position of the matched CDS, encoded
product, and protein ID, according to the NCBI database. It
helps during the pruning process to know the matched regions
between assembled contigs and closed references in the network.
The second section is a notebook that allows the user to take
notes for further reference. It will be downloaded with all the
network files at the end of the pruning process, so there you can
take your own notes. The third one is a log of the actions
performed by the user (deletions, duplications, etc.) for further
reference, saving the date and hour when the action was
performed.

3.5 Pruning Process Before attempting to analyze the network through the pruning
process, please be sure that you have familiarized yourself with the
graphic interface, uncovered at the previous section. Besides, it is
also important to be acquainted with some biological concepts
about MGE, such as transposons, integrons, plasmids, and ICEs.
Although PLACNET was initially developed to analyze plasmids
from WGS datasets, those other elements are also frequently found
in bacterial genomes and are identified into bacterial genomes
during the analysis.

Plasmid identification through PLACNET analysis relies on
two key proteins related to plasmid mobilization and replication:
RELaxase proteins (named REL) and Replication Initiation
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Proteins (RIP). The identification and classification of both types of
proteins, joined to the location of singular replication regions from
reconstructed sequences, used to classify plasmids into incompati-
bility groups (Inc), allow us to detect and categorize plasmids from
reconstructed genomes. The objective of this chapter is not to
define the Inc. groups and the function of REL and RIP proteins
or plasmid structure, but you can find comprehensive material in
the references cited here [7, 22–25].

1. General look at the network: Reconstruction of the E. coli L53
genome will be used as an example. Its PLACNETw output is
available at https://castillo.dicom.unican.es/ex1/?
unique¼58f731fec480a. There appears a condensed bulk of
nodes at the lower part of Fig. 2a (grey background), mainly
composed of large nodes (sizes greater than 100 kb). We can
assess their sizes by rolling the mouse over them or by clicking
on and inspecting on the left panel of the screen. Left panel also

Fig. 2 Initial view of the E. coli L53 genome PLACNETw reconstruction. Chromosome (a) and several putative
plasmids (b–f) are shown in different background colors
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displays closed references. For these nodes, closed references
are Escherichia coli chromosomes, named “completed gen-
omes” by the NCBI database. These groups of nodes are
classified as chromosomal nodes. It is important to note the
presence of a big red node in this bulk, Node_147 whose
length is 201,124 bp and coverage 31�. Red color indicates
the presence of a relaxase protein (REL) encoded in this assem-
bled node, here a protein with a 47.80% of amino acid identity
to the MOBH protein register at the NCBI database as
AAP22591 (see Note 7). The presence of this mobilization
protein into the chromosome suggests the presence of an
integrative conjugative element (ICE) that could be further
explored after PLACNETw processing.

2. Unconnected elements: multi-node elements. Moving to the left
part of the screen (Fig. 2b, yellow background), there is
another bulk of nodes, composed of three small nodes and a
big green one. They are completely unconnected to the rest of
the contigs in the network. Green-colored nodes indicate the
prediction of REL and RIP proteins at the same assembled
contig. Herein, the green node is Node_17 whose length is
30,487 bp and coverage 84�. At this first sight, the REL
protein shows 98.99% identity to the TaxC protein
(CAQ87553 reference) classified by our database as a MOBP

one. Besides, at the same contig, a match 100% identical to the
Rpt-F replication protein is located (see Note 8). We can select
this bulk of nodes (by pressing theCtrl button on our keyboard
and the left mouse button, at the same time we surround the
nodes on the screen) and obtain all the information at the left-
upper information icon. It displays a message indicating that
there are 26 links and 15 nodes, 4 of them assembled contigs
and 11 references. The sum of all the contigs comprising the
plasmid is 34,498 bp.

3. Unconnected elements: single-node elements—the Staphylococcus
aureus plasmid. Figure 2c shows a single-node element with
red background. This is Node_70 whose length is 5466 bp and
coverage 64�. The unique and closer reference is the Staphylo-
coccus aureus S1 plasmid pS1a (reference NZ_A-
UPS01000027). After pruning several networks, perhaps you
will notice that this reference, linked to a single node of approx-
imately 5.5 Kb, always appears linked to this reference. Does it
mean this is an epidemic plasmid in your sequenced genomes?
After exploring this reference, we noticed that this sequence is
highly similar to PhiX phages, used as an internal control in
Illumina sequencing runs that should be removed from raw
reads. Therefore, it is a sequencing artifact and we will exclude
it from genome analysis. By selecting the undesirable node
(Node_70) and clicking on the icon representing the garbage
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can (Fig. 1(3)) you can delete this node and its reference from
the network. It will disappear both from the main panel and
from the node tree.

4. Chromosomal connected nodes with relaxase and replication ini-
tiation proteins: unscrambling by deleting small nodes. Figure 2
also shows condensed bulks of nodes that are putative plasmids
due the presence of REL and RIP proteins in green (d), pink
(e), and blue (f) backgrounds. Besides, several nodes form a
mesh, connecting these structures to the chromosome. Now,
in-depth pruning process is necessary to disconnect chromo-
some and plasmids. To simplify the process, we can delete small
nodes that are not crucial for genome analysis but are unneces-
sarily smudging the network. By clicking the chain icon (Fig. 1
(2)), we can select contigs by node length (in a first approach
from 100 bp to 300 bp) (seeNote 9). Click “OK” to visualize a
set of highlighted nodes and then delete them by using the
garbage-can icon. By proceeding in that way, a new discon-
nected component appears, which is shown in Fig. 2f (seeNote
10). The resulting state of the network is shown in Fig. 3.

5. Pruning the network by analyzing node coverage. The genomic
elementwith thepinkbackground (Figs. 2e and3e) is composed
of 6 contigs and 18 references, whose total length is 40,155 bp.
One of these contig nodes, Node_40, is linked to a distant node
(Node_11) through the Escherichia coli plasmid pH 1038–142
(NC_025141) reference. To separate the analyzed element
(e) from the rest of the nodes, we can inspect relative coverages
(seeNote11).Mediumcoverage as shown in theFig. 3e element
is 94� (extracted values from node information). However,
Node_11 coverage is 57�. Almost a twofold ratio is observed.
They seem to be independent elements. For this reason, we are
going to separate them through the reference node. We select
the reference node, duplicate it (Fig. 1(3)), and assign each copy
of the reference node to the separated elements, by deleting
extra dotted lines. The new disconnected component is a plas-
mid of 40,155 bp, harboring a REL protein (Node_10,MOBF)
and a RIP protein (Node_19, Rpt-F). Besides, it is annotated as
an IncN plasmid with a 98.75% identity with the Inc. group
reference database (seeNote 12).

6. Splitting highly connected nodes. The latest putative plasmid is
shown in Fig. 4d. At the first sight, it seems to be composed of
five big nodes (>10 Kb) of around 60� coverage. The green
node (Node_29, 14,118 bp) presents a REL protein (MOBF

type) and a RIP protein (Rpt-A1). To separate this element
from the chromosome (medium coverage 20–30�), we have to
analyze nodes in the border between them. Node_175
(1507 bp, 106�), which is highly connected to both elements,
presents similarity to chromosome references (CE10 or IAI39)
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Fig. 3 Intermediate step in the pruning process for the E. coli L53 genome through PLACNETw reconstruction.
Two plasmids (b in yellow background and f in blue background) are resolved. Chromosome (a, gray
background) and putative plasmids (d, e) are not resolved yet
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and plasmid references (pUM146, pKF3–140, pECSF1,
p1ESCUM, pUTI89), in both cases to transposase elements.
You can visualize this information by clicking each reference
linked to Node_175 at the Additional Info panel. We duplicate
this node and assign each copy to each element: one for the
plasmid and another one for the chromosome. After this dupli-
cation, we should follow pruning trying to identify high cover-
age nodes in the border line until the complete separation of
these independent elements. Following node coverage and

Fig. 4 Final pruning steps in the E. coli L53 genome PLACNETw analysis. Three plasmids (b, e, and f) are
resolved. Chromosome (a) and putative plasmid (d) are not resolved yet
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reference similarity instructions, Node_36 (2524 bp and
133�), Node_138 (1381 bp and 85�), Node_132 (703 bp
and 99�), Node_84 (977 bp and 144�), and Node_171
(312 bp and 255�), that are similar to E. coli chromosomes
and/or plasmids and encoding for putative transposases and
repeated elements, are duplicated and assign for plasmid and
chromosome. After these steps, both elements will be
connected only by dotted lines (links connecting reference
nodes to contig nodes). We can solve these links by duplicating
reference nodes and assigning them to each element, until both
are independent entities (Fig. 5). This final step will show the
chromosome (Fig. 5a) composed of 64 assembled contigs
(4,906,024 bp) and a plasmid (Fig. 5d, 25 assembled contigs,
130,823 bp). Be sure to save your current network (Fig. 1(3),
floppy disk icon).

Final network is available at https://castillo.dicom.unican.
es/ex1/?unique¼58f731fec480a_v1.

3.6 Final PLACNETw

Files

When the user has finished pruning the network and has identified
both chromosome and plasmids, the results can be downloaded
from the toolbar (Fig. 1(3)) as a compressed zip file that contains
the following set of files:

Fig. 5 E. coli L53 genome resolved by PLACNETw analysis. Four plasmids (b, d,
e, and f) and the chromosome (a) have been resolved. For each element, size,
relaxase MOB family, and incompatibility group are shown
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l The logfile of PLACNETw run at the server—A set of files comp
[n].fa, where n is an integer, with the sequences of each of the
connected subgraphs ordered by size (so that n¼ 0 corresponds
to the largest component, the chromosome) and other n values
correspond to the different plasmids in the genome.

l A text file (notes.txt) with the notes taken by the user inside
PLACNETw and a text file (log.txt) with the log of user actions
inside PLACNETw—A text file, named AAAA_Logfile.txt,
where AAAA is the date and time where contigs were assembled.
This file is produced by Velvet assembler as a logout file. It
details contig parameters, such as contig number, N50, longest
contig, and number of contigs larger than 1 kb.

l Three tabular files (tempInc.blast, tempRIP.blast, tempREL.
blast) showing BLAST results against PLACNETw databases
for incompatibility groups, replication initiator proteins, and
RELaxases (see Note 13).

l Two text files (placnet.prod.cds and placnet.prod.faa) showing
Prodigal (http://prodigal.ornl.gov/) predictions for CDS and
proteins from assembled contigs.

l A Scalable Vector Graphics (SVG) file (placnet.svg) that contains
an image of the network for publishing or documenting.

4 Notes

1. PLACNETw assembles individual genomes, thus demultiplexed
paired-end sequences are mandatory for the analysis. Two files
for each single genome: one for forward (R1) reads and another
one for reverse (R2) reads are necessary. If you are not sure
whether your sequences are demultiplexed, contact your
sequencer provider. Index sequence and experimental design
are necessary to perform the demultiplexing step properly.

2. Illumina reads are usually presented as FASTQ format files,
containing base call and quality information for all reads.
Each entry consists of four lines: sequence identifier (contain-
ing instrument ID, run number, flowcell ID, and lane, tile, and
position information), the fasta sequence, quality score identi-
fier line (consisting only of a + symbol), and quality score
information in ASCII format. For more information about
Illumina FASTQ files, please see http://support.illumina.
com/content/dam/illumina-support/help/BaseSpaceHelp_
v2/Content/Vault/Informatics/Sequencing_Analysis/BS/
swSEQ_mBS_FASTQFiles.htm.

3. Current Illumina systems provide data in Phred+33 format,
whereas older Solexa systems provided in Phred+64 format.
Unless you are using old data, leave this option as default.
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4. For assembly purposes, it is suggested to select as filtering
options a minimum quality read score and a minimum mean
quality read score of 25. It is also recommended to select as
trimming option the quality score threshold for the 30-end
(usually the lower quality part of the read) as 25. Quality scores
are encoded in Phred format. For more information, you can
examine https://www.illumina.com/documents/products/
technotes/technote_understanding_quality_scores.pdf.

5. If you want to keep the PLACNETw network for future work,
you can store the URL. Links are available for 1 week.

6. The network construction process is composed of several con-
catenated processes. The script doit is the main Bash script that
executes to check if a request has been received, checks if
everything is correct, performs all the calculations, makes the
processed data available to the user, and sends a link to the user
when everything is ready to use. The script is executed every
minute by crontab, and uses the Python program fastasplit.py;
the Perl programs blastRefDB.pl and sam2scaffold.pl; and the
Bash script contigInReferenceInfo. The directory www has the
source code of the web interface. The folder www/upload has
the complete source code of the web interface to upload the
read files. The folder www/ex1 has the complete source code of
the PLACNETw web interface (the web application used to
interact with the graph).

7. The low percentage of identity observed in chromosomal
relaxases is frequent, due to the scarce information about
mobilization proteins at chromosomal level, that are frequently
dismissed in genome analysis.

8. The reference number for this protein (CU928149) links at an
NCBI search to Johnson et al.’s paper [26] that carries out a
detailed study of IncX plasmid families. By inspecting assem-
bled related nodes, no Inc. group has been detected in our
network, but closed references to Node_17 (left panel) link to
the conjugative and replication regions (information displayed
at the additional information panel) of p2ESCUM, pDKX1-
TEM-52, and pE001 plasmids, all of them IncX1 plasmids.
This indicates that this bulk of nodes is a plasmid, probably
an IncX1 one. Further analysis, comparing our detected plas-
mid versus related ones and sub-classification of the MOBP

relaxase according to the relaxase Scheme [23, 24], is necessary
to confirm this suspicion.

9. For greater simplification, you can broad the node length
range, by selecting larger nodes as the upper limit. However,
the larger the nodes, the greater the loss of information. This
decision should be a compromise between simplifying the
analysis and conserving the most part of the network.
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10. This element is composed of 5 contigs and 11 references. The
total length of the element is 61,035 bp. It contains a REL
protein (MOBP type) at Node_21 and a RIP protein (Rpt-Z) at
Node_5. This node is also annotated with the Inc. scheme,
showing that this element is an IncL/M plasmid.

11. Coverage values are provided by Velvet assembly software and
they refer to the k-mer coverage, i.e., how many times has a k-
mer been seen among the reads. As the Velvet manual (http://
www.ebi.ac.uk/~zerbino/velvet/Manual.pdf) states, the rela-
tion between k-mer coverage Ck and standard (nucleotide-
wise) coverage C is Ck ¼ C � (L � k + 1)/L, where k is the
hash length and L is the read length. Nodes belonging to the
same genetic element present similar coverage values, except
those containing high repetitive elements, such as insertion
sequences or transposable elements, that are suspicious to be
present at the same time in different genetic elements and
present evident higher coverage values. Thus, coverage values
are useful to determine whether a node belongs or not to a
genetic element.

12. It is important to note that PCR-free-based library prepara-
tions provide comprehensive genomic coverage with reduced
library bias and coverage gaps. The removal of the PCR ampli-
fication step usually performed for library enrichment prevents
from amplification biases to improve coverage uniformity
across the genome [27, 28]. PCR-enrichment protocols may
show abnormal coverage values, being not optimal for PLAC-
NETw pruning analysis by coverage inspection.

13. Further information about BLAST tabular output files can be
found at http://www.ncbi.nlm.nih.gov/books/NBK279690/
.
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Chapter 24

Statistical Analysis of Accessory Genome

Miguel D. Fernández-de-Bobadilla, Teresa M. Coque, and Val F. Lanza

Abstract

AcCNET (Accessory genome Constellation Network) is a Perl application to determine the variation of
content in any genomic unit (e.g., bacterial genomes, plasmids, and transposons) within large datasets. It
provides functional information that can be handled and visualized interactively as a bipartite network. In
this chapter, we explain how to perform a statistical analysis of AcCNET data.

Key words AcCNET, Accessory genomes, Genomes, Plasmids, Network

1 Introduction

Gene content varies greatly between the members of a given bacte-
rial species, among the strains belonging to the same clonal lineage,
or even in the genetic elements of the same family as plasmids or
integrative conjugative elements (ICEs) [1–3]. The non-conserved
genomes, also called accessory genomes, encode relevant adaptive
traits as resistance to antimicrobials, virulence factors, or metabolic
characters for host or niche adaptation. Very few tools are available
to accurately analyze genetic variation in large datasets.

AcCNET (Accessory Genome Constellation Network) is a Perl
application to determine the accessory genome of a large number of
any kind of genomic units (e.g., bacterial species, plasmids, and
transposons) from their proteomes, either at quantitative or at
qualitative levels [4]. AcCNET creates a bipartite network of gen-
omes and proteins providing functional information that can be
easily analyzed by using an interactive visualization tool. This pro-
tocol describes how to use the AcCNET results to incorporate the
information into the R software. This allows analyzing the data
statistically.

Fernando de la Cruz (ed.), Horizontal Gene Transfer: Methods and Protocols, Methods in Molecular Biology, vol. 2075,
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2 Materials

1. AcCNET software: Download at https://github.com/
valflanza/accnet2 and its dependencies.

2. R software (https://www.r-project.org/) [5]. It is also recom-
mended to install the RStudio suite [6] (https://www.rstudio.
com/).

3. Gephi, a freeware to explore and visualize graphs and networks
[7]. Download at https://gephi.org/.

4. Proteome files (usually .faa files). In the example given here, we
have used up to 200 Escherichia coli proteomes (see Down-
LoadGenome.list file and Note 1).

All the needed material can be found at https://github.com/
valflanza/StatisticalAnalysisofAccessoryGenomes.

3 Methods

3.1 Creating

an AcCNET Network

1. Move or copy the proteome files to the working directory.

2. Execute the AcCNET script. Set the parameters of coverage,
identity, and e-value to cluster orthologous genes and the
threshold parameter to define the accessory genome. In this
example, we set up 80% of gene coverage, 80% of identity,
and an e-value of 1e-15 max and orthologous accessory genes
present in less than 80% of the genomes.

accnet2.pl --in ∗.faa --coverage 0.8 --identity 0.8 --e-

value 1e-15 --threshold 0.8

3.2 Statistical

Analysis with R

1. Load the R packages.

>library(tidyverse)

>library(mclust)

>library(cluster)

>library(ape) #optional

>library(Rtsne) #optional

2. Set the study folder as working directory. Use this directory to
save all the files to be used in the protocol.

>setwd("~/Study/Folder/Path/")

3. Load the assembly information table (or equivalent metadata
table). See ftp://ftp.ncbi.nlm.nih.gov/genomes/README_
assembly_summary.txt for a description of the columns in this
file.We should format the genome list to be able to work with it.

342 Miguel D. Fernández-de-Bobadilla et al.

https://github.com/valflanza/accnet2
https://github.com/valflanza/accnet2
https://www.r-project.org/
https://www.rstudio.com/
https://www.rstudio.com/
https://gephi.org/
https://github.com/valflanza/StatisticalAnalysisofAccessoryGenomes
https://github.com/valflanza/StatisticalAnalysisofAccessoryGenomes
ftp://ftp.ncbi.nlm.nih.gov/genomes/README_assembly_summary.txt
ftp://ftp.ncbi.nlm.nih.gov/genomes/README_assembly_summary.txt


>assemblies = read_delim("DownLoadGenome.list", delim =

"\t", col_names = FALSE)

Afterward, add the column names for the different cate-
gories and clean the name field linked to the genomes (Notes
2–4)

>colnames(assemblies) = c("assembly_accession", "bioproject", "biosample", "wgs_mas-

ter", "refseq_category", "taxid", "species_taxid", "organism_name", "infraspecific_-

name", "isolate", "version_status", "assembly_level", "release_type", "genome_rep",

"seq_rel_date", "asm_name", "submitter", "gbrs_paired_asm", "paired_asm_comp",

"ftp_path", "excluded_from_refseq", "relation_to_type_material")

>assemblies$infraspecific_name = gsub("strain=", "", assemblies$infraspecific_name)

>assemblies = assemblies %>% unite(Name, infraspecific_name, isolate, sep = "",

remove = FALSE)

>tmp = assemblies %>% separate(ftp_path, c("V1", "V2", "V3", "V4", "V5", "V6", "V7",

"V8", "V9", "V10"), sep = "/") %>% select(assembly_accession, Genome = V10)

>assemblies = inner_join(tmp, assemblies)

>assemblies = assemblies %>% separate(assembly_accession, c("assembly_abrev", "kk"),

sep = "\cr.", remove = FALSE) %>% select(-kk)

4. Load the AcCNET network output file (Network.csv) and the
AcCNET annotation table output file (Table.csv) to the R
environment

>accnet = read_delim("Network.csv", delim = "\t")

>accnet.annot = read_delim("Table.csv", delim = "\t")

5. Transform the AcCNET network file into an adjacency matrix.
The adjacency matrix is necessary to perform all the clustering
processes

>accnet.matrix = accnet %>% group_by(Source) %>% mutate(degree = n()) %>% ungroup()

%>% filter(degree > 1) %>% group_by(Source, Target) %>% summarise(value = 1) %>%

spread(Source, value, fill = 0) %>% remove_rownames() %>% column_to_rownames("Tar-

get")

6. Calculate the distance matrix from the adjacency matrix. R
comprises several packages that require different implementa-
tion to compute pair-wise distance. In the case of the AcCNET
network, we used a presence–absence matrix, so the recom-
mendation is to use the Jaccard or the Sorensen-Dice similarity
coefficients. Euclidean distance or other similarity metrics
based on geometric distances are not recommended.

>accnet.dist = dist(accnet.matrix, method = "binary")
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7. Create a dendrogram from the distance matrix using hierarchi-
cal clustering. We used the UPGMA (unweighted pair group
method using arithmetic averages) algorithm. Accuracy can be
estimated with the correlation of the cophenic distance of the
dendrogram (the output of hclust) and the distance matrix.

>accnet.hclust = hclust(accnet.dist, method = "average")

>cor(cophenetic(accnet.hclust),accnet.dist)

Optional: Plot the hierarchical clustering dendrograms. We
recommend the use of the factoextrapackage, an easy and flexible
way to represent a dendrogram. The fviz_dend function allows
defining the number of clusters highlighted (parameter k).

>factoextra::fviz_dend(accnet.hclust, k¼10 ,horiz ¼ TRUE)

(see Fig. 1)

Optional: Different approaches are fine to build a tree-like
representation from the distance matrix, the Neighbor Joining
algorithm is one of the most commonly used with UPGMA.

>accnet.tree.nj = ape::nj(accnet.dist)

>plot(accnet.tree.nj)

8. Cluster the genomes using the information of the accessory
genome network. We performed the clustering from the dis-
tance matrix by using a Gaussian Mixture Model. The Mclust
package implements different model-based methods to esti-
mate parameters using an expectation–maximization
(EM) algorithm and a Bayesian information criterion (BIC).

>accnet.cluster = Mclust(accnet.dist)

9. Visualize the results from the clustering step using the factoex-
tra package that provides a Principal Component Analysis
(PCA) representation

>factoextra::fviz_cluster(accnet.cluster)

Alternatively, you can use a t-SNE (t-Distributed Stochas-
tic Neighbor Embedding). t-SNE is a new mutidimensional
scaling that reduces the information to two dimensions,
improving the PCA bidimensional representation.

>accnet.tsne ¼ Rtsne::Rtsne(accnet.dist)

>plot(accnet.tsne$Y, col ¼ rainbow(max(accnet.cluster

$classification))[accnet.cluster$classification]) (see Fig. 2)
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Fig. 1 Cluster dendrogram of 200 E. coli proteomes randomly selected from NCBI (see DownLoadGenome.list).
The colors of the branches represent the 10 different clusters specified in the “fviz_dend” command. Distance
matrix was calculated using the binary method. The dendrogram was built using the UPGMA algorithm
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Fig. 2 Matrix distance t-SNE. This matrix was obtained using the presence/absence data of AcCNET from
200 randomly selected E. coli proteomes (see DownLoadGenome.list). Colors correspond to the clusters
determined by Mclust over matrix distance
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3.3 Cluster Statistics

Analysis

1. Build a main table with network and clustering information. It
can be done using either Mclust or hierarchical clustering
methods. Both are correct.

Mclust clustering.

>tmp = as_tibble(accnet.cluster$classification)

>tmp = rownames_to_column(tmp)

>colnames(tmp) = c("Target", "MclustCluster")

>accnet.full = full_join(accnet %>% distinct(), tmp)

Hierarchical clustering.

>accnet.hclust.q95 = cutree(accnet.hclust, k = 10)

>tmp = as_tibble(accnet.hclust.q95)

>tmp = rownames_to_column(tmp)

>colnames(tmp) = c("Target", "HclustQ95Cluster")

>accnet.full = full_join(accnet.full, tmp)

Add assembly information to the main table.

>accnet.full = accnet.full %>% left_join(assemblies %>%

select(Target = assembly_abrev, Name))

Select a clustering option.

>accnet.full$Cluster = accnet.full$HclustQ95Cluster

#or

>accnet.full$Cluster = accnet.full$MclustCluster

2. Create statistical variables to add important information to our
table such as the number of genomes included in the network
(AccnetGenomeSize), the number of proteins in the network
(AccnetProteinSize), the frequency of each protein (TotalFreq),
the number of genomes in each cluster (ClusterGenomeSize),
the number of proteins in each cluster (ClusterProteinSize), or
the frequency of each protein in each cluster (ClusterFreq)

>tmp = accnet.full %>% ungroup() %>% select(Target) %>% distinct() %>% count()

>accnet.full$AccnetGenomeSize = tmp$n

>tmp = accnet.full %>% ungroup() %>% select(Source) %>% distinct() %>% count()

>accnet.full$AccnetProteinSize = tmp$n

>accnet.full = accnet.full %>% select(Source, Target) %>% distinct() %>% group_by

(Source) %>% mutate(TotalFreq = n()) %>% ungroup() %>% group_by(Target) %>% mutate

(Degree = n()) %>% full_join(accnet.full)

>accnet.full = accnet.full %>% select(Cluster, Target) %>% distinct() %>% group_by

(Cluster) %>% summarise(ClusterGenomeSize = n()) %>% full_join(accnet.full)

>accnet.full = accnet.full %>% select(Cluster, Source) %>% distinct() %>% group_by

(Cluster) %>% summarise(ClusterProteinSize = n()) %>% full_join(accnet.full)
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>accnet.full = accnet.full %>% group_by(Cluster, Source) %>% mutate(ClusterFreq = n())

>accnet.full = accnet.full %>% mutate(perClusterFreq = ClusterFreq / ClusterGenomeSize,

perTotalFreq = TotalFreq / AccnetGenomeSize)

3. Perform a hypergeometric test to find significant proteins in
each cluster. The hypergeometric distribution is a discrete
probability distribution that describes the probability of a
given success related to random sampling without replacement.
In anN population, d elements correspond to an “A category”
and N – d belongs to a “B category.” This distribution calcu-
lates the probability of getting x (0 � x � d) elements from the
“A category” in a random sample without replacement. In our
case, we compared the frequency of each protein in a cluster
versus its frequency in the whole network. Our categories were
presence or absence. In contrast to the Fisher’s test, the hyper-
geometric test performs only a one-tile test, in this case the
upper tile. This means a higher frequency in the cluster than in
the whole network. We calculated the odds ratio and the asso-
ciated p-value.

>accnet.full = accnet.full %>% select(Cluster,Source,TotalFreq,ClusterFreq,Accnet-

GenomeSize,ClusterGenomeSize,perClusterFreq,perTotalFreq) %>% distinct() %>% mutate

(OdsRatio = perClusterFreq / perTotalFreq,pvalue = phyper(ClusterFreq,TotalFreq,

AccnetGenomeSize - TotalFreq,ClusterGenomeSize,lower.tail = FALSE)) %>% full_join

(accnet.full)

4. Adjust the p-values for multiple tests. In multiple testing, we
need to calculate the adjusted p-value to determine the proba-
bility of getting false positives taking into account the size of
the sample

>accnet.full = accnet.full %>% select(Cluster, Source, pvalue) %>% distinct() %>%

group_by(Cluster) %>% mutate(padj = p.adjust(pvalue, method = "BY")) %>% full_join

(accnet.full)

5. Build the “final results table” that joins the assembly informa-
tion with the statistical information

>accnet.full = accnet.full %>% select(-Type,-Weight) %>% select(Source,Target,De-

gree,Cluster,perClusterFreq,ClusterFreq,ClusterGenomeSize,perTotalFreq,TotalFreq,

OdsRatio,pvalue,padj,AccnetGenomeSize,AccnetProteinSize)

>accnet.full = accnet.full %>% left_join(assemblies %>% select(Target = assembly_ab-

rev, Name))

3.4 Building

an Annotation

Table for a Network

Visualizaion

The goal of this step is building an “annotation table” that will be
exported to the Gephi software. We chose Gephi among the avail-
able tools for the visualization and exploration graphs and
networks.
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1. Cluster the proteins to export to the Gephi network. First, we
calculated the distance using the dist function in R. Then, we
performed a hierarchical clustering using the R function hclust
and finally we used a value of 0.9 to cut the hierarchical cluster-
ing with the cutree R function. In this case, the dendrogram
built with hclust (UPGMA) has a maximum height of 1. How-
ever, the threshold can be set in any value between 0 and 1, the
number of the resulting cluster being inversely proportional to
the threshold.

>accnet.protein.matrix = accnet %>% group_by(Source) %>% mutate(degree = n()) %>%

filter(degree > 1) %>% ungroup() %>% group_by(Source, Target) %>% summarise(value =

1) %>% spread(Target, value, fill = 0) %>% remove_rownames() %>% column_to_rownames

("Source")

We have removed the proteins with just one connection
(degree).

>accnet.protein.dist = dist(accnet.protein.matrix, method = "binary")

>accnet.protein.hclust = hclust(accnet.protein.dist)

>accnet.protein.cluster = cutree(accnet.protein.hclust, h = 0.9)

>Annotation.table = accnet %>% select(ID = Source) %>% distinct() %>% mutate(Type =

"Cluster", Polygon = 1) %>% bind_rows(accnet %>% select(ID = Target) %>% distinct()

%>% mutate(Type = "GU", Polygon = 4))

>Annotation.table = assemblies %>% select(ID = assembly_abrev, Name) %>% full_join

(Annotation.table)

>tmp = as.data.frame(accnet.cluster$classification) %>% rownames_to_column("ID") %>

% as_tibble()

>colnames(tmp) = c("ID", "GenomeCluster")

>Annotation.table = Annotation.table %>% left_join(tmp)

>tmp = as.data.frame(accnet.protein.cluster) %>% rownames_to_column("ID") %>% as_-

tibble()

>colnames(tmp) = c("ID", "ProteinCluster")

>Annotation.table = Annotation.table %>% left_join(tmp)

>Annotation.table = Annotation.table %>% replace_na(list(GenomeCluster =0, Pro-

teinCluster = 0, Name =""))

>Annotation.table = Annotation.table %>% left_join(accnet.annot %>% select(-Type))

Finally, the table should be formatted to be manageable.
Add the column Polygon to use a specific plugin of Gephi to
represent different node shapes.

>write.table(Annotation.table,"Accnet.Annotation.csv",sep = "\t",col.names = TRUE,

row.names = FALSE,quote = FALSE)

2. Export the statistical results ( p-value<0.05) as a readable table
in CSV format (StatisticsResults.csv).
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>StatisticalResults = accnet.full %>% filter(padj < 0.05, perClusterFreq > 0.80) %>%

select(-Target,-Name,-Degree) %>% distinct() %>% left_join(accnet.annot %>% rename

(Source = ID)) %>% write_delim("StatisticsResults.csv", delim = "\t")

3.5 Export Network

with p-Value as Edge

Weightt

1. Gephi accepts network in an edge-list format. This format
consists of two columns, “Source” and “Target,” which define
the relationship between two nodes. Additionally, you can
include two columns: “Weight” to define the weight of the
relationship and “Type” to define the sense of the relationship
(directed or undirected). In order to improve the AcCNET
network, we used the adjusted p-value (2 - p-value), which
confers a weight of the relationship among the genome nodes
and the protein nodes.

>accnet.full %>% ungroup() %>% select(Target, Source, padj, perClusterFreq) %>%

mutate(Weight = 2 -padj) %>% mutate(Type = "Undirected") %>% write_delim("Network.

full.csv", delim = "\t")

3.6 Statistical

Analysis of a Specific

Group

Until now, we have used the clusters automatically determined to
perform the statistical analysis. However, we can define our own
cluster to perform such analysis. In our example, we chose a partic-
ular clonal lineage within the available genomes of E. coli (the
ST131 E. coli) but we can use other metadata such as isolation
source and country.

1. Import MLST data. Multilocus sequence typing (MLST) is the
golden standard for strain classification. We have used MLST
software (https://github.com/tseemann/mlst) to determine
the sequence type (ST) of the analyzed genomes (see Note 5).
We can combine this data table information and the AcCNET
data to study a single strain.

>mlst = read_delim("all.mlst", delim = "\t")

This is an example of a strain (ST131) to see how it works.
We created a new table (accnet.ST131) to work with it.

>accnet.ST131 = accnet.full %>% left_join(mlst %>% select(Target,ST)) %>% filter

(ST == 131)

>tmp = accnet.ST131 %>% ungroup() %>% select(Target) %>% distinct() %>% count()

>accnet.ST131$ST131GenomeSize = as.numeric(tmp)

2. Calculate the frequencies and the p-values of a specific strain, in
this case the ST131, and create new variables (ST131Freq,
perST131Freq, ST131GenomeSize)
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>accnet.ST131 = accnet.ST131 %>% ungroup() %>% group_by(Source) %>% mutate(ST131Freq

= n()) %>% ungroup() %>% mutate(perST131Freq = ST131Freq / ST131GenomeSize)

>accnet.ST131 = accnet.ST131 %>% mutate(ST131vPopulation_pvalue = phyper(ST131Freq,

TotalFreq,AccnetGenomeSize-TotalFreq,ST131GenomeSize, lower.tail = FALSE))

>accnet.ST131 = accnet.ST131 %>% select(Cluster,Source,ST131vPopulation_pvalue) %>%

distinct() %>% group_by(Cluster) %>% mutate(padj_v_Population = p.adjust(ST131vPo-

pulation_pvalue,method = "bonferroni")) %>% >full_join(accnet.ST131)

>accnet.ST131.results = accnet.ST131 %>% select(-Target,-Degree,-Name) %>% distinct

() %>% filter(perST131Freq >= 0.9, padj_v_Population < 1e-3) %>% left_join(accnet.

annot %>% select(Source = ID,Description))

3. Export the data as CSV table

>write.csv(accnet.ST131.results, “ST131_results.csv”)

4. Load AcCNET network in Gephi, a network visualization
software

>Open Gephi and select “File > Import spreadsheet.”
>Select “Network.full.csv” and choose “import as: Edges

Table.”
>Now import the annotation table following the same

steps as before (see Subheading 3.2, steps 1–3) but selecting
“Import as: Nodes Table.”

>Apply the Force Atlas 2 layout. The parameters “Scaling”
and “Edge Weight Influence” determine the size of the net-
work. Set the appearance of the network (nodes color, nodes
size, and edges color) to illustrate the desired features (Fig. 3).

4 Notes

1. To download files from the NCBI database, a simple wget
command is used. The NCBI database has assembly_summary
files for RefSeq and GenBank databases. These files consist of a
tabular table with all the information about the assemblies
deposited in the NCBI. One of the columns contains the ftp
address and can be used to programmatically download the
necessary files. As an example, the next command downloads
200 proteomes for a random selection of E. coli.

2. Select the ftp address column (number 20), add the field
∗protein.faa.gz to the end of each line, and create an index
address file for wget.

>cut -f20 DownLoadGenome.list | sed ’s/$/\/∗protein.faa.gz/’

> DownLoadGenome.ftp.list
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3. Execute wget using the index file

>wget -i DownLoadGenome.ftp.list

4. Unzip the downloaded files with Gzip

>gzip -d GCF_∗

Fig. 3 AcCNET Network visualized with Gephi software from 200 randomly selected E. coli (see Down-
LoadGenome.list). Squares represent genome nodes and circles represent proteins nodes (this feature is
possible using “polygon Shaped Nodes”). Each node is labeled with the corresponding genome ST (MLST).
Nodes colors are a combination of “protein cluster” and “genome cluster”
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5. Get the MLST information from the mlst software “https://
github.com/tseemann/mlst” from github by Torsten Seeman.

>mlst –nopath all.mlst /Study/Folder/Path/∗.faa > all.mlst
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Chapter 25

Inferring Horizontal Gene Transfer with DarkHorse,
Phylomizer, and ETE Toolkits

Luis Delaye, Carlos Vargas, Amparo Latorre, and Andrés Moya

Abstract

In this chapter, we describe how to use DarkHorse2.0 to search for xenologs in the genome of the
cyanobacterium Synechococcus elongatus PCC 7942. DarkHorse is an implicit phylogenetic method that
uses BLAST searches to identify proteins having close homologs of unexpected taxonomic affiliation. Once
a set of putative xenologs are identified, Phylomizer is used to reconstruct phylogenetic trees. Phylomizer
reproduces all the necessary steps to perform a basic phylogenetic analysis. The combined use of DarkHorse
and Phylomizer allows the identification of genes incorporated into a given genome by HGT.

Key words Molecular evolution, Computational biology, Phylogeny, Xenology, Genomes

1 Introduction

Horizontal gene transfer (HGT) is the inheritance of genetic mate-
rial by means other than vertical reproduction. Because of HGT,
different segments of the genome may have different evolutionary
origins. This movement of genetic material, also known as lateral
gene transfer (LGT), can occur between organisms of the same or
different species. HGT is more common in prokaryotes than in
eukaryotes, although evidence of HGT from prokaryotes to eukar-
yotes, and between eukaryotes, is increasing. Viruses and phages
are conspicuous HGT vectors.

HGT has important consequences for evolution. In short evo-
lutionary timescales, it confers adaptations to organisms receiving
laterally transferred genes. Genes undergone LGT are known as
xenologs [1]. For instance, pathogenic bacteria evolve resistance to
antibiotics by acquiring xenologs. This evolutionary process has
important consequences for human health on a global scale.
Along large evolutionary timescales, HGT deeply influences the
shape of the universal tree of life [2].

Methods to study and identify HGT can be broadly classified as
phylogenetic and compositional [3] methods. Both methods base
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their inference on identifying sets of genes having a discordant
signal. In both cases, it is assumed a priori that most genes in the
genome of a given specie are inherited vertically over some period
of time. Because of their common history, vertically inherited genes
tend to share a common signal. In contraposition, laterally trans-
ferred genes will show a discordant signal to that shared by verti-
cally transferred genes. Phylogenetic methods base their inference
on identifying genes having a phylogenetic history discordant to
that of vertically inherited genes. Compositional methods base
their inference on identifying genes with atypical base composition
within a genome. Phylogenetic and compositional methods tend to
infer different sets of horizontally transferred genes.

In this chapter, we show how to use DarkHorse version 2.0 to
identify horizontally transferred genes [4]. DarkHorse is a method
that exploits the discordance between sequence similarity and tax-
onomic relatedness to identify likely cases of HGT. DarkHorse can
be considered an implicit phylogenetic method. Next, we show
how to use phylomyzer to build phylogenetic trees from HGT
candidates identified by DarkHorse. We also show how to visualize
and summarize the phylogenetic history of these HGT candidates
with ETE Toolkit [5].

2 Materials

From now on, characters in Courier font correspond to instruc-
tions for the Linux command-line interface. If the set of instruc-
tions exceeds the length of the page, we will use the backslash
\symbol to indicate that the instruction continues in the next row.
It is not necessary to type the backslash in the command line. We
will assume basic Linux knowledge. For simplicity, we show the
commands without their path as if we were running everything in
the same folder, for instance:

$ makeblastdb -in nr -dbtype prot

But you may have the nr database in a different folder:

$ makeblastdb -in/Databases/nr -dbtype prot

It is thus important to add the appropriate path when required.
The analysis will be done in Ubuntu/Linux, although the same
analysis can be performed in other Linux versions.

2.1 Software 1. DarkHorse version 2.0 (http://darkhorse.ucsd.edu), Phylomi-
zer (https://github.com/Gabaldonlab/phylomizer), and
ETE Toolkit (http://etetoolkit.org).

2. Perl version 5.8.1 or later (see Note 1).
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3. Perl modules DBI and DBD::mysql.

4. MySQL Relational Database software version 5.5 or later.

5. Diamond software (https://github.com/bbuchfink/diamond).

6. Phylomizer. To install Phylomizer it is possible to either clone
the directory using git:

$ git clone https://github.com/Gabaldonlab/
phylomizer.git

Or downloading the zip file with wget and unzip:

$wget https://github.com/Gabaldonlab/phylomizer/
archive/master.zip

$ unzip master.zip

This will create a directory containing all the necessary files
for running the full pipeline.

Phylomyzer also has several dependencies:

KAlign (http://msa.sbc.su.se/cgi-bin/msa.cgi).

MUSCLE (http://drive5.com/muscle/).

MAFFT (http://mafft.cbrc.jp/alignment/software/).

M-Coffee (http://www.tcoffee.org/Projects/mcoffee/).

trimAl (http://trimal.cgenomics.org/).

BLAST+(https://www.ncbi.nlm.nih.gov).

These programs must be installed independently and made
available through the PATH variable. To add the path of each
program to the PATH environment variable, it is first necessary
to get the installation path of each program. For example, if
KALIGN was installed in/home/local_installs/software/
KALIGN, to temporarily add the path to the variable, type
the following in the command line:

$ export PATH=$PATH: /home/local_installs/software/KALIGN

Or to add it permanently, update the .bashrc file by
appending the installation path of the program to the PATH
variable. This is normally at the end of the .bashrc file. We
recommend this last option. Phylomizer also requires adjusting
parameters of each one of the above programs. To adjust the
parameters, use the configuration file config/config.pipeline as
a template and edit all desired parameters. For instance, one can
modify the E-value and coverage thresholds for selecting the
candidates during the BLAST homology search and tune in the
parameters. It is also possible to modify the parameters for all
the aligners and for PhyML, RAxML, and FastTree. While the
default parameters will work in most scenarios, in some cases, it
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will be necessary to update some of the parameters to improve
the analysis.

7. ETE requires python2.7. Installing ETE is quite simple by
using Anaconda: http://etetoolkit.org/download/. Consider
that you will have to activate the environment each time you
use ETE on a new Terminal:

$ export PATH=~/anaconda_ete/bin:$PATH

2.2 Databases 1. GenBank nonredundant (nr) databse. This database can be
downloaded from NCBI (https://www.ncbi.nlm.nih.gov). In
Linux, you can easily download files from the web by using
wget from the command-line interface:

$ wget ftp://ftp.ncbi.nlm.nih.gov/blast/db/
FASTA/nr.gz

We will format the nr database for BLAST. If you already
installed BLAST+ and if it is in your PATH environment vari-
able, type the following:

$ makeblastdb -in nr -dbtype prot

2. Query sequences. We need the set of proteins coded in the
genome (chromosome and plastid) of Synechococcus elongatus
PCC 7942 in FASTA format. You can download the proteins in
FASTA format from NCBI by typing the following address in
your web browser:

https://www.ncbi.nlm.nih.gov/nuccore/NC_007604.1

https://www.ncbi.nlm.nih.gov/nuccore/NC_007595.1

Download all protein sequences in plain text in FASTA
format, rename the downloaded files (by default NCBI names
these files as sequence.fasta.txt), and save them to a folder in
your home. Then, concatenate both files into a single file:

~$ mv sequence.fasta.txt NC_007604.1.fasta

~$ mv sequence.fasta.txt NC_007595.1.fasta

~$ cat NC_007604.1 NC_007595.1 > Selongatus.fasta

3 Methods

We will use DarkHorse to identify xenologs in the genome of
Synechococcus elongatus PCC 7942, hereafter S. elongatus. It has
been reported that several genes originated by HGT in this cyano-
bacterium [6]. DarkHorse first makes BLAST searches of query
proteins against nonredundant (nr) Genbank database. Next,
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DarkHorse calculate a “Lineage Probability Index” or LPI for each
query protein that can take any value from 0 to 1. LPI measures
how closely related to the query protein is its set of best-scoring
BLAST hits. Taxonomic proximity is calculated by using NCBI
Taxonomy database. And finally, the user identifies candidate xeno-
logs by looking at LPI values. Query proteins showing low LPI
values are likely cases of HGT.

3.1 Finding

Homologs

1. We will begin by searching for S. elongatus homologs in nr
(nonredundant) Genbank database. We will make the search
for each query protein from S. elongatus with BLAST by using
diamond software. First, it is necessary to rename and format
the nr database. Go to the directory where you downloaded nr
database and then type:

$ cp nr DarkHorse_informative_ref_seqs.fasta

$ diamond makedb --in DarkHorse_informative_ref_seqs.fasta \

-d DarkHorse_informative_ref_seqs --threads 2

This will generate the file: DarkHorse_informative_ref_-
seqs.dmnd.

2. Make the BLAST search. Move to the directory where you have
the file with the sequences from S. elongatus in FASTA format
and type:

$ diamond blastp -d DarkHorse_informative_ref_seqs.dmnd \

-q Selongatus.fasta -a Selongatus.daa -e 1e-5 -t . \

--max-target-seqs 500

3. Format the output to tabular format:

$ diamond view -a Selongatus.daa -f tab -o Selongatus.m8

The file Selongatus.m8 contains the output of BLAST in
tabular format (see Note 2).

3.2 Generating

Exclusion Lists

DarkHorse needs to get rid of self-BLAST matches before creating
initial sets of homologous sequences for each query sequence.
When running DarkHorse (see below), it is possible to indicate
the query sequences with the use of the -g flag in the command
line. In this way, DarkHorse will be able to recognize the matched
sequences that belong to the genome under study. In addition,
DarkHorse has an extra way to define which sequences found with
BLAST are considered self-matches. DarkHorse will consider as a
self-match all BLAST hits to proteins whose NCBI taxonomic IDs
or species names are in an exclusion list.
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1. Run DarkHorse script to automatically generate exclusion lists
named generate_dh_self_keywords.pl (see Note 3):

$ generate_dh_self_keywords.pl -i Selongatus_source_datafile \

-c config_template

Selongatus_source_datafile contains the name of the
query genome and its NCBI taxonomic ID separated by tab
(see Note 4):

Synechococcus elongatus PCC 7942 1140

By default, DarkHorse will generate four exclusion lists:

Synechococcus_elongatus_PCC_7942_exclude_list

Synechococcus_elongatus_PCC_7942_exclude_list_strain

Synechococcus_elongatus_PCC_7942_exclude_list_species

Synechococcus_elongatus_PCC_7942_exclude_list_genus

These lists will be saved in a folder starting with “dh_key-
words,” followed by a set of unique numbers. These lists differ
in how inclusive the definition of self is. The most exclusive list
contains only the taxonomic ID of the queried genome. The
other three lists are progressively more inclusive containing
taxonomic IDs for all strains belonging to the same specie; all
species belonging to the same genus; and the taxonomic ID of
the genus (see Note 5).

2. To construct our exclusion list, we will begin by using the strain
exclusion list provided automatically by DarkHorse: Synecho-
coccus_elongatus_PCC_7942_exclude_list_strain. First, it is
important to review manually each one of the taxonomy IDs
provided automatically by DarkHorse. We find that most of the
taxonomic IDs do not have associated proteins and therefore
are irrelevant to our search (see Table 1 in Note 6).

3. Add the following taxonomic ID to our exclusion list:
1350461. This taxonomic ID correspond to Synechococcus
sp. UTEX 2973. This is a closely related strain having their
genome completely sequenced (Yu et al. [7]). By this, we have
an exclusion list tailored to find cases of HGT that happened
before the divergence of S. elongatus strains.

3.3 Running

Darkhorse2.Pl

To run DarkHorse, it is necessary to specify (1) the template file
provided by DarkHorse; (2) the output file of the BLAST search in
tabular format; (3) the exclusion list; (4) the query proteins in
FASTA format; and (5) the global threshold value:

$ darkhorse2.pl -c config_template -t Selongatus.m8 -e exclude_list \

-g Selongatus.fasta -f 0.02
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Table 1
Taxonomic ID in file: Synechococcus_elongatus_PCC_7942_exclude_list_strain

Taxonomic ID Taxa Nucleotides Proteins

1140 Synechococcus elongatus PCC 7942 484 7017

32046 Synechococcus elongatus 501 1320

269084 Synechococcus elongatus PCC 6301 294 5945

326331 Synechococcus elongatus CCMP1630 2 1

326333 Synechococcus cf. elongatus CCMP1379 1 1

692516 Synechococcus elongatus BDU 70542 3 2

692517 Synechococcus elongatus BDU 30312 1 0

1079744 Synechococcus elongatus SE14_aks 1 0

1096474 Synechococcus elongatus simbu1 1 0

1130982 Synechococcus elongatus ARKK1 1 0

1177118 Synechococcus elongatus str. Ramsar 1 0

1237671 Synechococcus leopoliensis UTEX 625a 0 0

1296331 Synechococcus elongatus CCAP 1479/1A 1 0

1296332 Synechococcus elongatus CCAP 1479/1B 3 0

1357541 Synechococcus elongatus FACHB-242 3 2

1417685 Synechococcus elongatus I7 1 0

1440169 Synechococcus elongatus ISC 106 1 0

1443099 Synechococcus elongatus C12 1 2

1499407 Synechococcus elongatus ISB34 1 0

1521548 Synechococcus elongatus SAG 15.90 1 0

1564604 Synechococcus elongatus LSCB05 1 2

1572069 Synechococcus elongatus BDU 10144 2 0

1572070 Synechococcus elongatus BDU 140431 2 0

1572071 Synechococcus elongatus BDU 141741 2 0

1574321 Synechococcus elongatus PUPCCC 010.5 3 0

1665532 Synechococcus elongatus 0814_107_005_M13_Fp 1 0

1697030 Synechococcus elongatus CENA126 1 0

1769836 Synechococcus elongatus RBD03 1 0

1848902 Synechococcus elongatus P8 1 0

The corresponding species names and the number of nucleotides and proteins (direct links) are also shown

Identifying Xenologs with DarkHorse and Phylomizer 361



DarkHorse will output several files in a newly created directory.
The file ending in “_smry” within the new directory contains a
tab-delimited file, where all query sequences are ranked according
to their lineage probability index (LPI). The LPI is a metric intro-
duced by DarkHorse to measure the degree of taxonomic related-
ness of homologous sequences found with BLAST for each query
sequence. LPI can take any value from 0 to 1. Query sequences
having values close to 1 have homologs that belong to species that
are closely related according to NCBI taxonomy database. In prac-
tice, LPI is used to identify xenologs by looking at those queries
having values closer to 0. The file “norm_lpi_histogram” contains a
histogram of LPI values for all queried sequences (Fig. 1).

3.4 Calibrating

the Global Threshold

Value

One of the main parameters of DarkHorse is the global threshold
value. The global threshold value is specified when running dark-
horse.pl with the -f flag (see above). This parameter is used to
generate candidate match sets (see Note 7).

The global threshold can be calibrated by measuring the maxi-
mum candidate set size returned for different threshold values
(Fig. 2). Maximum candidate set size refers to the maximum num-
ber of sequences found in any match set for a single query. To
change the global threshold, it is necessary to run DarkHorse

Fig. 1 Distribution of LPI values for S. elongatus. LPI values are calculated for three different global thresholds
(0, 0.02, 0.03)
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several times changing the parameter specified by the flag -f (i.e., -f
0; -f 0.01; -f 0.05, etc.). For example:

$ darkhorse2.pl -c config_template -t Selongatus500.m8 \

-e exclude_list -g Selongatus.fasta -f 0

$ darkhorse2.pl -c config_template -t Selongatus500.m8 \

-e exclude_list -g Selongatus.fasta -f 0.01

$ darkhorse2.pl -c config_template -t Selongatus500.m8 \

-e exclude_list -g Selongatus.fasta -f 0.05

The shape of the curve will be dependent on the abundance of
closely related genome sequences in the database (see Note 8).

3.5 Interpreting LPI There is no clear cut-off LPI value to decide whether a gene
originated by xenology or not. In general, low LPI values suggest
xenology: the lower, the better. Nevertheless, there are some gen-
eral rules of thumb based on which LPI values suggest xenology
(http://darkhorse.ucsd.edu). For instance, LPI values<0.6 tend to
indicate proteins that have BLAST matches to homologs only in
other class or phylum than the query sequence. In any case, it is
recommended to inspect the histogram in the “norm_lpi_histo-
gram” file and the matches in the “_smry” file carefully.

In Fig. 3, we show the taxonomy of the closest homologs for
each query protein as indicated in the “_smry” file. For instance,
queries having matches to viral or eukaryotic proteins show very
low LPI values (<0.1). However, it is important to notice that most
matches to eukaryotic proteins are to plastid or chromatophore
proteins. Chromatophores are photosynthetic organelles of cyano-
bacteria origin that evolved independently of plastids by associating
by endosymbiosis to an amoeba [8]. Because these matches are to
organelles of cyanobacterial origin, these queries should have a

Fig. 2 Maximum candidate set size returned for different threshold values
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much larger LPI. However, DarkHorse uses the taxonomy of the
host (an amoeba) to calculate the LPI of these queries. Because
chromatophores evolved from a clade related to S. elongatus, these
queries are not likely candidates of HGT. On the other hand, query
proteins having matches to viruses are likely candidates of HGT.

If we move from low to high LPI values, the first time we find a
query sequence having a match to a cyanobacterial protein is at a
LPI value of 0.85. After that, all proteins having LPI>0.85 have
matches to cyanobacteria. These queries may or may not had
suffered HGT within cyanobacteria. In any case, they are not clear
cases of HGT.

Finally, all proteins having LPI score between 0.4 and 0.8 have
matches to proteins from bacteria other than cyanobacteria (mostly
to proteobacteria). All these are likely cases of HGT.

3.6 Phylogenetic

Analysis

To have a deeper analysis of xenologs in S. elongatus, it would be
desirable to make phylogenetic trees on the set of queries having
LPI scores <0.8. This can be done automatically by using Phylo-
mizer (https://github.com/Gabaldonlab/phylomizer). Phylomi-
zer automates all the steps of phylogenetic analysis: Given a
protein sequence in FASTA format, Phylomizer will (1) search for
homologs in a database with BLAST; (2) align homologs using

Fig. 3 Distribution of LPI values for S. elongatus and the taxonomy of best scoring matches. Candidate
xenologs have a LPI score less than 0.85
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different strategies; (3) trim the multiple alignment to eliminate
misaligned positions; (4) reconstruct phylogenetic trees by
neighbor-joining using different models of evolution; and then
(5) select the model with the largest likelihood to infer a tree by
maximum likelihood.

1. Construct a phylogenetic tree from the query sequence with a
higher score without a match to cyanobacteria. In our case, this
is the S. elongatus sequence WP_011377550.1, a homoserine
O-succinyltransferase. To perform the phylogenetic analysis
type (see Note 9):

$ pipeline.py -i WP_011377550.fasta -d nr -c PhylomeDBConfigurationKMM

2. Once the phylogenetic analysis is ready, you can visualize the
phylogenetic tree with ETE Toolkit. For that, you will have to
write a very simple script in python (see Note 10). Say that we
call this script viewtree.py:

$ export PATH=~/anaconda_ete/bin:$PATH

$ python2.7 viewtree.py WP_011377550.tree.phyml.ml.LG.nw

3. We show the tree in Fig. 4. We can see in this tree that the
nearest neighbor to our WP_011377550.1 protein from S.
elongatus is WP_058962848.1, a protein from Fournierella
massiliensis, a Firmicutes. In contrast, DarkHorse suggests
that the closest homolog is OIO86268.1, a protein fromAnae-
rolineae bacterium, a Chloroflexi. This exemplifies that the best
BLAST hit is not always the nearest neighbor on phylogenetic
trees [9]. Although DarkHorse does not use directly the best
BLAST hits, it is always a good idea to make phylogenetic
analysis based on the set of candidate xenologs identified.

4 Notes

1. In case if you would like to make the analysis in Mac, please
note that we have not been able to install DBD::mysql on
macOS Sierra version 10.12.3.

2. Each row in the Selongatus.m8 file corresponds to a BLAST hit
divided into the following columns: qseqid - query seq-id;
sseqid - subject seq-id; pident - percentage of identical
matches; length - alignment length; mismatch - number of
mismatches; gapopen - number of gap openings; qstart - start
of alignment in query; qend - end of alignment in query; sstart
- start of alignment in subject; send - end of alignment in
subject; evalue - expect value; bitscore - bit score.
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3. The script generate_dh_self_keywords.pl is in the/bin/acces-
sory_scripts/ directory within DarkHorse installation folder.

4. In this case, the complete name of the query genome is Syne-
chococcus elongatus PCC 7942 and the taxonomic ID is 1140. If
you type 1140 at NCBI Taxonomy database web page, you will
get the strain: Synechococcus elongatus PCC 7942.

Fig. 4 Maximum likelihood tree of S. elongatus WP_011377550.1 protein and its homologs
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5. DarkHorse allows to change the definition of the matched
sequences that are considered self. This allows to identify likely
cases of HGT that occurred at different time points along
evolution. For instance, if a narrow definition of self is used
(like considering as self only those sequences from the same
strain as the one used as a query for the BLAST search), then it
is possible to identify cases of HGT that affected only the
queried strain and no other strains within the same species.
Conversely, if a wider definition of self is used (like considering
as self all the species belonging to the same genus as the queried
strain), then cases of HGT that occurred before the divergence
of the species within the genus will be pinpointed. However, by
broadening the definition of self, a smaller number of
sequences are classified by DarkHorse because more queries
fail to find homologs with the specified E-value parameter.

6. It is highly recommended to review carefully the automatically
generated exclusion lists. These exclusion lists are far from
perfect due to inconsistencies on the taxonomy itself. For
instance, in the case of cyanobacteria, there are several species
using the same genus name Synechococcus. These species belong
to very different clades in the phylogenomic tree [10]. There-
fore, the genus exclusion list will contain a polyphyletic set of
taxonomic IDs.

In addition, it is recommended to make an initial search for
xenologs by using the exclusion list with the narrowest defini-
tion of self and then to make new searches by progressively
using a wider definition of self. Ancient cases of HGT may be
detected by widening the definition of self. Also, it is highly
recommended to have an idea of how many sequenced gen-
omes from closely related species are deposited in nr database
and the phylogenetic tree of the species under study. Consider
also that the exclusion list also has a set of words that are used
to exclude artificial gene constructs from the analysis: cloning,
vector, plasmid, cosmid, expression, environmental, synthetic,
construct, contaminant, unclassified, unidentified, unknown,
untyped, unspecified, clone. It is recommended to leave these
words in the exclusion list to avoid false positives.

7. For each query protein in S. elongatus, DarkHorse selects a set
of BLAST-matched proteins by using a global threshold value.
These sets are known as “candidate match sets” in DarkHorse
terminology. This global threshold value represents a percent-
age relative to the best available bit score for each query pro-
tein. Therefore, a global threshold value of 0 will select matches
for a given query having bit scores exactly equal to the top
non-self-match. And a global threshold of 100% will select all
BLAST matches having an E-value at least as small as the one
specified in the BLAST search. In practice, global threshold
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values are specified in the command line by using numbers
from 0 to 1, where 1 represents 100%.

Of course, self matches specified in the exclusion list and
with the -g flag are excluded from this calculus. It is important
to notice that using small global threshold values maximize the
sensibility to detect cases of HGT. However, small global
threshold values also increase the percentage of false positives.
This is because closely related proteins can be excluded from
candidate match sets.

8. Species well represented in nr database like Escherichia coli
show a curve that reaches a plateau when the global threshold
value is between 10% and 20% [4]. These values are appropriate
as global threshold values for E. coli. On the contrary, species
less represented in nr database tend to show steeper curves.
This is the case of S. elongatus. There are only three sequenced
genomes from different S. elongatus strains (PCC7942,
PCC6301, and UTEX 2973) and they are highly similar to
each other [7]. In addition, they branch in a relatively isolated
clade on phylogenomic trees [10]. This makes low threshold
values (between 0 and 0.02) appropriate for S. elongatus. We
will use a value of 0.02 to try to include more sequences in
candidate match sets to avoid false positives. Note that by using
smaller or larger values, the number of queries having relatively
low LPI values do not change much (Fig. 1). Note that the
maximum candidate set size is 500, as specified before in the
BLAST search.

9. Most importantly, look at the configuration file. You may want
to adjust BLAST parameters to be the same as in the Dark-
Horse search to obtain the same results. You may want to
adjust “e_value,” “coverage,” and “hits” parameters. The
parameter “hits” indicate the maximum number of homologs
to retain for phylogenetic analysis. Consider that if you set this
parameter to a very large value (e.g., 500), the phylogenetic
analysis will take a very long time to complete, in particular if
you decide to make bootstrap with maximum likelihood (i.e.,
ml parameter with -b 100).

10. To visualize a phylogenetic tree with ETE Toolkit, you need to
write a simple python script:

#!/usr/bin/env python

from ete3 import Tree

import sys

t = Tree(sys.argv[1])

R = t.get_midpoint_outgroup()

t.set_outgroup(R)

print t

t.show()
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This script reads a tree from the command line, roots the
tree on the midpoint, and prints the tree in the command line
and in a GUI.
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Chapter 26

Methods to Study Fitness and Compensatory Adaptation
in Plasmid-Carrying Bacteria

Javier DelaFuente, Jeronimo Rodriguez-Beltran, and Alvaro San Millan

Abstract

Mobile genetic elements such as plasmids mediate horizontal gene transfer in prokaryotes, promoting
bacterial adaptation and evolution. Despite the potential advantages conferred by these genetic elements,
plasmids can also produce a fitness cost when they arrive to a new host. This initial burden is one of the main
limits to the spread of plasmids in bacterial populations. However, plasmid costs can be ameliorated over
time through compensatory mutations in the plasmid or the chromosome (compensatory adaptation).
Understanding the origin of the cost produced by plasmids and the potential for compensatory adaptation
is crucial to predict the spread and evolution of plasmid-mediated traits, such as antibiotic resistance. Here,
we describe a simple protocol designed to analyze the fitness effects of a plasmid in a new host bacterium.
We also provide a method to examine the potential for compensatory adaptation, using experimental
evolution, and to elucidate if compensation originates in the plasmid, the bacterium, or both.

Key words Evolution, Fitness, Plasmid, Experimental evolution, Compensatory adaptation, Antibi-
otic resistance, Coevolution

1 Introduction

Mobile genetic elements play a key role in bacterial ecology and
evolution because they mediate the horizontal transfer of genetic
information among bacteria. Plasmids are mobile genetic elements
that replicate independently of the chromosome and transfer
between bacteria through conjugation, delivering accessory genes
to the new hosts and promoting their evolution [1]. Plasmids can
code for a multitude of different traits, allowing the recipient
bacteria to adapt to a great variety of environments and stresses.
In the past decades, plasmids acquired exceptional relevance
because of their role in the evolution of antibiotic resistance in
bacteria. Plasmids are arguably the most important drivers of the
spread of antibiotic resistance genes among clinical pathogens, and
infections caused by plasmid-carrying multiresistant bacteria repre-
sent a major concern for public health [2, 3].
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Plasmids not only can promote bacterial survival in the pres-
ence of antibiotics but also can impose a metabolic burden that, in
the absence of antibiotics, may reduce the fitness of the plasmid-
carrying bacterium [4]. The fitness costs produced by plasmids arise
from multiple origins and are difficult to predict [5, 6]. These
fitness effects are one of the main constraints on the vertical and
horizontal spread of plasmids in bacterial populations. Interest-
ingly, these costs can be alleviated through compensatory muta-
tions in the plasmid or in the host chromosome during the
evolution of plasmid-bacterium associations [7–15]. The cost-
benefit-compensation dynamics of plasmids play a key role in the
stabilization of associations between a plasmid and a clone in the
bacterial population and, consequently, in the evolution of plasmid-
mediated antibiotic resistance [16].

The relevance of plasmids as catalysts of bacterial evolution in
general, and of antibiotic resistance in particular, has generated a
growing interest in the study of their fitness effects [17]. In this
article, we present simple protocols aimed at (1) measuring the
fitness effects of a plasmid in a bacterial host, (2) promoting com-
pensatory adaptation alleviating the cost of the plasmid, and
(3) understanding the origins of cost and compensation.

2 Materials (See Note 1)

2.1 Equipments 1. Electroporator.

2. Incubator (37 �C).

3. Incubator with orbital shaker (37 �C).

4. Basic laboratory material including 1.5 mL microcentrifuge
tubes (Eppendorf type), 15 mL test tubes, Petri dishes, pip-
ettes, and micropipettes.

2.2 Media

and Solutions

1. Lysogeny broth (LB): 10 g Bacto-tryptone, 5 g yeast extract,
10 g NaCl in 1 L H2O, pH 7.5. Sterilize by autoclaving for
15 min at 121 �C.

2. LB agar: 10 g Bacto-tryptone, 5 g yeast extract, 10 g NaCl and
15 g agarose in 1 L H2O, pH 7.5. Sterilize by autoclaving for
15 min at 121 �C.

3. Saline solution: 9 g NaCl in 1 L H2O. Sterilize by autoclaving
for 15 min at 121 �C.

4. Freezing medium: 65% glycerol stock solution in
H2O. Sterilize by autoclaving for 15 min at 121 �C. Mix
0.5 mL of LB bacterial culture with 0.5 mL of freezing medium
and store at �80 �C.
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3 Methods

3.1 Measuring

the Costs of Plasmids

In this section, we describe a simple competition assay designed to
measure the fitness effects of a plasmid in a new bacterial host
(Fig. 1a, see Note 2). We use an adapted version of the protocol
described by Richard Lenski for his E. coli long-term evolution
experiment (http://myxo.css.msu.edu/ecoli/standprot.html)
[18]. Growth curves can also be used to measure fitness (Fig. 1b),
but they usually provide lower resolution than competition experi-
ments (see Note 3). To make sure that this protocol can be carried
out in any standard microbiology laboratory, we will use plates
containing antibiotics to select for the plasmid-carrying clone. It
is also possible to use chromosomally tagged isogenic bacteria that
produce differentiable phenotypes on the plates [18] (Fig. 1a), or
fluorescently labeled bacteria or plasmids to perform high-
throughput competition experiments using flow cytometry [9].

1. Introduce the plasmid under study (P) in the selected bacterial
clone (B) by electroporation or conjugation (see Note 4).

Fig. 1 Methods to measure the fitness effects produced by plasmids. Different techniques can be used to
measure the fitness effects produced by plasmids in their bacterial host. (a) Competition assay between
plasmid-carrying (B/P) and plasmid-free (B) isogenic strains (see Subheading 3.1), where WB/P is the relative
fitness of the plasmid-bearing clone, Ni,B/P and Nf,B/P are the densities of the plasmid-carrying clone before
and after the competition, and Ni,B and Nf,B are the densities of the plasmid-free clone before and after the
competition, respectively. (b) Growth curves of plasmid-carrying and plasmid-free isogenic strains. Comparing
the maximum growth rate (μmax), the maximum OD (ODmax), the duration of the lag phase (lag), and the area
under the curve (AUC) of plasmid-carrying and plasmid-free clones provides an idea of the fitness effect of the
plasmid (see Note 3)
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2. Confirm that the plasmid-carrying clone (B/P), but not the
plasmid-free clone (B), is able to grow on LB agar plates con-
taining the antibiotic you are going to use for selection (see
Notes 5 and 6).

Day –1

3. Prepare overnight cultures of plasmid-carrying and plasmid-
free clones in 3 mL of LB with continuous shaking (200 rpm)
at 37 �C in 15-mL test tubes. Start at least three independent
cultures of each clone to be able to do multiple biological
replicates of the competition assay (see Note 7).

Day 0

4. Mix 0.5 mL of plasmid-free and 0.5 mL of plasmid-carrying
bacterial overnight cultures in a 1.5-mL tube and vortex (one
tube per biological replicate of the competition).

5. Inoculate 3 μL of the mix in 3 mL of LB (1/1000 dilution) and
incubate at 37 �C with continuous shaking at 200 rpm over-
night (see Note 8).

6. To estimate the initial number of each competitor, plate 100 μL
of appropriate dilutions from the 3 mL starting culture on LB
agar plates and LB agar plates with the plasmid-selecting anti-
biotic in triplicate. Use glass beads to spread the inoculum.
Incubate at 37 �C overnight. Bacterial cultures are diluted
down in sterile saline solution using serial 1/10 dilutions in
1.5-mL tubes (see Note 9).

Day 1

7. Count the colonies on the plates. On the LB plates both
competitors can grow, whereas on the LB plates with antibio-
tics, only the plasmid-bearing cells can grow. Calculate the
initial densities of each competitor at the onset of the competi-
tion assay (Ni,B and Ni,B/P in Fig. 1a).

8. To estimate the final number of each competitor, dilute down
the overnight competition assays in saline solution and plate
them out on LB agar plates and agar LB plates with the
plasmid-selecting antibiotic in triplicate as described in Sub-
heading 3.1, step 6. Incubate the plates overnight at 37 �C.

Day 2

9. Count the colonies on the plates and calculate the final densi-
ties of each competitor (Nf,B and Nf,B/P in Fig. 1b).

10. Calculate the fitness of the plasmid-bearing strain (B/P) rela-
tive to the plasmid-free strain (B) using the following formula:

wB=P ¼ ln N f , B=P=N i, B=P
� �

= ln N f , B=N i, B
� �
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where wB/P is the relative fitness of the plasmid-bearing
clone (compared to the plasmid-free clone),Ni,B/P andNf,B/P

are the densities of cells of the plasmid-carrying clone at the
beginning and end of the competition, and Ni,B and Nf,B are
the densities of cells of the plasmid-free clone at the beginning
and end of the competition, respectively (see Note 10). The
fitness cost of the plasmid can be calculated with the following
formula:

1�W B=P ¼ Costof P inB initialcostofthe plasmidð Þ

3.2 Experimental

Evolution

and Compensation

of Plasmid Cost

Here, we describe a simple protocol to promote and measure
compensation of the cost produced by the plasmid by propagating
plasmid-bearing bacteria in LB medium for 10 days (see Note 11,
Fig. 2). The chances of detecting compensatory adaptation within a
reasonable time frame increase with the initial fitness cost produced
by the plasmid. When plasmids produce a small cost (i.e.,<5%), it is
difficult to detect compensatory adaptation using this approach.

1. Start six cultures of plasmid-carrying bacteria and six control
cultures of plasmid-free bacteria in 3 mL LBmedium in 15-mL
test tubes. Incubate overnight at 37 �C and shake at 200 rpm
(see Note 12).

2. Propagate the cultures in fresh media by serial diluting (1/100)
every day during 10 days (see Notes 13 and 14). Incubate at
37 �C and shake at 200 rpm. Freeze the evolving populations
every 2 days and at the end of the experimental evolution to
keep a frozen stock of the lines (Fig. 2).

3. In addition, to recover evolved clones, plate appropriate dilu-
tions of the evolved lines on LB agar (for the plasmid-free lines)

Fig. 2 Experimental evolution promoting compensatory adaptation. Representation of the experimental
evolution protocol described in Subheading 3.2. O/N overnight
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or LB agar with plasmid-selecting antibiotics (for plasmid-
carrying lines) as described in Subheading 3.1, step 6 and
recover three to six isolated colonies per line. Culture them in
LB overnight at 37 �C and with shaking at 200 rpm and
prepare a frozen stock.

4. After experimental evolution, the first step is to measure the
fitness of the evolved plasmid-carrying clones (Fig. 3). Com-
pete the evolved plasmid-carrying clones (evolved bacteria car-
rying evolved plasmid: Be/Pe) against the ancestral plasmid-
free strain (ancestral bacteria: B) and measure if there is an
increase in the relative fitness of the evolved plasmid-carrying
clones compared to the ancestral plasmid-carrying clones:

Fitness of Be=Pe relative to B > fitness of B=P relative to B

If Be/Pe has a higher relative fitness, it is possible that the
cost produced by the plasmid has been compensated, but that
is not necessarily the case. This increase in fitness could be
simply due to a general adaptation of the strain to the experi-
mental conditions, independent of the compensation of plas-
mid costs (see Note 15).

Fig. 3 Flow diagram of the complete experimental process. Workflow summarizing the experimental steps
described in this chapter. This flowchart will guide the researcher through the rationale and experiments
required to analyze the fitness costs of a plasmid, to promote compensation of the costs, and to clarify the
origin of this compensation
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5. Confirm if the cost of the plasmid has been compensated by
curing the plasmid from the evolved plasmid-carrying clones
(see Note 2. If you cannot cure the plasmid, see Note 16).
Compete the evolved plasmid-carrying clones against their
cured counterparts (Be/Pe vs. Be) to calculate the cost of the
evolved plasmid in the evolved clone:

1� fitness of Be=Pe relative to Beð Þ ¼ cost of Pe in Be

If there is a reduction or elimination of the cost of the
plasmid in the evolved clones, compensatory adaptation has
occurred:

Cost of Pe in Be < cost of P in B Initial costð Þ
¼ Compensatory adaptation

6. If at day 10 there is no amelioration of the fitness cost produced
by the plasmid, then the experiment can be conducted for a
longer period of time (Fig. 3).

3.3 Analyzing

the Origin

of Compensatory

Adaptation

Once the compensation of the cost produced by the plasmid is
confirmed, it is possible to investigate its origin. The compensation
could be due to changes in the plasmid, the bacterial chromosome,
or both [8]. To clarify the origin of the compensation, it is neces-
sary to construct new strains combining ancestral and evolved
plasmids and clones and measure their fitness (Fig. 3).

1. Electroporate or conjugate the evolved plasmid (Pe) in the
ancestral bacterial clone (B) and the ancestral plasmid (P) into
the evolved cured clone (Be).

2. Measure the fitness of the different combinations, B/Pe and
Be/P, by competing them versus the plasmid-free parental
strain (B) and the evolved cured clone (Be) respectively, as
explained in Subheading 3.1.

3. Calculate the fitness cost of Pe in B and P in Be:

1� fitness of B=Pe relative to Bð Þ ¼ cost of Pe in B

1� fitness of Be=P relative to Beð Þ ¼ cost of P in Be

4. Use the data to elucidate the origin of the compensatory adap-
tation as follows (see Fig. 3):

Cost of Pe in B < cost of P in B Initial costð Þ ¼ Plasmid adaptation

Cost of P in Be < cost of P in B Initial costð Þ ¼ Bacterial adaptation

It is important to consider that these possibilities are not
mutually exclusive (see Note 17).

Once the origin of the compensation has been examined phe-
notypically, the next step is to characterize the molecular basis of
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cost and compensation. To that end, it is necessary to use a genomic
approach to look for compensatory mutations [9, 10, 13], as well as
a transcriptomic approach to better understand the origin of the
cost [10, 11, 19]. These techniques are beyond the scope of this
protocol.

4 Notes

1. In this section, we detail the materials needed to perform the
protocols described using an Escherichia coli strain and a plas-
mid that can be accepted by electroporation. To accommodate
the protocol to your bacterial strain and plasmid of choice, you
may need additional material.

2. This method is intended to measure the cost of a plasmid in a
new bacterial clone that is not adapted to the plasmid. How-
ever, sometimes it is useful to study the fitness effect of a
plasmid in its original bacterial host. In that case, it is necessary
to first eliminate (cure) the plasmid from the bacterium and
then measure the fitness of the otherwise isogenic plasmid-
carrying and plasmid-free clones. There are different methods
to cure plasmids, including temperature treatments, incompat-
ible displacement of plasmids, or CRISPR-Cas systems
[9, 20–22]. Try to avoid the use of mutagenic molecules to
cure plasmids because they may induce off-target pleiotropic
effects such as unwanted mutations or the loss of other resident
plasmids apart from the one under study.

3. Growth curves are less discriminative than competition experi-
ments, but they are easy to perform and give a preliminary idea
of the fitness effect of the plasmid, especially if the effect is large
(Fig. 1b). To compare growth curves, it is crucial to start each
experiment with identical cell densities. The maximum growth
rate (μmax) and the maximum OD (ODmax) can be used to
estimate the intrinsic growth rate (r) and carrying capacity
(K) of the population. The intrinsic growth rate is the pre-
dicted growth rate under no restrictions in population size and
the carrying capacity is the maximum possible population size.
Comparing these parameters between plasmid-carrying and
plasmid-free clones provides an idea of the fitness effect of the
plasmid. The area under the curve (AUC) is also a useful
parameter because it integrates information about both r and
K. Finally, the duration of the lag phase can also dramatically
impact the fitness of the strains, so it is an important parameter
to measure. Free software is available to extract all these para-
meters from growth curves [23, 24]. There are some circum-
stances under which competitions are contraindicated, such as
for plasmids with high conjugation rates (that would conjugate
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during the competition experiment, altering the plasmid-free/
plasmid-containing ratio) or plasmids coding for toxic com-
pounds (that could inhibit the growth of the plasmid-free
competitor). In those situations, growth curves are a good
substitute to estimate plasmid fitness effects. Interestingly, a
recent work introduced a model-based approach allowing
the prediction of relative fitness using data from individual
growth curves of two bacterial clones [25]. Finally, for an
alternative way of measuring the fitness effect of a plasmid
from plasmid persistence or stability profiles, see ref. 12.

4. You can use your favorite protocol. Two examples are shown in
refs. [26, 27].

5. It is important to measure plasmid stability in the new host. If
the stability of the plasmid in the new host is low, it can affect
the results of the competition. Stability can be measured by
propagating pure cultures of plasmid-containing bacteria in LB
over time and plating on medium with and without plasmid-
selecting antibiotics to follow plasmid loss over time.

6. If you are working with a conjugative plasmid, measure the
conjugation frequency of the plasmid under the experimental
conditions used for the competition assay. If the conjugation
frequency is high, the relative fitness of the plasmid-carrying
strain may be overestimated due to the increase in frequency of
bacteria carrying the plasmid. Shaking the culture usually
reduces conjugation.

7. We usually use six biological replicates.

8. Select your preferred culture medium and conditions. The final
volume and the dilution factor can be also modified.

9. Usually 100 μL of the dilution 10�6 produces the right amount
of colonies to count from a standard overnight culture (approx-
imately 100 colonies on the LB plates, assuming 109 CFU/mL
in the overnight LB culture). Therefore, 100 μL of the dilution
10�3 from the initial 3 mL competition culture, which has
already been diluted down by a factor of 1000, should produce
a correct number of colonies.

10. Relative fitness (w) represents the reproductive rate of one
strain relative to the other. All the rest being equal, the differ-
ences in reproductive rates between the strains can be attrib-
uted to the presence of the plasmid. Therefore, if wB/P is lower
than 1, then the plasmid produces a fitness cost, and if wB/P is
higher than 1, then it produces a fitness advantage under the
experimental conditions. For example, if wB/P ¼ 0.95, the
plasmid-carrying strain shows a 5% reduction in reproductive
rate compared to the plasmid-free one. In other words, the
plasmid imposes a 5% fitness cost.
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11. Again, use your desired medium and culture conditions.

12. Start each culture independently from an isolated colony. You
can increase the number of replicates at will.

13. The dilution factor can be adjusted, but be careful not to create
strong bottlenecks in order to avoid an excessive reduction in
effective population size [28]. The number of bacterial gen-
erations per day can be estimated as the log2 of the dilution
factor (assuming that the cultures achieve the same maximum
density every day). For example, a dilution 1/100 gives rise to
approximately 6.6 generations per day.

14. If the plasmid is unstable in the bacterial host, you can add
plasmid-selecting antibiotics to the culture medium to guaran-
tee the presence of the plasmid. However, you cannot use
antibiotics in the plasmid-free control populations, so we prefer
to conduct the compensatory adaptation experiments in
absence of antibiotics, even if the frequency of plasmid-
carrying bacteria decreases strongly [9].

15. To measure the potential for general adaptation to the experi-
mental conditions, compete the evolved control plasmid-free
clones against the parental plasmid-carrying strain. Measure if
there is an increase in the relative fitness of plasmid-free clones
over the experiment. This increase is due to mutations promot-
ing the adaptation to the experimental conditions. Adaptation
to the lab can be a confounding factor when analyzing com-
pensation of plasmid costs. One option to avoid the confound-
ing effect of general adaptation is to “pre-adapt” the host
bacterial clone to the experimental conditions before introdu-
cing the plasmid. To do so, you can propagate the clone under
the same conditions that will be used for the experimental
evolution assay for one or two hundred generations, so any
beneficial mutation of large effect will be fixed.

16. If the plasmid cannot be eliminated from the bacterium, you
can follow an alternative approach to infer compensatory adap-
tation. Instead of competing Be/Pe against the isogenic cured
Be, you can compete Be/Pe against clones that have spontane-
ously lost the plasmid during the experimental evolution or
against clones from the evolved plasmid-free control popula-
tion (Bce). Assuming that the general adaptation to the labo-
ratory conditions has occurred similarly in the plasmid-free and
plasmid-carrying clones, if the fitness differences between Bce
and Be/Pe are smaller than that between B and B/P, then this
could indicate that compensation has occurred. However, you
will need to confirm this possibility. One option is measuring
the fitness effect of the evolved plasmid (Pe) in the parental
strain (B), as explained in Subheading 3.3, to detect a potential
plasmid adaptation. If no adaptation in the plasmid is detected,
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it is possible that the adaptation occurred in the host chromo-
some (bacterial adaptation). Unfortunately, you will not be
able to confirm bacterial adaptation as explained in Subheading
3.3 if Be/Pe cannot be cured. Sequencing the DNA from
Be/Pe clones and reconstructing the potential compensatory
mutations in B/P to confirm their effect is an excellent
alternative.

17. If there are evidence of compensatory adaptation, and the
experiments described in Subheading 3.3 indicate that both
plasmid and bacteria have adapted, it is a case of “generalized
co-adaptation.” On the other hand, it is also possible to find
compensatory adaptation in the evolved plasmid-carrying
clone, but no evidence of plasmid or bacterial adaptation
when they are tested individually. This occurs when both the
changes in plasmid and bacteria must be present at the same
time to produce the compensatory effect, and this is called
“specialized co-adaptation” [8].
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Chapter 27

A Broad Host Range Plasmid-Based Roadmap for ssDNA-
Based Recombineering in Gram-Negative Bacteria

Tomás Aparicio, Vı́ctor de Lorenzo, and Esteban Martı́nez-Garcı́a

Abstract

Recombineering is the use of phage recombination proteins to improve and facilitate bacterial genome
engineering. Depending on the nature of the DNA template, double-stranded or single-stranded, the
system needs three proteins (Gam, Exo, and Beta) or just one (Beta) to work properly. The use of this
technique has been fundamental not only toward solving fundamental biological questions with reverse
genetics but also for the generation of deep-engineered E. coli chassis strains. Unfortunately, the use of
ssDNA recombineering is still limited to a narrow number of bacterial species. One of the reasons for that is
the lack of proper recombinases to be efficiently used in different microorganisms and the lack of proper
genetic tools to deliver and express this activity in a controlled way. Here, we describe a protocol to follow a
simple workflow to identify, clone, and quantify the function of the selected recombinases in the organism
of choice by cloning and expressing them in standardized broad host range plasmids. As an example of the
method, we tested the use of the Ssr recombinase in P. putida EM42 by introducing a complete deletion of
the target gene pyrF. The example shows how two parameters of the mutagenic oligo, i.e., length and
phosphorothioate protection, affect the final outcome of the procedure.

Key words Recombineering, Recombinases, ssDNA, Conditional expression plasmids, Genome
editing, Pseudomonas putida, Synthetic biology

1 Introduction

Classical methods to edit the bacterial chromosome of Gram-
negative bacteria typically depend on the endogenous RecA
homology-based recombination system. Since this strategy involves
swapping DNA strands [1], the sequence to modify/delete has to
be flanked by ~500–1000 bp upstream and downstream regions of
homology. This standard process is efficient but time-consuming
and cumbersome to do, especially for deep genome-engineering
approaches involving many genome rearrangements [2].

However, the situation in E. coli has improved dramatically
since the appearance of recombineering. The key difference is that
recombineering is based on the use of recombination proteins
derived from bacteriophages, such as phage lambda. These proteins
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protect heterologous incoming DNA and stimulate its recombina-
tion within native chromosomic sequences using short regions of
DNA homology [3]. Briefly, the lambda phage-derived system
comprises three genes, exo, bet, and gam: gam blocks the degrada-
tion of linear dsDNA by inhibiting the RecBCD and SbcCD
nucleases of the host; exo encodes a nuclease that degrades linear
DNA in a 50!30 fashion generating 30 single-stranded DNA ends;
and bet binds single-stranded DNA and stimulates recombination
between the ssDNA fragment and the genome [3]. Recombineer-
ing not only reduces the length of the DNA sequences required to
promote homologous recombination to just ~36–50 bp but also
eliminates unnecessary cloning steps by directly using linear
dsDNA, supplied as a PCR product [4]. A more simplified form
of recombineering uses ssDNA as the mutagenic carrier sequence
[5]. Workwise, the system just needs two components: a recombi-
nase and a mutagenic oligonucleotide. There are a few require-
ments to take into account for the design of the ssDNA. For a
detailed paper describing those parameters (DNA bias strand,
length, ΔG, and 50-end protection), see [6, 7].

Single-stranded recombineering was first developed in E. coli
[5] and later on in other bacterial species such as Corynebacterium
glutamicum [8], Lactococcus lactis and Lactobacillus reuteri [9],
Mycobacterium smegmatis and M. tuberculosis [10], and Pseudomo-
nas syringae [11]. Since then, recombineering has facilitated not
only simple gene deletions but also deep genome engineering. For
this latter purpose, multiple rounds of mutagenesis can be con-
ducted sequentially, using multiplex automated genome engineer-
ing (MAGE) [6]. This approach has proven very useful for specific
biotechnological applications [6, 12].

In spite of this, one of the limits of the recombineering tech-
nique is that it depends on an appropriate recombinase to efficiently
mediate genome editing at a suitable frequency. This protocol
provides a simple workflow to screen and test the efficiency of
different recombinases in a broad-host vector suited for most
Gram-negative species. This way, users can assess the efficiency of
different recombineering systems in their favorite Gram-negative
bacterial species [13]. As a working example, this protocol tests the
Ssr recombinase [14] in the soil bacterium Pseudomonas putida.
However, the protocol is suited for any potential recombinase in
different Gram-negative bacterial species. The protocol also
describes how to test the minimum length of the ssDNA oligo
required to promote efficient recombination and the effect of
phosphorothioate-protected oligonucleotides on the overall effi-
ciency of the system.

384 Tomás Aparicio et al.



2 Materials

2.1 Bacterial Strains

and Plasmids

1. P. putida KT2440 derivative EM42 [15] as the host to perform
the recombineering experiments.

2. E. coli CC118 (Δ(ara-leu) araD ΔlacX174 galE galK phoA20
thi-1 rpsE rpoB argE-(Am) recA1; [16]) as cloning host and
HB101 as the mating helper strain (F� λ� hsdS20(rB

� mB
�)

recA13 leuB6(Am) araC14 Δ(gpt-proA)62 lacY1 galK2
(Oc) xyl-5 mtl-1 thiE1 rpsL20 glnX44(AS); [17].

3. The list of plasmids provided in Table 1.

2.2 Culture Media

and Chemicals

for Bacterial Growth

1. LB medium: 10 g tryptone, 5 g of yeast extract, 10 g of NaCl
into 1 L with deionized H2O. Autoclave-sterilized. For LB
agar, add of 1.5% (w/v) agar and autoclave.

2. M9 salts 10�: 42.5 g of Na2HPO4·2H2O, 15 g of KH2PO4,
2.5 g of NaCl, and 5 g of NH4Cl in deionizedH2O up to a final
volume of 500 mL. Autoclave-sterilized.

3. 1 MMgSO4 solution: 12 g of anhydrous MgSO4 in H2O up to
100 mL. Autoclave-sterilized

4. Citrate stock solution: 20% (w/v) sodium citrate in deionized
H2O. Autoclave-sterilized. Citrate is used as the sole carbon
source in matings between E.coli and Pseudomonas to counter-
select the donor cells [20].

5. M9 mating plates: 1.4% (w/v) final agar concentration. Auto-
clave agar prior to addition of 1� M9 salts plus 0.2% (w/v) of
citrate and 2 mM MgSO4. Prepare fresh before use, and utilize
immediately.

6. The antibiotics required for this protocol are prepared as con-
centrated stocks in H2O, sterilized by filtration (0.45 μm) and
stored at�20 �C. The working concentration of the antibiotics
are kanamycin (Km), 50 μg/mL; chloramphenicol (Cm),
30 μg/mL.

7. 20 mg/mL Uracil stock solution: 200 mg uracil (Sigma-
Aldrich, St. Louis, Mo, USA), 10 mL 0.5 N NaOH. Filter-

Table 1
Plasmids used in this work

Plasmid Description and relevant characteristicsa Reference

pSEVA258 Expression vector; oriV (RSF1010); xylS-Pm; MCS; KmR [18]

pSEVA258-ssr pSEVA258 derivative; oriV (RSF1010); xylS-Pm ! ssr; KmR [14]

pRK600 Mating helper plasmid; oriV(ColE1), RK2(mob+ tra+); CmR [19]

aAntibiotic markers: Km kanamycin, Cm chloramphenicol
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sterilize, distribute into 1 mL aliquots, and store at �20 �C.
Use it at a final concentration of 20 μg/mL.

8. 5-Fluoroorotic acid (5FOA) solution: 5 mL of dimethylsulf-
oxide (DMSO), 750mg of 5FOA (Zymo Research, Irvine, CA,
USA). Incubate at 37 �C and vortex. Store in 1 mL aliquots at
�20 �C. Use it at a final concentration of 250 μg/mL.

9. Electrocompetent P. putida solution: 25.6 g sucrose into a
final volume of 250 mL of deionized H2O. Sterilize by filtra-
tion and aliquot into 50 mL Falcon tubes. Store at room
temperature (Rt).

10. 0.5 M m-Toluic acid solution (3-methyl benzoate; 3 MB; #
T36609; Sigma-Aldrich, St. Louis, Mo, USA). Dissolve in
H2O adding NaOH pellets slowly until complete solubiliza-
tion. Filter-sterilized.

2.3 General

Molecular Biology DNA

Techniques

1. Plasmid DNA Purification Kit.

2. DNA polymerase for whole-cell colony PCR amplification and
appropriate buffer(s). This DNA polymerase is not used for
cloning procedures; hence, high fidelity is not required.

3. High-fidelity DNA polymerase and appropriate buffers for
cloning purposes and Gibson assembly.

4. Stock solution of deoxynucleotide triphosphates (dNTPs):
10 mM dATP, 10 mM dCTP, 10 mM dGTP, and 10 mM
dTTP in milliQ H2O. Store the solution at �20 �C.

5. PCR Product Clean-up and Purification Kit.

6. Gibson assembly 5� master solution: 3 mL 1 M Tris–HCl,
pH 7.5, 300 μL 1MMgCl2, 60 μL of 100 mM dNTPs, 300 μL
1 M dithiothreitol (DTT), 1.5 gr of polyethylene glycol (PEG)
8000, 20 mg of NAD and H2O to 6 mL. Distribute in 320 μl
aliquots and freeze until use. Right before utilization, thaw an
aliquot and add 1.5 μL of T5 exonuclease (Epicentre, Madison,
Wi, USA), 20 μL of Phusion™High-Fidelity DNA Polymerase
(NEB, Beverly, MA, USA), and 160 μL of Taq ligase (NEB,
Beverly, MA, USA). Prepare 15 μL aliquots, and store them at
�20 �C until use [21].

2.4 Oligonucleotides

Used in this Work

1. 100 μM Oligo stocks for recombineering. Asterisk within the
DNA sequence denotes a phosphorothioate bond. Italics rep-
resent one-half of the homology region. Store at �20 �C.

LD: 50-A∗C∗A∗G∗GCATCGGTGGTTCGGCACAGG
CCCTTGCTGGACAGCCGCAGGTTAA.

GGGCAGGGTCTCTTGGCAAGTCGAAAACGGCGCG
CATTGTAAACGAAGTG-30; [14].

LD-n: 50-ACAGGCATCGGTGGTTCGGCACAGGCCC
TTGCTGGACAGCCGCAGGTTAA.
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GGGCAGGGTCTCTTGGCAAGTCGAAAACGGCGCG
CATTGTAAACGAAGTG-30.

LD-60: 50-A∗C∗A∗G∗GCCCTTGCTGGACAGCCGC
AGGTTAA.

GGGCAGGGTCTCTTGGCAAGTCGAAAACGG-30.
LD-60n: 50-ACAGGCCCTTGCTGGACAGCCGCAGG

TTAA.
GGGCAGGGTCTCTTGGCAAGTCGAAAACGG-30.
LD-40: 50-G∗C∗T∗G∗GACAGCCGCAGGTTAAGGG

CAGGGTCTCTTGGCAAG-30.
LD-40n: 50-GCTGGACAGCCGCAGGTTAAGGGCA

GGGTCTCTTGGCAAG-30.

2. Primers for SEVA insert amplification. 238F: 50-GGTTTG
ATAGGGATAAGTCCAG-30; [13] and PS2: 50-GCGGCAA
CCGAGCGTTC-30; [18].

3. Primers for checking pyrF deletion: PYRF-F: 50-CGAGGG
CTATGATGAGTATC-30; [14] and PYRF-R: 50-GTCAGG
TGAAGAGCAAAGAG-30; [14]. These primers shall yield a
1262 bp. band in wt cells. In pyrF-deleted strains, the PCR
band should be 560-bp-long.

2.5 Other Laboratory

Material

and Equipment

1. 10-mL plastic tubes containing 3 mL of liquid culture medium,
for bacterial growth.

2. Erlenmeyer flasks with 1 volume of liquid culture to 5 volumes
capacity.

3. Electroporator with 2-mm-gap width sterile electroporation
cuvettes.

4. PCR thermocycler and appropriate PCR tubes.

5. 90 mm. round sterile plastic Petri dishes.

6. 3-mm.-diameter sterile glass beads, to spread bacteria onto
agar plates. Used glass beads can be recycled if they are washed
with 70% (v/v) ethanol, dried, and autoclaved.

7. Spectrophotometer to quantify DNA concentration.

8. DNA horizontal electrophoresis system.

9. Sterile 50 mL Falcon tubes.

3 Methods

3.1 Identification

of Recombinase Genes

to Be Tested

The overall workflow to test the efficiency of different recombinases
in a desired bacterial host is shown in Fig. 1. The whole process
starts upon identification of recombinase genes to be tested.

1. Retrieved from the National Center for Biotechnology Infor-
mation (NCBI), the sequences from representatives of the four
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single-stranded annealing protein (SSAP) superfamilies
((Redß, ERF, Sak, and Sak4; [22]). These sequences can be
used as baits to identify potential recombinase candidates from
the databases.

2. Perform a BLAST search using blastp to identify possible
homologs in the desired bacterial species [23]. This in silico
search can be restricted to the desired taxonomic group using
taxid.

3.2 Cloning

the Recombinase into

a pSEVA Expression

Plasmid System I:

Preparation

of the Plasmid DNA

Once the user has chosen a recombinase(s), it has to be placed first
into an appropriate expression plasmid that allows its production
upon addiction of the inductor. For these types of experiments, we
routinely used the pSEVA258 [18, 24] as the plasmid backbone.
This vector has the following characteristics: KmR, medium-high
copy (oriV RSF1010), and a XylS-Pm expression cassette. This
inducible system is composed of a transcriptional factor, XylS,
wherein upon addiction of m-toluate (or other benzoate deriva-
tives) became active and drives the expression of the heterologous
DNA placed under the control of the Pm promoter: for a review,
see [25]. Some of the advantages of the XylS-Pm system are

Fig. 1 Schematic representation of the experimental workflow described in the protocol. The process starts by
identifying possible candidates by bioinformatics analysis. Then, the selected candidate(s) is/are captured by
either Gibson assembly or classical restriction cloning in a standardized format into an inducible expression
SEVA plasmid (pSEVA258). Once obtained, the recombinant plasmids are introduced into the desired bacterial
species (Pseudomonas or any Gram-negative bacteria in which the selected vector replicates). Recombineer-
ing is then performed as indicated in the protocol, using an appropriate reporter gene (pyrF)
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(1) tight regulation, (2) a high induction ratio, (3) independent of
the cellular physiology [26], (4) and that the system has proven
active in many bacterial species [27].

1. Purify the pSEVA258 plasmid using a commercial column kit
from a 20-mL saturated E. coli culture.

2. Digest the plasmid with the appropriate restriction enzymes
(EcoRI and BamHI in the example). Restriction mix:

(a) 8 μL Buffer 10�.

(b) 8 μL BSA 10�.

(c) 61 μL of Plasmid DNA.

(d) 1.5 μL EcoRI.

(e) 1.5 μL BamHI.

3. Purify the linearized plasmid DNA (~7.2 kb) after proper
separation in a 1% (w/v) agarose gel electrophoresis with a
commercial column kit.

4. Quantify the DNA concentration using a spectrophotometer
or by inspection in an agarose gel.

3.3 Cloning the

Recombinase into a

pSEVA Expression

Plasmid System II:

Obtaining the

Recombinase DNA

The second element of the system is the desired recombinase(s) to
be tested. The particular gene can be PCR amplified from genomic
DNA or colony PCR of the bacteria with the recombinase gene.
However, in the most common scenario of not having a suitable
PCR template, one can use the sequence information of that par-
ticular recombinase retrieved from the databases to directly obtain a
synthetic DNA from gene synthesis companies. It is important to
take into account that the pSEVA258 lacks an RBS, relying on the
user to select the most appropriate [18]. Then, for comparison
purposes, it is important that all recombinase(s) to be tested con-
tain the same 50 untranslated region (50-UTR) (see Subheading 3.3,
step 2 for more detail). The recombinase can be cloned by enzy-
matic restriction adding an EcoRI site to the 50-end and a BamHI
sequence to the 30-end of the PCR primer pair (see Note 1). Also,
the other option is to clone the recombinase gene into the destina-
tion plasmid (pSEVAX58; where X means any of the AbR cassettes
available at the SEVA collection) by Gibson assembly.

In this protocol, we describe the cloning process of the ssr
recombinase gene using the Gibson assembly option with a syn-
thetic DNA.

1. In order to use Gibson assembly, 40 bp from pSEVA258 before
EcoRI and after BamHI were included in the 50and 30 synthetic
DNA, respectively. Underlined is marked the EcoRI and
BamHI sites, in bold the added RBS, and in italics the entire
50 UTR sequence added to the recombinase gene.
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2. Add the following 56-bp DNA sequence to 50-end of the
recombinase gene: 50- TGGAGTCATGACCATGCCTAGG
CCGCGGCCGCGCGAATTCAGAAGGAGAATATACC-30.

3. Incorporate the following 40-bp DNA sequence to the 30-end
of the recombinase gene: 50- GGATCCTCTAGAGTCGACC
TGCAGGCATGCAAGCTTGCGG-30.

4. Request the DNA sequence for gene synthesis to your favorite
company.

5. Once received quantify its concentration (see Note 2).

3.4 Isothermal

Assembly Reaction

1. Mix both DNA fragments (~100 ng vector plus equimolecular
ratio of the synthetic DNA) in a final volume of 5 μL (see
Note 3).

2. Add the 5 μL of the mixed DNA pieces to 15 μL of the freshly
thawed isothermal assembly mixture (see Subheading 2.3).
Blend gently while keeping the mixture in ice.

3. Immediately place the reaction tube in a thermocycler and
incubate at 50 �C for 1 h.

4. Take 10 μL of the reaction and transform E. coli chemical
competent cells (CC118) (see Note 4).

5. Plate cells onto LB agar supplemented with 50 μg/mL kana-
mycin, and incubate at 37 �C overnight.

6. Pick colonies, and check the presence of the correct integration
of the ssr recombinase gene into the plasmid by whole-cell
colony PCR using primers 238F/PS2 (expected DNA band
size, ~1 kb).

7. Select a positive clone and perform Sanger sequencing with
238F and PS2 primers.

8. Once identified a correct recombinant clone, prepare a frozen
stock and store at �20 �C.

3.5 Selecting a

Target Gene for the

Recombineering

Experiment

The next step in the protocol is to introduce the recombinase-
expressing plasmid into the desired P. putida strain. While the
delivery process can be carried out either by conjugation or elec-
troporation, the present protocol describes the first option, because
it produces higher frequencies (see Note 5). To perform a mating
experiment, one just needs to pile up three different strains to
catalyze the conjugation process: (1) the E. coli donor cell harbor-
ing the pSEVA258-ssr plasmid, (2) the recipient cell
(P. putida EM42 ), (3) and a helper strain bearing the conjugative
plasmid (pRK600) that provides the DNA transfer function in
trans (see [20] for a detailed protocol).

1. Grow the three bacterial strains in LB with proper antibiotics
overnight.
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2. Collect 1 mL of the overnight grown cells, centrifuge at
7200 � g for 2 min at room temperature, discard supernatant,
and suspend with 1 mL of 10 mMMgSO4. Repeat this process
at least two times.

3. Take 100 μL of each bacterial type (ratio 1:1:1), and centrifuge
at 7200 � g for 2 min at room temperature, discard superna-
tant, and suspend cells in 20 μL of 10 mM MgSO4. Then,
spot the mixture onto an LB agar plate and incubate at 30 �C
for 8 h.

4. Using a sterile curved yellow tip, collect the mating mixture,
and suspend in 1 mL of 10 mM MgSO4.

5. Plate cells onM9 agar supplemented with 0.2% w/v citrate plus
50 μg/mL Km. Plate several dilutions (10�1, 10�2, 10�3; see
Note 6) to obtain isolated colonies.

6. Re-streak colonies onto M9-citrate plus 50 μg/mL Km.

7. Grow several colonies, and check the presence and integrity of
the plasmid by miniprep and restriction mapping. In the case of
the pSEVA258-ssr, digestion with EcoRI renders a 7.6-kb and
0.36-kb DNA bands (see Note 7).

8. Once it is confirmed that a P. putida clone bears the correct
plasmid, prepare a frozen stock in 20% (v/v) glycerol in LB to
preserve it.

3.6 Selecting a

Target Gene for

the Recombineering

Experiment

Different target genes can be used to assess the recombination
efficiency of the selected recombinases. The most important requi-
site of the target reporter gene is that it should produce an easily
detectable phenotype when the gene is knocked out. Here we
describe the protocol for using the pyrF gene as a reporter. The
pyrF gene encodes the enzyme orotidine 50-phosphate decarboxyl-
ase, involved in de novo synthesis of the pyrimidine precursor
uridine monophosphate [28]. This is an essential enzyme making
pyrF� cells auxotrophs for uracil. However, at the same time, wild-
type cells convert the uracil analog, 5-fluorootic acid (5FOA), into
a toxic compound [29, 30]. In the case of disrupting, the gene-
mutated cells can be selected on M9-cit + Ura + 5FOA. A caveat of
this system is the spontaneous appearance of 5FOAR mutants that
are not related to the pyrF gene at low frequency (~10�7; [30]).
Nevertheless, this problem can be solved by double streaking on
M9-cit + Ura + 5FOA (pyrF� and spontaneous 5FOAR are able to
grow) and M9-cit (spontaneous 5FOAR are able to grow but not
bona fide pyrF mutants). Another option is to select genes that
upon specific point mutation confer resistance to antibiotics. One
of these is the rpsL gene that encodes the 30S ribosomal protein
S12. Within this protein, a single amino acid change K43T confers
resistance to streptomycin [13, 31]. Other possible target gene
candidates include the gyrA gene encoding the DNA gyrase
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subunit A, where the D87N alternative confers resistance to nali-
dixic acid to bacterial cells [32, 33], and rpoB whose product is the
beta subunit of the RNA polymerase, where the mutated variant
Q518L confers resistance to rifampicin [34].

3.7 Design of the

Recombineering

Oligonucleotides

Once the target gene has been selected, the next step is to design
the proper mutagenic oligonucleotide to perform the recombineer-
ing experiment.

1. Generate oligonucleotides of 90–100 bp in length. Desired
mutations should be included in the middle of the sequence
(Fig. 2).

2. For complete gene deletions, sequences with 100% homology
of 45- to 50-bp length flanking the region should be
included [14].

Fig. 2 Influence of ssDNA length in recombineering efficiency. Ssr-induced
P. putida EM42 cells containing the pSEVA258-ssr plasmid were transformed
with mutagenic ssDNA oligonucleotides of different size (40–100 bp). The chart
shows the frequency of 5FOAR/Ura� clones normalized by a total of 109 cells and
represents the data from at least duplicate experiments. The three mutagenic
oligos (LD, LD-60, and LD-40) contained phosphorothioate bonds at their 50

terminus, and their complete DNA sequence is shown in Subheading 2.4. The
plot shows a general decrease in the recombineering efficiency as the homology
region of the oligo is reduced. The efficiency dropped about two orders of
magnitude when the total size of the oligo is 60 bases, and no pyrF�

recombinant clones were observed when the size is reduced to 40 bases (see
Note 13). This is consistent with data from E. coli [5] and with the observation
that recombinase proteins bind poorly to short ssDNAs [35]
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3. Since a clear bias for the lagging strand has been observed in
E. coli, it is recommended to design oligos against that
strand [5].

4. If the genomic coordinates of the oriC and dif regions of the
organism are not known, and it is not possible to identify the
leading and the lagging strands, it is recommended to design
oligonucleotides against both strands.

5. For single-base substitutions, take into account the effect of the
mismatch repair system (MMR) of the bacterial host. In E. coli
and other Gram-negatives, some mismatches between the
oligo and targeted region are recognized and repaired better
(G-G > G-T > A-A > C-T, A-C) than others (A-G, T-T,
C-C) [36].

6. Take into account the folding energy of the oligonucleotide,
and minimize it as much as possible (preferentially
ΔG > �12.5 kcal/mol) [6, 7] (see Note 8).

7. Include between two and five phosphorothioate bonds at the
50end of the ssDNA to evade nuclease degradation (Fig. 3)
[6, 7, 37].

3.8 Testing

the Efficiency

of the Selected

Recombinase I:

Induction

of the Recombinase

1. Inoculate a 10-mL tube containing 3 mL of LB supplemented
with 50 μg/mL Km directly from the frozen stock of P. putida
EM42 (pSEVA258-ssr), and incubate at 30 �C aerobically
overnight.

2. Dilute the overnight grown culture to an OD600 of 0.1 in a
250-mL flask containing 60 mL of LB with Km, and incubate
at 30 �C aerobically until OD600 reach ~0.5.

3. Induce the expression of the recombinase by adding 1 mM
3-methylbenzoate (3 MB).

4. Incubate the induced culture for 30 min at 30 �C aerobically.

3.8.1 Preparation

of P. putida

Electrocompetent Cells

1. Divide the whole induced culture, 60 mL, in two sterile Fal-
cons by adding 30 mL to each.

2. Centrifuge at 3220 � g for 10 min at Rt. Discard supernatant.

3. Add 10 mL 300 mM sucrose and gently mix to suspend the
cellular pellet.

4. Centrifuge at 3220 � g for 5 min at RT. Discard supernatant.

5. Add 5 mL 300 mM sucrose and gently mix to suspend the
cellular pellet.

6. Centrifuge at 3220 � g for 5 min at RT. Discard supernatant.

7. Add 1 mL 300 mM sucrose, and gently mix to suspend the
cellular pellet, and transfer it to 1.5 mL Eppendorf tubes.

8. Centrifuge at 10,600� g for 5 min at RT. Discard supernatant.
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9. Add 300 μL 300-mM sucrose to each, gently mix to suspend
the pellet, and mix both cultures into one tube, making a final
volume of 600 μL (finally, cells are washed and 100�
concentrated).

10. Distribute 100 μL aliquots into 1.5 mL Eppendorf tubes.

3.8.2 ssDNA

Electroporation, Recovery,

and Plating

1. Prepare a 100 μM stock solution of the ssDNA mutagenic
oligonucleotide.

2. Add 1 μL of the (~1 μM) ssDNA oligo to the fresh prepared
electrocompetent cells.

Fig. 3 Effect exerted by the phosphorothioate protection of the 50terminus ssDNA
in the recombineering efficiency. As in Fig. 2, the expression of Ssr was induced
in P. putida EM42 cells bearing the pSEVA258-ssr plasmid by adding 1 mM of
3 MB for 30 min. Cells were transformed with mutagenic oligonucleotides
capped in one of their ends (LD, LD60) or not (LD-n, LD-60n) with
phosphorothioate bonds. We did not observe a difference in the recombination
efficiency by protecting the oligonucleotides of 100 bp. Surprisingly, in the
reduced size oligo (60 bp), we did observe a negative effect exhorted by the
50-end DNA protection. This could be caused by the fact the phosphorothioate
bonds may reduce the actual size of ssDNA to which the recombinase efficiently
binds, but this phenomenon should be further investigated. The chart plots the
frequency of 5FOAR/Ura� clones normalized by a total of 109 cells and shows the
data from at least duplicate experiments. The DNA sequence of the oligos is
shown in Subheading 2.4. Note that the data for LD (100 bp) and LD (60 bp)
shown have been reused for comparison from those of Fig. 2
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3. Gently transfer the mix to a 2-mm gap width electroporation
cuvette (see Note 9).

4. Electroporate at 2.5 kV and quickly add 1 mL of LB Ura.

5. Measure the OD600, and dilute the electroporated culture to
obtain a final OD600 of ~0.1 in a 150-mL Erlenmeyer flask
containing 20 mL of LB + Ura.

6. Let cells recover for 6 h at 30 �C aerobically (see Note 10).

7. First, plate dilutions [10–3, 10–4] onto M9 with 0.2% (w/v)
citrate plus Ura to obtain an estimate number of viable cells.
Also plate dilutions (10�1, direct) on M9 with 0.2% (w/v)
citrate plus Ura + 5FOA to get the number of mutated clones
(see Note 11).

8. Incubate plates at 30 �C for 24 h.

9. Enumerate CFUs on different plates.

10. To confirm that the selected colonies are true pyrF deletions, a
number of colonies were double streaked on M9 with 0.2%
(w/v) citrate andM9with 0.2% (w/v) citrate plus Ura + 5FOA.
Clones that did not grow on the first plate (M9cit) but did on
the second (M9cit + Ura + 5FOA) were counted as true pyrF
mutants. Calculate the pyrF�/5FOAR ratio, and use that value
to correct the total number obtained on M9cit + Ura + 5FOA
plates. Then, that figure is divided by the total viable cells
(M9cit + Ura) and normalized to 109 cells.

11. In order to verify the proper deletion (1.2 kb vs. 0.5 kb), the
genomic DNA surrounding the pyrF gene was PCR amplified
using primers PYRF-F/PYRF-R from a number of positive
clones. The PCR DNA fragment was purified and sequenced
with primer PYRF-F (see Note 12).

4 Notes

1. Before selecting the restriction enzymes for cloning the recom-
binase gene, check that it does not contain any of those selected
restriction sites within its DNA sequence.

2. If the DNA concentration of the synthesized product is not
enough, it can be PCR amplified to increase the yield.

3. When the DNA concentration of any of the fragments it is not
enough, they can be concentrated in a centrifugal evaporator
(SpeedVac) to obtain the desired amount in a final 5 μL.

4. If electroporation is going to be the method of choice for
transformation, the sample has to be dialyzed first to eliminate
salts.

5. When introducing plasmids carrying heterologous DNA that
may be detrimental for the bacterial host, we have observed
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that conjugation tends to maintain the plasmid integrity better
than electroporation.

6. Keep the mating mixture at 4 �C until the end of the experi-
ment. Modify the dilution factor to obtain isolated colonies if
required.

7. If possible, use a restriction enzyme with a target site within the
recombinase gene to confirm the plasmid restriction pattern.

8. To calculate the folding energy of the oligonucleotide (ΔG),
we recommend the web-based tool mfold-UNAFold (http://
unafold.rna.albany.edu; [38]). In E. coli the threshold was set
up at�12.5 kcal/mol, but other organisms with different GC%
content and optimal growth temperatures may require differ-
ent thresholds. For P. putida we routinely use folding energies
from �13 to �16 kcal/mol [14]).

9. Avoid air bubbles in the electroporation cuvette. Clean the
electroporation cuvette surface with a paper towel before the
pulse.

10. For the particular case of the pyrF gene, where mutated cells are
overgrown by wild-type counterparts even in the presence of
uracil, the recovery time was restricted to 6 h. However, other
gene reporter systemsmay require different growth conditions.

11. Test different dilution factors the first time the experiment is
performed, and adjust accordingly in the next rounds.

12. Take into account that large oligonucleotides may contain
errors in their DNA sequence (~1 error per 100 bp) due to
the intrinsic synthesis process [12, 39].

13. For single-nucleotide changes, recombineering frequencies
were found to be roughly similar regardless of the size of the
mutagenic oligos in the range of 60–100 nucleotides.
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Chapter 28

Conjugative Assembly Genome Engineering (CAGE)

Marc Güell

Abstract

Conjugative assembly genome engineering (CAGE) enables the transfer of large chromosomal regions
from a donor to a recipient. Specific regions of the donor chromosome can be introduced in the recipient
genome by the directed insertion of an origin of transfer and two selection cassettes. Multiple paired CAGE
experiments can be combined to generate chimeric chromosomes from different donor strains.

Key words Synthetic biology, Chromosome manipulation, Bacterial genetic engineering

1 Introduction

Advances in gene-editing technologies as well as a significant
decrease in the cost of DNA synthesis have enabled genome-scale
engineering [1], allowing the synthesis and manipulation of large
DNA fragments or even entire chromosomes [2–5]. Here, we
describe a protocol for conjugative assembly genome engineering
(CAGE), a technique developed to transfer delimited chromosome
portions between pairs of strains of interest. Conjugation-based
DNA transfer is controlled by the precise placement of an origin
of transfer (oriT), as well as positive and negative selectable markers
in both the donor and recipient strains. Multiple pairs of donors
and recipients can be hierarchically combined to generate higher-
order assemblies using several CAGE experiments [6]. In the donor
strain, the DNA sequence to be transferred is flanked by an oriT and
a selective marker. An oriT is located around 3 kb upstream of the
region of transfer and a positive selection (pos2) at the end. Two
additional selective markers are used in the recipient strain, one
positive/negative (pn) is used to designate the target region in the
recipient strain to counter-select (segment to be replaced by incom-
ing donor genome) and one positive (pos3) which is located into the
recipient scaffold (Fig. 1). The different markers are inserted using
lambda red recombineering and determine the composition of the
final strain [7]. DNA is mobilized from donor to recipient with
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conjugative machinery encoded in plasmid pRK24, a derivative of
pRK2 [8] lacking the kanamycin resistance gene. This plasmid
allows donor/recipient interconversion. A recipient can be con-
verted to a donor by conjugation of pRK24, and plasmid curing
may be used to convert a donor into a recipient.

CAGE can mobilize and engineer large fragments of DNA, up
to the megabase range. CAGE has been used to engineer large
stretches of DNA with high-sequence homology (>99%), using
RecBCD-mediated recombination [4]. It was also used to combine
32 chromosomal segments, each one previously engineered to
transform all TAG stop codons into TAA, using multiplex auto-
matic genome engineering (MAGE) [9]. Although so far CAGE
has been employed to combine regions of high DNA sequence
homology [4], this technology may be potentially extended to
less homologous sequences, using different recombinases or the
cas9 nuclease.

2 Materials

2.1 Bacterial Strains

and Plasmids

1. pRK24 strain (Addgene, P/N 51950).

2. pKD46 plasmid (Coli Genetic Stock Center, P/N 7669).

3. E. coli rEc2 (Addgene #51946; there is a misannotation at
Addgene. This strain has an inserted kan cassette in its
genome).

donor recipient

conjugation/selection

PN

pos3
pos1-oriT

pos2

pos3

pos2

Fig. 1 CAGE overview scheme. Pos1 positive selection 1, Pos2 positive selection
2, Pos3 positive selection 3, PN positive/negative selection (i.e., tolC, tdk, galk)
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2.2 Bacterial Growth

and Selection

1. LB-Lennox Broth (Teknova, P/NL5048).

2. LB agar plates (Teknova, P/NL7580).

3. Colicin E1 (see Gregg et al. [10]).

4. Glycerol for molecular biology (Sigma, P/NG5516-100ML).

5. 20% Arabinose solution (Teknova, P/N A2100).

6. Antibiotic stock solutions of choice. Kanamycin (50 mg/mL)
and carbenicillin (100 mg/mL).

2.3 Screening

and Fusion PCR

1. PCR Purification Kit (Qiagen, P/N 28104).

2. Gel Extraction Kit (Qiagen, P/N 26604).

3. 2G HiFi HotStart ReadyMix (Kapa, P/N KK5609).

4. 2� KAPA2G Fast Multiplex (Kapa, P/N KK5801).

5. Sterile nuclease-free water (Qiagen, P/N 129114).

6. e-Gel EX 2% (ThermoFisher, P/N G501802).

7. 1 kb Ladder (ThermoFisher, P/N 10488090).

8. Oligonucleotides for oriT-Pos1 amplification. Include a 45-bp
region of homology to the target region in the chromosome to
50 end of the primer. For the amplification of the oriT-Kn
fragment described in [6], use the following primers – oriT-
Pos1_forward: (50-CCTGTGACGGAAGATCACTTCG-3;
oriT-Pos1_reverse, 50-AGCGCTTTTCCGCTGCA-3) (see
Note 1).

2.4 Whole-Genome

Sequencing

1. Nextera XT DNA Library (Illumina, P/N FC-131-1096).

2. Illustra bacteria genomicPrep Mini Spin Kit (GE, P/N
28904258).

3 Methods

3.1 Amplifying oriT

and Positive Selection

Markers

1. The donor strain contains the region of the chromosome to be
transferred. This region should be flanked by an oriT and a
positive selection marker, as shown in Fig. 2. To achieve this,
the oriT region, alongside the first positive selection marker
(pos1, usually Kn or another antibiotic resistance gene), is
introduced by recombineering into one flank of the donor
chromosomal region to be transferred. Then, a second positive
selection marker (pos2) is introduced into the other end of the
region by lambda red recombination (see Note 1).

2. Determine the sites of insertion of the oriT-pos1 and pos2
cassettes (see Note 2).

3. If Kn can be used as the first positive selection marker (pos1),
PCR amplify the oriT-Kn from chromosomal DNA extracted
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from E. coli rEC2. If a positive selection marker other than
kanamycin is to be used, fuse oriT and pos1 genes by PCR as
shown in Fig. 2.

4. For oriT-Kan amplification, prepare a PCR reaction using 2G
HiFi HotStart ReadyMix (2� KAPA2G HiFi Mix (12.5 μL,

pos1-oriT construction - 

fusion PCR

PCRPCR

PCR

+

+

pos2 construction-

A. B.

pos1-oriT

pos2

pos1 oriT

Fig. 2 Donor strain preparation. (a) Construction of pos1-oriT (positive selection 1 + oriT) and pos2 (positive
selection 2) cassettes. Fusion PCR is used to assemble a chimeric construct including an oriT and a positive
selection cassette. In purple, homology sequences that should direct the cassettes to the boundaries of the
genomic regions to transfer. pos1-oriT Is located 3 kb upstream to the transfer regions and pos2 downstream.
(b) Scheme representing the insertion of two cassettes by lambda red recombineering. Lambda red
recombineering is used to insert pos2 and the chimeric pos1-oriT
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final concentration 1�), 10 μM oriT-Pos1_forward and oriT-
Pos1_reverse primers (0.75 μL each, final concentration
0.5 μM), template DNA (1 μL, ~1 ng/ μL), nuclease-free
water (10.5 μL)). PCR cycling, initial denaturation, 95 �C
3 min; denaturation, 98 �C 20 s; annealing, 62 �C 15 s; exten-
sion, 72 �C 30 s (25–30�). Final extension: 72 �C 1 min.

5. For oriT-pos1 fusion PCR, prepare two separate PCR reactions
for oriT and pos1 amplification. Use appropriate primers and
the PCR conditions indicated in the previous step.

6. Check the amplification of oriT and pos1 regions by DNA
electrophoresis on a 2% agarose gel. Extract and purify the
bands using the gel extraction kit.

7. Both DNA fragments are fused together in a second PCR
reaction. PCR reaction is prepared using 2G HiFi HotStart
ReadyMix (2� KAPA2G HiFi Mix (12.5 μL), 10 μM forward
(pos1 forward primer) and reverse (oriT reverse primer) pri-
mers (0.75 μL each), oriT template DNA (1 μL, ~1 ng/ μL),
pos1 template (1 μL, ~1 ng/μL), nuclease-free water (9.5 μL)).

8. Check the amplification of the entire region by DNA electro-
phoresis on a 2% agarose gel. Extract and purify the band using
a gel extraction kit.

9. PCR-amplify, using the same steps as above the corresponding
pos2 selection gene. Check amplification and gel purify.

3.2 Introducing oriT

and Positive Markers

by Recombineering

1. Make electrocompetent donor cells (cells containing the
genome portion to be transferred).

2. Introduce plasmid pKD46 or derivatives by electroporation.
Select on LB plates supplemented with ampicillin.

3. Grow PKD46 transformed E. coli cells in LB at 32 �C
overnight.

4. Dilute 30 μL of grown culture into 1 mL fresh LB, and grow
until OD600 reaches 0.4.

5. Cells are induced with 0.1% arabinose for 15 min at 32 �C.

6. Cells are made electrocompetent and transformed. For that
purpose, put the cells in ice for 5 min. Pipette 1 mL and spin
at 3000 � g for 1 min. Resuspend in 1 mL of cold deionized
water. Repeat centrifuging and washing twice. Resuspend the
pellet in 50 μL of water containing 50 ng of the oriT-pos1
fragment.

7. Transfer to a precooled cuvette and shock the cells in an elec-
troporator. For a 0.1 cm cuvette gap, use1.8 kV, 25 μF, and
resistance 200 Ω.

8. Rapidly resuspend in 1 mL of LB and recover for 3 h at 32 �C.
Induce with 0.1% arabinose for 15 min at 32 �C.
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9. Put the tube in ice for 5 min. Pipette 1 mL and spin at 3000� g
for 1 min. Resuspend in 1 mL of cold deionized water. Repeat
centrifuging and washing twice. Resuspend the pellet in 50 μL
of water containing 50 ng of the pos2 fragment.

10. Rapidly resuspend in 250 μL of LB and recover for 3 h.

11. Plate 50 μL in LB agar plate containing pos1 and pos2
antibiotics.

12. Next-day colonies are screened for specific positive integrants.

13. pKD46 has heat-sensitive origin of replication origin and can
be eliminated by growth at temperature higher than 32 �C.

3.3 Introducing

Plasmid pRK24 into

the Donor Strain

1. Start a culture of the strain in which oriT-pos1 and pos2 genes
have been introduced. Start also a culture with the stock strain
containing pRK24.

2. Transfer 2 mL of each culture, and centrifuge at 14,000 � g at
1 min at room temperature. Wash twice with fresh LB.

3. Centrifuge at 3000 � g 1 min and resuspend in 100 μL of LB.

4. Combine 80 μL of pRK2 and 20 μL of donor in a centrifuge
tube and mix.

5. Pipette the mixture into a prewarmed plate without antibiotics
into 2 � 20 μL spots and 6 � 10 μL spots, and incubate at
37 �C for 1 h.

6. Resuspend the cells with 1 mL of LB.

7. Centrifuge at 3000 � g 1 min.

8. Discard the supernatant and resuspend in 1 mL LB.

9. Serially dilute the cells 1:10 in LB (1:10, 1:10,000,
1:1000,000), and plate with antibiotics selecting donor and
pRK24 plasmid.

10. Incubate overnight at 37 �C.

11. Pick a colony from a plate of adequate dilution with well-
spaced colonies, and grow overnight with donor antibiotics
and pRK24 antibiotics.

12. Cells can be stored long term at �80 �C as 1 mL of saturated
culture adding 200 μL of 80% glycerol.

3.4 Preparation

of the Recipient Strain

1. Recipient strain contains the genome area to be replaced by the
incoming donor DNA. A combination of a negative selection
(PN) and a positive selection (pos3) is used to determine the
region to replace by the incoming DNA from the donor.
Similarly, as in the preparation of the donor strain lambda,
red is used to place PN and pos3 markers (Fig. 3a).

2. A system that we recommend as dual selectable marker is tolC
[11]. This outer membrane protein can be implemented as a
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selectable and counterselectable marker. It provides resistance
to sodium dodecyl sulfate and generates sensitivity to colicin
E1. This system has been shown to work more efficiently by
supplementing vancomycin [10]. TolC systems requires to use
strain tolC gene knocked out. Other dual selectable markers are
also available: tetA [12], galK [13], thyA [14], and hsvTK [15].

3. Similarly, as for the preparation of the donor strain, selectable
markers can be easily amplified by PCR and inserted using
lambda red recombineering (Fig. 3b).

3.5 CAGE 1. Conjugative transfer is performed between the prepared donor
and recipient strains.

2. Donor and recipient cells are grown in 3 mL of LB under
positive selection until saturation.

3. When cultures achieve saturation, 2 mL of each are transferred
to 2 mL Eppendorf tubes.

4. Cells are washed three times in sterile water to remove
antibiotics.

pos3 constuction- 

+

+

PN construction-

A. B.

PCR

or

PN

pos3

Fig. 3 Recipient strain preparation. (a) Construction of PN (positive/negative
selection) and pos3 (positive selection 3) cassettes. In purple, homology
sequences that should direct the cassettes to the region to counterselect and
to preserve. (b) Scheme representing the insertion of two cassettes by lambda
red recombineering. Lambda red recombineering is used to insert pos3 and PN
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5. Centrifuge at 3000 � g for 2 min and remove supernatant.
Resuspend in LB without antibiotics.

6. Repeat three times and in the last step, resuspend in 100 μL of
fresh LB.

7. Mix 80 μL of concentrated donor with 20 μL of concentrated
recipient.

8. Transfer the donor-recipient mixture to an LB plate without
antibiotics in 2 � 20 μL and 6 � 10 μL spots.

9. Incubate the plate at 32 �C for 0.5–2 h.

10. Wash the cells with 1.5 mL of LB-Lennox.

11. Spin at 3000 � g for 1 min.

12. Resuspend in 250 μL of fresh LB.

13. LB-Lennox with pos2 and pos3 is used for positive selection.
Dilute 5 μL of the donor-recipient mixture into 3 mL of LB
containing pos2 and pos3 selective agents.

14. Grow overnight at 32 �C.

15. LB with PN is used to negatively select. In case of using tolC as
PN, see below.

16. Dilute 1 μL of overnight culture to 1 mL and grow to OD
0.1–0.2.

17. Mix 1 μL of culture, 1 μL of colicin E1 (see Gregg et al. [10]),
and 100 μL of LB with pos2 and pos3.

18. Grow to Mid-log phase.

19. Plate the multiple dilutions to plates to screen colonies (see
Note 3).

3.6 Screening

and Genotyping

Strategies I: Multiplex

Allele Specific Colony

PCR (MASC-PCR)

1. CAGE can mobilize large portions of genomic DNA. A quick
and convenient tool to determine chromosomal transfer effi-
ciency is MASC-PCR.

2. Primer design. Up to ten different loci between donor and
recipient strain are selected. In each of these loci, specific
differences at the DNA level allow their discrimination by
PCR amplification. A trio of primers is thus designed per
locus to interrogate: first, a forward primer (F1) that coincides
with the donor allele; second, a forward primer specific to the
recipient genome (F2). This primer hybridizes with the DNA
sequence of the recipient allele; finally, a universal reverse
primer (R), conserved in the genomes of donor and recipient
cells. Ideally each primer set is designed to produce different
amplicon lengths (i.e., 100, 150, 200, 250, 300, 400,
500, 600, or 850 bp).

3. A gradient of annealing temperatures is tested to determine the
optimal annealing temperature (Tm,optimal). The optimal
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annealing temperature shall produce specific amplification for
donor and recipient alleles. This way, primers F1/R must yield
a positive PCR band in DNA from donor samples, while F2/R
must produce negative results. Similarly, amplification bands
using DNA from recipient cells should be observed only when
using F2/R primers, while F1/R must give negative results.

4. To screen for positive results, from the transconjugant pool,
pick several colonies, and grow them to saturation in 96-well
plates filled with LB.

5. Dilute the culture 1:100 μL in water. Use this diluted culture as
the source of template DNA for PCR amplification.

6. PCR reaction is prepared using KAPA2G Fast Multiplex PCR
Kit (2� KAPA2G Fast Multiplex Mix (12.5 μL), 10 μM for-
ward and reverse primers (1 μL), template DNA (1 μL),
nuclease-free water (10.5 μL)). PCR cycling: Initial denatur-
ation, 95 �C 3 min. Denaturation: 98 �C 15 s. Annealing: Tm,

optimal 30 s. Extension: 72 �C 30 s. Final extension: 72 �C
1 min.

7. Gel electrophoresis is used to analyze the results. Each PCR
reaction is loaded to a 2% agarose gel. EX e-gels are used for
convenience and reproducibility. One lane is loaded with a 1-kb
ladder for reference, and the different samples are loaded
directly to the gel (1 μL of PCR product, 10 μL of nuclease-
free water). False positives can be controlled by absence of
bands on F2/R primers in donor and F1/R primers in recipi-
ent. False negatives can be controlled by examining positive
bands for F1/R in donor or F2/R in recipient.

3.7 Screening

and Genotyping

Strategies I: Whole-

Genome Sequencing

1. Conjugative transfers often span more than ten different alleles,
and accurate monitoring by PCR may prove difficult. Sequenc-
ing costs have dropped significantly over the last years, and
bacterial genomes can be sequenced very economically. Short
read technologies are still the preferred option for variant
calling in bacterial genomes [16].

2. Successful variant calling in haploid genomes requires a depth
of at least 20-fold. In order to determine the number of reads,
we will use the following formula. Number of reads determina-
tion: Total number of reads¼ [(number of samples)� (genome
length/bp) � (sequencing depth-20 if 20-fold)]/[(read
length/bp)� (2 if paired end technology is used or 1 for single
end technology)].

3. Illumina MiSeq is adequate to sequence up to 25 million reads,
Illumina NextSeq up to 400 million, or Illumina HiSeq up to
3 billion reads.

4. Extract total genome DNA using illustra bacteria genomicPrep
Mini Spin Kit provides high yields and fast preparation.
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5. Library preparation can be performed using the Nextera XT
DNA library platform which uses Tn5 technology to prepare
sequencing-ready libraries from 1 ng of purified gDNA (P/N
FC-131-1096, illumina (library preparation for 96 samples);
P/N FC-131-1002, illumina (96 sequencing indexes)).

6. Perform library sequence in the platform of choice.

7. Variant calling can be performed using a haploid variant caller.
A popular option is the tool breseq. Other tools such as
BCFtools also offer haploid variant calling [16, 17].

4 Notes

1. Endogenous recBCD recombination is likely used to incorpo-
rate the incoming DNA in the recipient’s genome. Other
alternatives for cassette exchange can be explored. Recombi-
nase based [18], including Cre-Lox, or combinations of
lambda read and nuclease [5, 19].

2. The 45-bp overhang will be responsible of directing lambda
red mediated recombination between the amplified PCR prod-
uct and the region of interest in the bacterial chromosome.
Design these overhangs to exactly match the flanks of the area
to be recombined, and attach this sequence to the 50end of the
oligonucleotide.

3. Plasmid pRK24 can be cured from the final genome using
Cas9, a tracrRNA, and a gRNA directed the plasmid genome.
See Ostrov et al. for details [2].
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