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Preface

Bacterial infections are a leading cause of morbidity and mortality worldwide.
For example, Mycobacterium tuberculosis alone caused 1,644,000 deaths
worldwide in 2002 (World Health Organization, World Health Report, 2002).
Mortality attributed to bacterial infections is not limited to developing countries,
as there were greater than 93,000 deaths in the USA due to bacterial infections
in the year 2000 (World Health Organization). Notably, antibiotic resistance
in bacterial pathogens such as M. tuberculosis and Staphylococcus aureus is
increasing at an alarming rate. There is also a broad spectrum of niches for
pathogenic bacteria in the human host and routes of infection vary considerably.
Thus, an enhanced understanding of pathogenesis mechanisms is needed to
facilitate the development of new prophylactics and treatments for bacterial
diseases. To that end, numerous in vitro methods, in vivo animal model systems,
and cutting-edge genomics assays have been developed to study bacterial patho-
genesis or to identify potential therapeutic targets. A comprehensive source
of state-of-the-art protocols and methods for studying bacterial pathogenesis
would be a welcome asset to microbiologists, immunologists, cell biologists,
infectious disease clinicians, and other basic science researchers interested in
studying pathogenic bacteria, and related disease processes.

The aim of Bacterial Pathogenesis: Methods and Protocols is to provide
in-depth and detailed methods to investigate pathogenesis for a wide range
of bacteria, including Anaplasma phagocytophilum, Borrelia burgdorferi,
Borrelia hermsii, Brucella abortus, Coxiella burnetti, Francisella tularensis,
Helicobactor pylori, Salmonella enterica, Staphylococcus aureus, Staphy-
lococcus epidermidis, Streptococcus pyogenes, Mycobacterium tuberculosis,
Neisseria meningitidis, Pseudomonas aeruginosa, and Yersinia pestis. The
categories of pathogens for which methods are provided (e.g., vector-
borne, obligate intracellular, Gram-negative/positive, and biosafety-level 3
containment), although not all-inclusive, are described so that they can be
modified to study most bacteria. Part I details methods to study specific
mechanisms of bacterial pathogenesis, such as growth and passage of Borrelia
spp. through ticks, molecular genetic analysis of Staphylococcus epidermidis
biofilms, and investigation of quorum-sensing by Pseudomonas aeruginosa.
Part II provides protocols for studying host–pathogen interactions, such as
methods for growth of obligate intracellular pathogens and provides protocols
for evaluating pathogen uptake and killing by host cells. The section includes

v



vi Preface

detailed methods for studying pathogen transcriptomes during interaction with
host cells. Part III describes animal models of infection and includes a recently
developed model of streptococcal pharyngitis in non-human primates. Part IV
concludes with novel approaches for the identification of therapeutic targets
designed to control infections and up-to-date molecular typing methods for
Staphylococcus aureus.

We thank John M. Walker, Series Editor, and Humana Press for the oppor-
tunity to put together a superb collection of articles and the authors for
contributing outstanding chapters. Finally, we are grateful for the support from
the Intramural Research Program of the National Institutes of Health, National
Institutes of Allergy and Infectious Diseases.

Michael Otto
Frank R. DeLeo
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List of Color Plates

Color plates follow p. 46.

Color Plate 1 Proteomic signatures of different stress/starvation conditions
in Staphylococcus aureus. Comparison of the protein synthesis
profile of exponentially growing cells (green) with that of
stressed S. aureus cells (red) reveals changes in protein
synthesis that are particular for the certain stress stimuli.
Cells were cultivated in synthetic medium and exposed to the
respective stimulus at an optical density at 500 nm (OD500)
of 0.5. Protein synthesis was analyzed by [35S]-l-methionine
labeling (5 min pulse) under control conditions and 10 min
after imposition to stress. All proteins induced by one stimulus
belong to a stimulon (Chapter 3, Fig. 2; see discussion on
p. 31).

Color Plate 2 Difference gel electrophoresis (DIGE) labeling technique
to illustrate differences in protein patterns of three protein
extracts. Extracellular protein patterns of wild-type RN6390
(blue), the isogenic agr mutant (green), and RN6390 comple-
mented with rsbU of Staphylococcus aureus COL (red). Prior
to separation by 2D gel electrophoresis technique, protein
extracts of the respective strains were labeled with CyDye
fluorochromes [Cy2 RN6390, Cy3 RN6911, Cy5 RN6390
(RsbU+)]. A mixture of 50 μg of each protein extract was
separated on one gel. The proteins were detected by using a
Typhoon [Cy2: Blue2-Laser (488 nm), Cy3: Green-Laser (532
nm), Cy5: the Red-Laser (633 nm)] (Chapter 3, Fig. 4; see
discussion on p. 33).

Color Plate 3 Dual-channel imaging technique. Bacterial cells were
grown in synthetic medium without nitrate to an optical
density at 500 nm (OD500) of 0.5. The proteins were
labeled with [35S]-l-methionine 20 min after transfer to
anaerobic conditions. Protein extracts were separated on
2D gels. The resulting images from the protein synthesis

xiii



xiv List of Color Plates

([35S]-l-methionine labeling) and the protein accumulation
(staining with silver nitrate) were overlaid in “dual channel
images.” Proteins whose synthesis was induced in response
to the stressor but have not accumulated yet are colored
red, repressed spots that are still present but not synthe-
sized anymore are colored green, and spots without changed
expression behavior in response to stress are shown in yellow
(Chapter 3, Fig. 5; see discussion on p. 40).

Color Plate 4 Multicolor imaging of protein expression patterns of Staphylo-
coccus aureus COL under anaerobic conditions in the presence
and absence of nitrate. Delta2D software is used to visualize
complex protein expression patterns on the 2D image in the
standard pH range 4–7. The color code is represented on the
right side (Chapter 3, Fig. 6; see discussion on p. 42).

Color Plate 5 Images of Anaplasma phagocytophilum-infected HL60 cells.
(A) Cytofuge smear of highly infected HL60 cells. Arrow
indicates intact, multiple pathogen morulae within the HL60
cell cytoplasm (6). Arrowhead indicates HL60 cell lysis with
abundant extracellular bacteria (1000× magnification; Hema-
Quik stain). (B) Electron micrograph of a highly infected
HL60 cell with abundant intracellular bacteria found within
cytoplasmic vacuoles (morula). The N labels the cell nucleus.
Arrows indicate the “reticulate,” possibly replicative, stage of
organism development. The arrowhead indicates the “dense
cored,” possibly infective, stage of organism development
(Chapter 13, Fig. 1; see discussion on p. 162).

Color Plate 6 Interaction of Anaplasma phagocytophilum with human
neutrophils. (A) Ingestion of A. phagocytophilum by human
neutrophils. Neutrophils were incubated with ∼5–20 A.
phagocytophilum/neutrophil for the indicated times, and
percent ingestion (number of neutrophils containing inter-
nalized A. phagocytophilum) was determined by fluores-
cence microscopy. (B) Micrographs illustrating ingestion of
A. phagocytophilum by human neutrophils. Green, intra-
cellular bacteria. Red or red-green (yellow), extracellular
bacteria. Reprinted with permission from reference (13).
Copyright 2005 The American Association of Immunologists,
Inc (Chapter 13, Fig. 2; see discussion on p. 167).



List of Color Plates xv

Color Plate 7 Real-time in vivo bioluminescence monitoring of S. aureus
Xen-29 in the mouse model of soft-tissue biofilm infection
during treatment with rifampin. Effect of 4 days of rifampin
treatment (twice a day with 30 mg/kg) on a 3-week-old
biofilm. A representative animal from the group receiving
antibiotic or the untreated infected group is shown. Note the
response to treatment including relapse that can be monitored
non-invasively within the same animal throughout the study
period (Chapter 18, Fig. 2; see discussion on p. 230).

Color Plate 8 In vivo bioluminescent monitoring of the progression of
P. mirabilis Xen 44 in the mouse model of catheter-induced
urinary track infection (UTI) (Chapter 18, Fig. 4; see complete
caption on p. 233 and discussion on p. 232).

Color Plate 9 Daily imaging of mice inoculated by tail vein injection with
S. aureus Xen 29 reveals the colonization of S. aureus around
the indwelling catheter in jugular vein catheterized mice as
early as one day after infection (left). Six days later, evidence
of metastatic disease with staphylococci spreading to heart,
kidney, and liver as a result of seeding of bacteria from the
infected vascular catheter (center). In contrast, whole-body
imaging of non-catheterized mice challenged with a similar
dose of bacterial suspension showed no sign of infection
around heart or any other organ, even after a week into the
hematogenously induced infection (right) (Chapter 18, Fig. 5;
see complete caption and discussion on p. 235).
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Isolation and Characterization of Lipopolysaccharides

Michael A. Apicella

Summary

Lipopolysaccharide (LPS) is the signature glycolipid isolated from almost all Gram-
negative bacteria. LPSs are well known for their ability to elicit the release of cytokines
from eukaryotic cells including macrophages, neutrophils, and epithelial cells. LPS can
be isolated free of contaminating nucleic acids and proteins by various techniques. In this
review, we outline approaches for the isolation and preparation of LPSs for structural
studies as well as preparation of very highly purified material for biological studies.
Methods are also provided for the analysis of the purity and the structural composition of
the LPSs. Finally, three methods for the isolation of lipid A are described.

Key Words: Lipopolysaccharide; lipooligosaccharide; phenol; proteinase K;
SDS–PAGE; Lipid A.

1. Introduction
Lipopolysaccharides (LPSs) are a family of bacterial glycolipids which

consist of a lipid that has been designated lipid A and a carbohydrate component
of variable length. The lipid A molecules are frequently substituted with
phosphates, phosphoethanolamines, and sugars. The first description of LPS
was in 1941, when Shear determined that the component of the Serratia
marcescens cell wall responsible for tumor-destroying activity was composed
of a polysaccharide and a lipid (1). He was also the first to designate this
material “lipopolysaccharide.” LPS is embedded in the external layer of the
bacterial outer membrane and is linked through 2-keto-3-deoxyoctulosonic acid
to a carbohydrate component that extends into the surrounding environment (2).

From: Methods in Molecular Biology, vol. 431: Bacterial Pathogenesis
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The carbohydrate portion of LPS consists of a relatively conserved core region
linked to a series of repeating four to six sugar units (the O-antigen). These units
can form polysaccharides with Mr in excess of 65 kDa (3,4). Lipooligosac-
charides (LOSs) are analogous to LPSs and have carbohydrate components
that are smaller (3200–7200 kDa) than those of LPS and tend to be more
intricately branched than the LPS carbohydrates (5). These structures can
be isolated from Haemophilus influenzae, Neisseria gonorrhoeae, Neisseria
meningitidis, Haemophilus ducreyi, Branhamella catarrhalis, and Bordetella
pertussis.

The purpose of this chapter is to describe methods for the isolation and
analysis of LPSs and LOSs. Various methods for the isolation of these glycol-
ipids have evolved since the 1930s. These include extraction with trichloracetic
acid (6), extraction with ether (7), extraction with water (8), extraction with
EDTA (9), extraction with pyridine (10), extraction with phenol (11), and
extraction after solubilization with sodium docecyl sulfate (SDS) (12).

Two procedures can suffice for the isolation of LPS preparations of high
purity. These are the modified phenol–water method (13) and a modification
of the proteinase K method and phenol extraction, which allows extraction of
a LPS preparation free of contaminating lipoproteins (14).

Because it is effective in removing contaminating proteins, the latter
method is useful for studying biological interactions with LPS. The phenol–
water technique, which was first described by Westphal and Jann (11), takes
advantage of the amphopathic nature of the LPS and the solubility of the
majority of bacterial proteins in phenol. Polysaccharides, mucopolysaccha-
rides, LPSs with O-side chains, and nucleic acids are usually soluble in
aqueous solutions and insoluble in phenol. Phenol is a weak acid; its disso-
ciation constant at 18 °C in water is ∼1.2 × 10−10. Mixtures of phenol
and water have a high dielectric constant. These facts form the basis of
a method of partition of proteins and polysaccharides and/or nucleic acids
between phenol and water. Minor modifications have been made to the
basic protocol described by Westphal et al. (15) and by Johnson and Perry
(16). These changes result in LPS and LOS preparations that have less
contamination with nucleic acids and produce somewhat greater yields. One
major limitation of the phenol–water extraction method is that LPS with
truncated polysaccharide components or the more hydrophobic, shorter chain
LOSs frequently partition into the phenol phase, as Erwin and co-workers
(17) have isolated the LOS of H. influenzae aegyptius from the phenol
phase.

The combination of proteinase K digestion of bacterial proteins followed by
nuclease digestion and phenol water extraction results in an LPS preparation
of very high quality, free of contaminating proteins and nucleic acids.
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2. Materials
2.1. LOS and LPS Acrylamide Gel Electrophoresis

1. 30% Acrylamide Stock: Dissolve 29.2 g acrylamide and 0.8 g bis-acrylamide in
40 mL of distilled water and q.s. to 100 mL. Filter into dark bottle and store at
4 °C. This stock should not be used after 2 weeks.

2. Resolving Buffer, 1.88 M Tris–HCl (pH 8.8): Dissolve 22.78 g Trizma base in
70 mL of distilled water, adjust pH to 8.8 with concentrated HCl and q.s. to 100
mL. Store at 4 °C. This stock should not be used after 2 weeks.

3. Spacer Buffer, 1.25 M Tris–HCl (pH 6.8): Dissolve 15.12 g Trizma base in 70
mL of distilled water, adjust pH to 6.8 with concentrated HCl and q.s. to 100 mL.
Store at 4 °C. This stock should not be used after 2 weeks.

4. Sample Buffer: Add 0.727 g Trizma base, 0.034 g EDTA, and 2.0 g SDS to 70
mL distilled water, adjust pH to 6.8 with concentrated HCl, q.s. to 100 mL with
distilled water, filter sterilize, and store at room temperature.

5. Dye Buffer: Combine 2.5 mL of sample buffer, 2.0 mL of glycerol, 400 μL of
�-mercaptoethanol, and 200 μL of a saturated solution of bromophenol blue. This
buffer should be made fresh for each run. A stock solution can be made without
adding the �-mercaptoethanol. This should be added just prior to use.

6. Ammonium Persulfate: Dissolve 0.05 g ammonium persulfate in 1 mL of distilled
water. This solution should be made fresh for each experiment.

7. Reservoir Buffer, Tris–glycine buffer (pH 8.3): Dissolve 115.2 g glycine, 24 g
Trizma base, and 8.0 g SDS in 8 L of distilled water. No pH adjustment should
be necessary if correct reagents and quantities are added.

3. Methods
3.1. Phenol–Water Technique (16)

1. Place 5 g of freeze- or acetone-dried bacteria in a mortar and pestle and ground
until a very fine powder is formed. Suspend powder in 25 mL of 50 mM sodium
phosphate (pH 7.0) containing 5 mM EDTA. Allow suspension to completely
hydrate before proceeding.

2. Stir suspension in a shearing mixer such as a blender at top speed for 1 min. Add
hen egg lysozyme (100 mg) to the suspension and stir overnight at 4 °C.

3. Place suspension at 37 °C for 20 min and then stir at top speed in a blender for 3
min. Increase volume of the suspension to 100 mL with 50 mM sodium phosphate
(pH 7.0) containing 20 mM MgCl2. Add ribonuclease A and deoxyribonuclease I
to a final concentration of 1 μg/mL. Incubate the suspension for 60 min at 37 °C
and then for 60 min at 60 °C (see Note 1).

4. Place the bacterial uspension in a 70 °C water bath until the temperature equili-
brates. Add an equal volume of 90% (w/v) phenol that has been preheated to
70 °C and mixed thoroughly. The resulting mixture is rapidly cooled by stirring
for 15 min in an ice water bath.
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5. Centrifuge the phenol–bacterial suspension mixture at 18,000 × g for 15 min at
4 °C. A sharp interface occurs between the aqueous, phenol, and interface layers.
There is occasionally a sediment. The aqueous phase should be carefully removed
by aspiration and retained. The phenol layer can be discarded.

6. Dialyze the aqueous layer against frequent changes of distilled water until no
detectable phenol odor remains. The dialyzate can then be lyophilized and stored
at this point before further processing (see Note 2).

7. Sediment suspension at 1100 × g for 5 min. Discard sediment and centrifuge the
supernatant fractions at 105,000 × g for 2 h. Save the gel-like pellet and discard
supernatant.

8. Resuspend the pellet in the original volume of distilled water and repeat the
process of low- and high-speed centrifugation until the desired purity is obtained.
The final pellet can be resuspended in distilled water and lyophilized.

3.2. Proteinase K Digested, Phenol–Water Extracted LPS

The phenol–water extraction method can contain small amounts of lipopro-
teins that could confound experiments designed to measure only LPS biological
activity. These contaminating proteins can be removed by an alternative
procedure described below, which incorporates proteinase degradation prior to
the phenol extraction.

1. Suspend dried bacterial cells (500 mg), which have been ground with a mortar
and pestle, in 15 mL of 10 mM Tris–Cl buffer (pH 8.0), containing 2% SDS, 4%
2-mercaptoethanol, and 2 mM MgCl2. Vortex the mixture and place it in a 65 °C
water bath until the bacterial cells are solubilized. Occasional vortexing may be
necessary during the heating process.

2. Add 1 mL of proteinase K (100 μg/mL) in solubilization solution to the cell
mixture and keep the sample at 65 °C for an additional hour. Subsequently place
sample in a 37 °C water bath overnight.

3. Add 2 mL of 3 M sodium acetate to the proteinase K-digested cell suspension
and mix sample thoroughly (the salt will enhance the LPS precipitation by the
ethanol). Add 40 mL of cold absolute ethanol to the cell suspension and allow
precipitate to form overnight at –20 °C. Centrifuge the mixture at 4000 × g for
15 min and decant and discard supernatant.

4. Raise the precipitate in 9 mL of distilled water. Add 1 mL of 3 M sodium acetate
and vortex the mixture. Add 20 mL of cold absolute ethanol and vortex the
mixture again. The suspension is allowed to precipitate overnight at –20 °C. This
precipitation is repeated one additional time. The purpose of the repeated ethanol
precipitations is to remove residual SDS from the LPS preparation.

5. After the final centrifugation, suspend precipitate in 9 mL of 10 mM Tris–Cl (pH
7.4), and add 0.5 mL of DNase I (100 μg/mL) and 0.5 mL of RNase (25 μg/mL).
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Place this mixture at 37 °C for 4 h to allow digestion of any residual contaminating
nucleic acids.

6. The final step is a phenol extraction of the LPS nuclease-treated mixture to assure
removal of all residual protein contamination. Place the LPS mixture in a 65 °C
water bath for 30 min, add an equal volume of 90% phenol preheated to 65 °C,
and allow to set at 65 °C for 15 min. Place the mixture in an ice bath and cool
quickly to 4 °C.

7. Centrifuge the cooled mixture at 6000 × g for 15 min. Remove the aqueous top
layer and re-extract the phenol layer with an equal volume of distilled water. Heat
sample again to 65 °C for 15 min and then place in ice water. After centrifugation
at 6000 × g for 15 min, add top aqueous layer to the first aqueous extraction, and
dialyze against multiple changes of distilled water over 2 days. Discard the bottom
phenol layer. After dialysis, the LPS can be lyophilized and stored indefinitely at
room temperature.

3.3. Small-Scale Preparations of LPS or LOS

Occasionally, analytical studies such as western blot analysis of LPS or LOS
will require preparation of same quantities of these glycolipids from multiple
bacterial samples. Two methods have been described which can be used for
such isolations (18,19). One relies on a modified phenol–water extraction (20),
and the second utilizes SDS solubility of bacteria followed by enzymatic degra-
dation of bacterial proteins (19). Neither preparation gives a highly purified
preparation, but both enrich for LPS or LOS and can serve as adequate substi-
tutes in acrylamide gel and western blot studies. These two methods are
presented below.

3.3.1. Rapid Isolation Micro Method for LPS (20)

1. Centrifuge a bacterial suspension (108 colony-forming units/mL in 2 mL PBS)
in a 15-mL tube at 10,000 × g for 5 min. Wash the pellet once in PBS (pH 7.2)
containing 0.15 mM CaCl2 and 0.5 mM MgCl2. Resuspend washed cells in 300
μL of water and transfer to a 1-dram vial containing a stir bar.

2. Add an equal volume of hot (65–70 °C) 90% phenol. Stir the mixture vigorously
at 65–70 ° for 15 min. Chill suspension on ice, transfer to a 1.5-mL polypropylene
tube, and centrifuge at 8500 × g for 15 min.

3. Transfer supernate to a 15-mL conical centrifuge tube. Re-extract phenol phase
with 300 μL of distilled water. Pool the aqueous phases.

4. Add sodium acetate to 0.5 M final concentration. Add 10 volume of 95% ethanol
and place sample at –20 °C overnight in order to precipitate the LPS. Centrifuge
precipitate at 2000 × g at 4 °C for 10 min. Discard supernatant.
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5. Suspend pellet in 100 μL of distilled water and transfer to a 1.5 mL polypropylene
tube. Repeat ethanol precipitation. Dry the precipitate and resuspend with 50 μL
of distilled water. Store at –20 °C indefinitely.

3.3.2. LPS Microextraction Using Proteinase K Digestion (19)

1. Harvest organisms grown on solid medium with a sterile swab and suspend in
10 mL of cold phosphate-buffered saline (PBS) (pH 7.2) to a turbidity of 0.4
absorbance at 650 nm. Centrifuge a portion (1.5 mL) of this suspension for 1.5
min in a microfuge at 14,000 × g.

2. Solubilize the pellet in 50 μL of lysing buffer containing 2% SDS, 4%
2-mercaptoethanol, 10% glycerol, 1 M Tris–Cl (pH 6.8), and bromophenol blue.
Heat sample at 100 °C for 10 min.

3. To digest bacterial proteins, add 25 μg of proteinase K in 10 μL of lysing buffer
to each boiled lysate and incubate at 60 °C for 60 min.

4. Use the preparation in acrylamide gel electrophoresis or for western blots in
volumes ranging from 0.5 to 2 μL (see Note 3).

3.4. LOS and LPS Acrylamide Gel Electrophoresis

Acrylamide gel electrophoresis of LOS and LPS can be an exasperating
procedure because of day-to-day variation in resolution. To ensure consistency
of these gels, acid wash all glassware and rinse well before drying; all reagents
must be of the highest quality, and the quality of water should be in the 18 ohm
range. Finally, stock solutions should not be used past the time recommended.

1. To prepare two 14% resolving gels, combine 18.45 mL of 30% acrylamide,
7.9 mL of resolving buffer, and 12.57 mL of distilled water. Place solution in a
vacuum flask and degas for 15 min.

2. Add 0.3 mL ammonium persulfate solution and N,N,N´,N´-tetramethylethylene-
diamine (TEMED) (10 μL/50 mL gel solution). The resolving gel should be poured
between the glass plates as soon as the TEMED is added and the solution gently
mixed. Overlay the gel with 2 mm distilled water and allow to polymerize for at
least 2 h. This will make a total of 39.56 mL resolving gel, which is sufficient
for two 12 × 14 cm slab gels with a 0.75-mm spacer. Double the volumes if
you are using 1.5-mm spacers. To make 16% resolving gels, mix 10.55 mL of
30% acrylamide, 3.95 mL resolving buffer, and 4.95 mL of distilled water. The
quantities of the other reagents are unchanged.

3. To prepare the spacer gel, combine 2 mL of 30% acrylamide, 2 mL of spacer
buffer, and 15.6 mL of distilled water. Degas the solution for 15 min and add 0.2
mL of ammonium persulfate, 0.2 mL of 10% SDS, and 10 μL of TEMED. Mix
gently. The total volume of the spacer gel is 20.01 mL.

4. Remove the layer of distilled water over the resolving gel and pour the spacer
gel. Insert at this time the comb chosen for the run. Allow the spacer gel to
polymerize for at least 1 h but preferably overnight.
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5. Solubilize the LPS or LOS in sample buffer to the desired concentration (0.1–1
mg/mL should be sufficient). Dilute 1:1 in dye buffer, boil for 5 min in a water
bath, and allow to cool. Load 5–10 μL per well.

6. To electrophorese, remove the comb and rinse the sample wells with reservoir
buffer. Fill the wells with reservoir buffer and add samples allowing them to
sink to the bottom. Place gels into the chamber and electrophorese at constant
current under the following conditions; for one 12 × 14 cm slab gel, use 10–12
mA through the spacer gel and then raise to 15 mA through the resolving gel.
Total run time will be approximately 5 h. For two 12 × 14 cm slab gels, use 20
mA through spacer gel and then raise to 30 mA through resolving gel. The total
run time will be 5–6 h.

7. Stain the gels using the silver stain method described by Tsai and Frasch (21) or
prepare the gels for western blotting (22).

3.5. Silver Staining Technique for LPS and LOS Gels (23)

LPS and LOS bands can be rapidly identified in acrylamide gels using the
silver stain method of Tsai et al. (21). This method is very sensitive and requires
careful attention to cleanliness of the glassware used. Only a glass tray should
be used for the procedure, and it is best to have dedicated trays for each step in
the procedure. Glassware should be pre-cleaned before each study with nitric
acid and washed thoroughly with distilled water. Gloves should be worn while
performing the procedure. Mild rotary agitation (70 rpm) on a platform rocker
is required for each step. The rinses and washes are crucial and should not be
reduced in time or number.

1. As soon as the electrophoresis is complete, place the gel in a fixing solution
consisting of 40% ethanol and 5% acetic acid in distilled water overnight. Add
0.9% periodic acid (1.8 g/200 mL) to fixing solution.

2. Rinse three times with distilled water. Transfer to a separate dish and wash three
additional times with distilled water (500–1000 mL), agitating for 10 min each time.

3. In a separate dish, pour in freshly prepared staining reagent (this should be made
during the last distilled water wash). This is made by mixing in the following
order in a hood, 28 mL of 0.1N NaOH, 2.1 mL of concentrated NH4OH, 5 mL
of 20% silver nitrate (add silver nitrate drop-wise), and 115 mL distilled water.

4. Agitate for 10 min. Transfer the gel to a separate dish and rinse gel three times
with distilled water.

5. Transfer gel to a separate dish and add fresh formaldehyde developer (50 mg
anhydrous citric acid, 0.5 mL of 37% formaldehyde). For best results, the gel
should be developed in the dark using a Kodak GBX-2 safelight.

6. The bands will develop over the next 10–15 min. Background staining will
intensify in proportion to the amount of time the gel is left in the developer. Stop
the reaction by rinsing the gel in water, transferring to a separate dish and adding
rapid fix (10 mL in 100 mL of distilled water).
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3.6. Isolation of Lipid A (24)

Isolation of lipid A takes advantage of the labile linkage between the lipid
A backbone and the ketodeoxyoctanoate (KDO) in the LPS core. Mild acid
hydrolysis and heat are sufficient to disrupt this linkage. The lipid A is insoluble
in water and forms a precipitate that can be readily extracted by centrifugation.
Three methods are given in this section. The first is the classical method, which
has been most widely used. The second method allows extraction of small
amounts of relatively pure lipid A directly from whole cells without a prior LPS
extraction. The third method uses a relatively mild hydrolysis step to preserve
acid labile phosphorylation sites and head groups on the lipid A backbone. This
method is particularly useful in isolating lipid A for structural analysis.

3.6.1. Acetic Acid Hydrolysis Method

1. Lipid A can be isolated by mild acid hydrolysis of the purified LPS. Solubilize
LPS or LOS in aqueous 0.02% triethylamine and add acetic acid to a final
concentration of 1.5% (v/v).

2. Heat the mixture for 2 h at 100 °C and then cool. Quantitatively precipitate lipid
A by adding 1 M HCl to a final pH of 1.5.

3. Centrifuge insoluble lipid A at 2000 × g, wash three times with cold distilled
water, and lyophilize.

3.6.2. Microlipid A Extraction from Whole Cells (25)

1. Suspend lyophilized crude or freshly washed bacterial cells (10 mg) in 400 μL of
isobutyric acid–ammonium hydroxide 1 M (5:3 v/v) and keep for 2 h at 100 °C
in a screw-cap test tube under magnetic stirring.

2. Cool mixture in ice water and centrifuge at 2000 × g for 15 min. Dilute supernatant
with water (1:1 v/v) and lyophilize.

3. Wash the sample twice with 400 μL of methanol and centrifuge at 2000 × g for
15 min.

4. Soluble insoluble lipid A and extract once in 100–200 μL of a mixture of
chloroform–methanol–water (3:1.5:0.25 v/v). For 1 mg samples, 100 μL of the
different solvent mixtures are used at each step (25).

3.6.3. Lipid A Isolation (26)

1. Dissolve 5 mg of LPS in 500 μL of 10 mM sodium acetate (pH adjusted to 4.5
with 4 M HCl) containing 1% SDS and then place in an ultrasound bath until the
sample is dissolved.

2. Heat sample at 100 °C for 1 h. Dry the mixture by Speed Vac and remove SDS
by washing the sample with 100 μL of distilled water and 500 μL of acidified
ethanol (prepared by combining 100 μL of 4 M HCl with 20 mL of 95% ethanol)
followed by centrifugation at 2000 × g for 10 min.
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3. Wash the sample again with 500 μL of non-acidified 95% ethanol and centrifuge
at 2000 × g for 10 min.

4. Repeat centrifugation and washing steps. Finally, lyophilize the sample to yield
fluffy white solid lipid A (26).

4. Notes
1. Occasionally, the suspension will become gelatinous at this stage. If this occurs,

stir for 3 min in the blender before phenol extraction.
2. The dialyzate is still a relatively crude LPS preparation that needs further purifi-

cation by centrifugation. This will remove residual nucleic acids and any capsular
materials that remain in the sample. The preparation is suspended in distilled water
at concentrations of 25–35 mg/mL. At times, this crude LPS can be difficult to
suspend. It should be vortexed vigorously to obtain a smooth suspension. Gentle
sonication may be required to obtain an even distribution of the LPS suspension.

3. Purity of the LPS and LOS preparations: After isolation of the LOS or LPS, the
degree of purity should be ascertained. Nucleic acid and protein contamination
are the principle concerns. Spectral analysis from 245 nm thru 290 nm using
purified LPS or LOS at 1 mg/mL can be performed to determine nucleic acid
and protein contamination. Agarose gel electrophoresis with ethidium bromide
staining can also be useful as a highly sensitive means of determining the degree
of nucleic acid contamination. Acrylamide gel electrophoresis of the LOS/LPS
preparation will define the physical characteristics of the preparation (21). This
method utilized in a number of laboratories studying LPS and LOS is described
in Subheading 3.4. The pore size of the gel can be adjusted according to the
preparation under study and can range from 10 to 16% acrylamide.
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Proteomic Analysis of Proteins Secreted
by Streptococcus pyogenes

Michelle A. Chaussee, Emily J. McDowell, and Michael S. Chaussee

Summary

Streptococcus pyogenes secretes various proteins to the extracellular environment.
During infection, these proteins interact with human macromolecules and contribute to
pathogenesis. We describe a proteomic approach routinely used in our laboratory to charac-
terize culture supernatant proteins using small-format two-dimensional gel electrophoresis.
Proteins are collected after overnight growth of the bacteria in broth media. Compounds
that inhibit isoelectric focusing, such as salts, are removed by enzymatic treatment and
precipitation with trichloroacetic acid and acetone. Following resuspension in denaturing
solution, the proteins are separated by isoelectric focusing using a 7-cm immobilized
strip with a pH gradient of 4–7. Subsequently, proteins are further separated with
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and stained with
SYPRO Ruby. The small-gel format requires less time, reagents, and smaller culture
volumes compared with large-format approaches, while still resolving and detecting a
large proportion of the exoprotein fraction.

Key Words: Proteomics; exoprotein; Streptococcus pyogenes; two-dimensional gel
electrophoresis.

1. Introduction
Streptococcus pyogenes secretes many proteins that interact with human

macromolecules (1,2). Not surprisingly, many are important determinants of
host–pathogen interactions and contribute to virulence. In vitro, the secreted
proteins can be readily isolated from culture supernatants. Extracellular proteins
include both those with type II signal secretion signals and (for reasons
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that remain unknown) proteins that lack signal sequences, such as glycolytic
proteins (3,4,5).

The relatively small number of culture supernatant proteins (CSPs),
compared with proteins in the cytoplasm, simplifies proteomic analysis.
However, several aspects can make two-dimensional gel electrophoresis (2-DE)
of CSPs challenging (6). These include (1) the presence of basic CSPs, which
can become insoluble during isoelectric focusing, (2) the presence of hyaluronic
acid, which can interfere with isoelectric focusing, (3) the presence of peptides
in complex media, such as Todd–Hewitt broth, and (4) the abundance of specific
exoproteins such as the cysteine protease SpeB, which can mask less abundant
proteins (7).

Analysis typically involves three steps. First, exoproteins are isolated from
bacterial cultures. The aim of this process is to retain as many proteins as
possible while eliminating components that inhibit isoelectric focusing. To do
so, proteins are enzymatically treated and precipitated to remove salts and
other non-protein components. Second, the proteins are resolved by one- or
two-dimensional gel electrophoresis (see Fig. 1). Third, proteins are visualized
and the composition and quantities of protein spots determined. The protocol
described below uses a mini-gel format that is relatively fast and requires small
culture volumes compared with large-format two-dimensional gel electropho-
resis.

21

116

45

31

4 7
pI

Mr

Fig. 1. Two-dimensional gel electrophoresis of culture supernatant proteins. Proteins
were isolated from wild-type Streptococcus pyogenes strain NZ131 after 18 h of
culture in 40 mL of chemically defined medium. Hundred micrograms of protein was
separated with a 7-cm immobilized gradient strip (pH 4–7) (IPG; GE Biosciences) and
SDS–PAGE. Proteins were stained with SYPRO Ruby.
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2. Materials
2.1. Isolation of CSPs

1. 100% trichloroacetic acid (TCA) (see Note 1).
2. Acetone (see Note 1).
3. Absolute ethanol.
4. 25-mm, 0.2-μm syringe filter.
5. 10-mL luer-lock syringe.
6. Broth medium (Todd–Hewitt or chemically defined media [see Note 2]).
7. 10× DNase buffer: 100 mM Tris–HCl (pH 7.5), 25 mM MgCl2, 5 mM CaCl2.
8. RNase A.
9. DNase.

2.2. Isoelectric Focusing

1. IPGphor (GE Healthcare Life Sciences, Piscataway, NJ, USA).
2. 7-cm Immobiline DryStrips (pH 4–7) (GE Healthcare Life Sciences).
3. 7-cm IPG ceramic strip holder (GE Healthcare Life Sciences).
4. Dry-strip cover fluid.
5. IPG buffer (pH 4–7) (GE Healthcare Life Sciences).

2.3. Casting Polyacrylamide Gels

1. 1.5 M Tris–HCl (pH 8.8).
2. 10% (w/v) ammonium persulfate (see Note 3).
3. 10% (w/v) sodium dodecyl sulfate (SDS).
4. Acrylamide solution: acrylamide:bis-acrylamide (37.5:1). Acrylamide is a potent

neurotoxin. Wear gloves and protective clothing when using solutions containing
acrylamide (see Note 4).

5. Mini-PROTEAN 3 large glass plates with 1.0-mm spacers (Bio-Rad Laboratories,
Hercules, CA, USA).

6. Mini-PROTEAN 3 Multi-Casting Chamber (Bio-Rad Laboratories).
7. Mini-PROTEAN 3 short glass plates (Bio-Rad Laboratories).
8. N,N,N´,N´-tetramethylethylenediamine (TEMED).
9. Water-saturated butanol: Mix 50 mL of n-, i-, or t-butanol and 10 mL of deionized

H2O. Combine in a bottle and shake. Use the top phase to overlay gels. Store at
room temperature.

2.4. Second-Dimension Gel Electrophoresis

1. Mini-PROTEAN 3 Dodeca Cell (Bio-Rad Laboratories).
2. MultiTemp III Thermostatic Circulator (GE Healthcare Life Sciences) (see

Note 5).
3. Solubilization and rehydration solution (SR solution): 8 M urea, 2 M thiourea

(8), and 4% (w/v) CHAPS. Add dry reagents and fill to volume with distilled
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H2O. Stir until all reagents are dissolved, which may take 1 h or longer. Do
not heat the solution (see Note 6). Dispense 1-mL aliquots into microcentrifuge
tubes and store at –20 °C. Just prior to use, thaw the SR solution and add 75 mM
dithiothreitol (DTT) (see Note 7).

4. 1× SDS electrophoresis buffer: 25 mM Trizma base, 0.192 M glycine, 0.1% (w/v)
SDS (see Note 8).

5. Agarose sealing solution: 1× SDS electrophoresis buffer, 0.5% (w/v) agarose NA
(GE Healthcare Life Sciences), and a trace of bromophenol blue (see Note 9).

6. SDS equilibration buffer: 50 mM Tris–HCl, 6 M urea, 2% (w/v) SDS, 30%
(v/v) glycerol, and a trace of bromophenol blue. Dispense 10-mL aliquots of the
solution into tubes and store at –20 °C until needed. Just before use, thaw and
add DTT (100 mM final concentration).

7. Broad-range SDS–polyacrylamide gel electrophoresis (SDS–PAGE) molecular
weight standards (Bio-Rad Laboratories).

8. Sample Application Pieces (GE Healthcare Life Sciences).

2.5. Protein Detection, Quantitation, and Analysis

1. SYPRO Ruby protein stain (Bio-Rad Laboratories).
2. Fixer and destain solution: 10% (v/v) methanol and 6% (v/v) glacial acetic acid.
3. 2-D Quant Kit (GE Healthcare Life Sciences).
4. Typhoon 9410 imager (GE Healthcare Life Sciences).

3. Methods
3.1. Isolation of CSPs

1. Culture S. pyogenes in 40 mL of broth media in 50-mL polypropylene centrifuge
tubes at 37 °C for 18 h (see Note 10).

2. Centrifuge at 3220 × g for 10 min at 4 °C to pellet the bacteria.
3. Pass the supernatant fluid through a 0.2-μm syringe filter into a sterile 50-mL

polypropylene centrifuge tube. Proceed to next step or store the supernatant fluid
at –80 °C (see Note 11).

4. Incubate freshly filtered unfrozen supernatants at –20 °C for 30 min (see Note
12). If the supernatant has been frozen, thaw it at room temperature and proceed
to next step when the solution is completely thawed but ice cold.

5. Keep samples on ice during steps 6–41.
6. Add 100% ice-cold TCA to a final concentration of 10% (v/v) and invert the

tube several times to mix.
7. Add ice-cold acetone to a final concentration of 5% (v/v).
8. Invert tube several times to mix (see Note 13).
9. Incubate the tube at –20 °C for 1 h inverting several times every 20 min.

10. Centrifuge at 6000 × g for 20 min at 4 °C.
11. Discard supernatant fluid in a hazardous waste container.
12. Add 3 mL of ice-cold ethanol to the pellet and resuspend the pellet by vortexing.
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13. Transfer 750 μL of the solution into four 1.5-mL microcentrifuge tubes (see
Note 14).

14. Vortex well and incubate at –20 °C for 30 min.
15. Centrifuge at 25,000 × g for 5 min at 4 °C.
16. Remove the supernatant fluid and discard it in a hazardous waste container.
17. Add 1.5 mL of ice-cold ethanol to each tube.
18. Vortex well. The pellet will disperse but may not completely dissolve.
19. Incubate at –20 °C for 30 min.
20. Vortex well and centrifuge at 25,000 × g for 5 min at 4 °C.
21. Pour off supernatant fluid. Invert tubes and let any remaining ethanol evaporate.
22. Resuspend the pellet with 250 μL of 0.04 M Tris–HCl (pH 7.5).
23. Vortex well and combine the solutions into one microcentrifuge tube.
24. Add 24,000 U/mL of DNase, 75,000 U/mL of RNase, and 10 μL of 10× DNase

buffer (see Note 15). Incubate for 2 h at 4 °C.
25. Add 100% cold TCA to a final concentration of 10% (v/v) and invert the tube

several times to mix.
26. Add ice-cold acetone to a final concentration of 5% (v/v) and invert the tube

several times to mix (see Note 13).
27. Incubate at –20 °C for 1 h. Invert the tube several times every 20 min.
28. Centrifuge at 25,000 × g for 20 min at 4 °C.
29. Discard supernatant fluid.
30. Add 1.5 mL of ice-cold ethanol to the pellet and resuspend the pellet by

vortexing.
31. Vortex well and incubate at –20 °C for 30 min.
32. Centrifuge at 25,000 × g for 5 min at 4 °C.
33. Remove supernatant fluid and discard in a hazardous waste container.
34. Add 1.5 mL of ice-cold ethanol to the tube.
35. Vortex well. The pellet will disperse but may not completely dissolve.
36. Incubate at –20 °C for 30 min.
37. Centrifuge at 25,000 × g for 5 min at 4 °C.
38. Pour off supernatant fluid. Invert tubes and let any remaining ethanol evaporate.
39. Resuspend the pellet in SR solution containing 75 mM DTT (see Note 16).
40. Centrifuge samples at 25,000 × g for 5 min at 4 °C and transfer the supernatant

fluid to a clean microcentrifuge tube. Proceed to the next step or store the sample
at 4 °C until the protein concentration can be determined.

41. Determine the protein concentration by using the 2-D quant kit (GE Healthcare
Life Sciences) (see Note 17).

42. Store sample at 4 °C.

3.2. Isoelectric Focusing

1. Remove protein samples from 4 °C storage and equilibrate to room temperature.
2. Vortex well. Dilute the samples to a concentration of 0.8 mg/mL in a final

volume of 125 μL with SR solution containing 75 mM DTT. Add 1.875 μL of
IPG buffer (pH 4–7) (see Note 18). Vortex well and mix samples on a platform
rocker at room temperature for at least 1 h.
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3. Centrifuge samples at 25,000 × g for 10 min at 4 °C. Transfer the supernatant
fluid to a clean microcentrifuge tube.

4. Slowly pipet 125 μL (see Note 19) of the sample to the center of a 7-cm ceramic
strip holder (see Note 20). Remove any bubbles.

5. Remove the protective plastic cover from the IPG strip. Position the IPG strip
with the gel side down and the anodic end of the strip directed toward the anodic
end of the strip holder. Lower the strip into the sample starting with the anodic
end (see Note 21). Finally, lower the cathodic end of the IPG strip into the
channel, making sure that the gel contacts the strip holder electrodes at each
end. Be careful not to trap bubbles under the IPG strip.

6. To minimize evaporation and urea crystallization, apply IPG strip cover fluid.
7. Place the cover on the strip holder and place the ceramic holder on the IPGphor.
8. Rehydrate and focus the strips according to the following parameters:

a. Rehydration for 12 h at 20 °C (see Note 22).
b. Isoelectric focusing (IEF) parameters: 20 °C, 50 μA per strip.
c. Step 1: 500 V for 500 V/h (step and hold).
d. Step 2: 1000 V for 1000 V/h (step and hold).
e. Step 3: 8000 V for 32,000 V/h (step and hold).

9. Use forceps to remove strip from the ceramic strip holder and place IPG strips
into separate 15-mL polypropylene centrifuge tubes with the support film toward
the tube wall (see Note 23).

10. Proceed to Subheading 3.4.2 or store the IPG strips at –80ºC.

3.3. Casting Polyacrylamide Gels

1. Assemble the Mini-PROTEAN 3 gel casting chamber (see Note 24).
2. Prepare a 12% acrylamide gel solution. For six gels (8 × 7.3 × 0.001 cm), mix

13.5 mL of 40% acrylamide/bis-acrylamide stock solution, 18.6 mL of deionized
water, 12 mL of 1.5 M Tris–HCl (pH 8.8), and 0.45 mL of 10% SDS. Mix well.
Just before pouring gels, add 0.45 mL of 10% ammonium persulfate and 12.6 μL
TEMED and mix well (see Note 25).

3. Immediately pour the acrylamide solution into the casting chamber, filling it until
the solution is approximately 3 mm from the top of the short plate.

4. Gently overlay each gel with water-saturated butanol.
5. Allow the gels to polymerize 45–60 min.
6. Just before electrophoresis, disassemble the casting chamber.
7. Rinse the gels with distilled water to remove any butanol.

3.4. Second-Dimension Gel Electrophoresis

3.4.1. Preparation for Electrophoresis

1. Place 3.4–4.4 L of 1× SDS electrophoresis buffer in the Mini-PROTEAN 3
Dodeca Cell chamber and pre-cool the buffer by setting the MultiTemp III
Thermostatic Circulator to 10 °C (see Note 26).



Proteomic Analysis of S. pyogenes Exoproteins 21

2. Cut a sample application piece in half and place each half in a separate tube. Use
half of a sample application piece for each gel being run.

3. Add 5 μL of the SDS–PAGE molecular weight standard solution to a sample
application piece. Add two drops of molten agarose sealing solution to the sample
application piece (see Note 27).

3.4.2. Equilibration of IPG strips

1. Remove strips from freezer.
2. Add 5 mL of the equilibration buffer containing 100 mM DTT to each tube and

place on a rocking platform for 15 min.

3.4.3. Running Second Dimension

1. Remove the strip from the screw cap tube and dip it in 1× SDS electrophoresis
buffer.

2. Position the strip between the gel plates with the plastic backing against one of
the glass plates.

3. With a thin plastic ruler, or similar instrument, gently push the IPG strip down
so the entire lower edge of the IPG strip is in contact with the top surface of the
slab gel (see Note 28).

4. Apply a sample application piece containing molecular weight markers at the far
end of the strip where there is no IPG gel. Make sure the sample application piece
touches the top surface of the second dimension gel.

5. Gently overlay the IPG strip and sample application piece with agarose sealing
solution. Use care not to introduce bubbles while applying the agarose sealing
solution.

6. Place gels in the Mini-PROTEAN 3 Dodeca Cell electrophoresis chamber.
7. Set the power supply for the following parameters:

a. 50 V for 15 min.
b. 100 V for 2–3 h.

8. Monitor the migration of the bromophenol blue dye and turn off the power supply
when the dye is a few millimeters above the bottom of the gel.

9. Remove gel cassettes from chamber, and using a plastic wedge, carefully open
the cassette (see Note 29).

3.5. Protein Detection, Quantitation, and Analysis

1. Place the gels in fixing solution (10% methanol, 6% glacial acetic acid) for
30 min.

2. Pour off fixing solution.
3. Add 30 mL of SYPRO Ruby stain. Place the gels on a rocking platform and stain

overnight in a foil covered or lightproof plastic container (see Note 30).
4. The next day, pour off the SYPRO Ruby stain.
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5. Add 30 mL of destain (10% methanol, 6% glacial acetic acid) and place the gels
on a rocking platform. Allow the gels to destain for 4–24 h (see Note 31).

6. Pour off the destain.
7. Add distilled water to the gels (see Note 32).
8. Image the gel with a Typhoon 9410 instrument using the 610BP 30 filter and 457

(blue) laser.

4. Notes
1. Use TCA and acetone in a ventilated fume hood and wear suitable protective

gear and clothing.
2. Chemically defined media are preferred because they lack the peptides present

in complex media. If complex media are used, adjustments must be made
empirically in the amount of protein to load because the peptides will alter
protein determinations.

3. Store at 4 °C and prepare fresh weekly.
4. It is safer to purchase liquid solutions of acrylamide:bis-acrylamide rather than

purchasing the powdered form of the reagents because mixing the dry reagents
may create dust that is harmful if inhaled.

5. To prevent gels from overheating during electrophoresis, one needs a circulating
cooler when running the Mini-PROTEAN 3 Dodeca.

6. Heating solutions containing urea can cause protein carbamylation (9).
7. Up to 100 mM DTT can be added, if desired.
8. SDS electrophoresis buffer can be made as a 10× solution (250 mM Trizma base,

1.92 M glycine, 1.0% (w/v) SDS) and diluted to 1× as needed. Our laboratory
makes a carboy of 10 L of 10× buffer and we store it at room temperature.

9. The addition of just a few grains of bromophenol blue is sufficient. This will
provide a dye marker to monitor electrophoresis.

10. Relatively few proteins are detected in supernatant fluids of exponential phase
cultures.

11. The CSPs can now be stored at –80 °C for up to 1 week. –80 °C storage is for
convenience only and does not improve protein recovery.

12. Supernatants should be ice-cold but not frozen.
13. Solution may become cloudy.
14. If sample volume is more than 3 mL, dispense 750 μL into the appropriate

amount of 1.5-mL tubes until the entire sample has been divided.
15. Adding 10 μL of the 10× DNase buffer assumes there is a final volume of

1.0 mL. If the volume is different, add the appropriate amount of 10× DNase
buffer.

16. Resuspension volume will range from 100 to 350 μL depending on the size of
the pellet. Start off with a small volume and vortex well. Continue adding SR
solution until all of the pellet is resuspended. It may be necessary to rock the
samples overnight to get the best resuspension of the precipitated protein. Using
the smallest volume of SR solution necessary to dissolve the pellet will give a
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high concentration of protein. This is important during isoelectric focusing as
125 �L is the maximum volume of sample that can be separated with 7-cm
strips.

17. Usually 15–25 μL of sample will result in optical density values that in the
middle of the standard curve.

18. IPG buffer is supplied in ranges that match the range of the IPG strip being
used. The concentration of IPG buffer can vary from 0.5 to 2.0%, depending on
the sample.

19. To ensure complete sample uptake, do not exceed the 125 μL volume limit for
the strips.

20. Handle the ceramic holders with care, as they are brittle, and with gloves to
avoid contamination. The holder must be clean and completely dry before use.

21. To help coat the entire strip, gently lift and lower the strip and slide it back and
forth along the surface of the solution, tilting the strip holder slightly as needed
to ensure complete and even hydration.

22. Rehydrate for a minimum of 10 h, but overnight is best (10).
23. If not proceeding to the equilibration step, strips must be frozen immediately

after step 3 is finished.
24. Make sure to start with clean glass plates and chamber equipment. Using lint-free

wipes, clean the glass plates with methanol before assembling chamber.
25. This recipe will make six gels and can be scaled up or down depending on the

number of gels being run.
26. SDS electrophoresis buffer temperature should be maintained at approximately

20 °C. Setting the MultiTemp III at 10 °C will usually keep the buffer in the
recommended temperature range.

27. Adding molten agarose to the sample application piece containing the
SDS–PAGE molecular weight standard solution will prevent the markers from
diffusing out of the sample application piece.

28. Make certain that no air bubbles are trapped between the IPG strip and the gel
surface or between the gel backing and the glass plate.

29. Before placing the gel in fixer, locate the acidic end of the IPG strip, and make
a diagonal cut on the acidic side of the gel at the very top to determine the
proper orientation when imaging the gels.

30. SYPRO Ruby is light sensitive. Always store the gels in a lightproof container.
31. Destaining overnight minimizes background and produces better gel images.
32. Store the gels in water in a covered plastic container at 4 °C.
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Proteomic Analysis to Investigate Regulatory Networks
in Staphylococcus aureus

Susanne Engelmann and Michael Hecker

Summary

The analysis of the expression of virulence genes and the elucidation of metabolic
and regulatory pathways of Staphylococcus aureus provide us with important information
about the interaction between the pathogen and its host, mechanisms by which this
organism causes diseases, and the resistance to antibiotics. In order to investigate regulatory
networks of S. aureus, we analyze the cytoplasmic and extracellular proteome by using
two-dimensional (2D) gel analyses combined with matrix-assisted laser ionization–time-
of-flight mass spectrometry (MALDI–TOF MS). Gel-based proteomics is an extremely
valuable tool in microbial physiology that can, in combination with various visualization
and quantitation software packages, very rapidly provide comparative and quantitative
data for multi-sample comparison.

Key Words: 2D PAGE; protein expression profiling; DIGE labeling; [35S]-l-
methionine pulse labeling; virulence gene expression; dual-channel imaging technique.

1. Introduction
The genome sequence information provides the basis for functional genomic

approaches such as DNA chip technologies and proteome analyses. The first
genome sequences of two Staphylococcus aureus strains, N315 and Mu50,
were published in 2001 (1). To date, the complete genome sequences of
nine S. aureus strains have become available in the databases (www.tigr.org;
www.ncbi.nlm.nih.gov). The number of open reading frames varies from 2600
to 2700 between these strains. Despite this wealth of genome information, the
function of ∼1000 of the proteins encoded by these genes is still unknown.
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Whereas the genome sequence only provides the blueprint of life, the proteome
brings this genome sequence to fruition. Protein expression profiling not only
reveals the overall pattern of protein expression under various environmental
conditions, but also provides information on expression level, post-translational
modifications, and subcellular localization of individual proteins. We are using
functional genomics techniques to focus on two main areas: (1) a basic under-
standing of cell metabolism and stress/starvation responses of S. aureus under
different conditions, and (2) a comprehensive analysis of the function and
structure of virulence-associated regulons.

The first step in the physiological proteomics analysis of S. aureus is the estab-
lishment of a comprehensive two-dimensional (2D) gel proteome map that should
cover most of the cytoplasmic proteins expressed under specific circumstances
(see Fig. 1). For physiological studies, the highly sensitive two-dimensional
polyacrylamide gel electrophoresis (2D PAGE) originally invented by O’Farrel
(2) and Klose (3) is still the state of the art. With our standard 2D gel system
(pH 4–7), we identified 473 proteins that cover about 40% of the cytoplasmic
proteome of S. aureus predicted for this proteomic window (4). The proteins are
associated with various cellular functions ranging from the transcriptional and
translational machinery, citrate cycle, glycolysis, and fermentation pathways to
biosynthetic pathways of nucleotides, fatty acids, and cell wall components (4,5).
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Fig. 1. Schematic representation of protein identification by mass spectrometry and
preparation of reference 2D maps.
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With this comprehensive proteome map, we have one essential tool for a better
understanding of cell physiology of the human pathogen, S. aureus.

Extracellular proteins constitute a reservoir of virulence factors and have
important roles in the pathogenicity of bacteria. Preliminary genome data show
that the various strains encode very different sets of virulence factors. In
addition to this genomic variability, differences in the activity of virulence-
associated regulators are believed to be responsible for variations in the
expression of some virulence factors in clinical isolates. A comprehensive
analysis of the extracellular proteome of S. aureus can show whether individual
virulence genes are (1) expressed and secreted, and if yes, (2) in which
quantities, and (3) under which environmental conditions. The expression of
virulence genes is regulated in a coordinated fashion during the growth cycle by
a complex network of regulators. The production of extracellular proteins takes
place mainly during the late exponential and post-exponential phase at high
cell densities, and at the same time, the synthesis of surface-associated proteins
is down-regulated (6). The best characterized regulators of virulence gene
expression to date are Agr (accessory gene regulator) and SarA (staphylococcal
accessory regulator) (7). We have compared the 2D pattern of extracellular
protein extracts of wild-type cells with the 2D patterns of the respective
regulatory mutants in order to identify proteins whose synthesis is influenced
by these regulatory genes (6,8).

The secretome map is also a valuable tool for evaluating the fitness
and virulence of clinical isolates from patients with different diseases. The
comparison of the extracellular protein patterns revealed considerable hetero-
geneity between these strains, which might explain their different virulence
potential. To date, at least 90 of the proteins identified in the supernatant of
various S. aureus strains showed signal sequences typical for Sec-translocated
proteins. As expected, many of these proteins were already known to play a
role in the virulence of S. aureus (6,8,9,10).

2. Materials
2.1. Cell Culture, Cell Lysis, and Protein Preparation

1. Tryptone soy broth (TSB) (Oxoid, Wesel, Germany), autoclaved for 15 min.
2. Luria–Bertani broth (LB) (Invitrogen, Karlsruhe, Germany) pH 7.5, autoclaved

for 20 min.
3. Basic medium (2×): Dissolve 3.54 g of Na2HPO4, 2.72 g of KH2PO4, 0.4 g of

MgSO4 7H2O, 1 g of NH4Cl, and 1 g of NaCl in 1 L deionized water. Autoclave
for 20 min.

4. 1 M citrate: Prepare in deionized water and autoclave for 20 min.
5. 20% (w/v) glucose: Prepare in deionized water and autoclave for 10 min.
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6. MOPS buffer (25×): Dissolve 209.26 g of MOPS in deionized water and fill to
1 L. Adjust the pH to 7.0 and autoclave buffer for 10 min.

7. l-Amino acid mixtures (50×): Prepare mixtures of one to four different amino
acids: (1) alanine, valine, leucine, isoleucine; (2) aspartate, glutamate; (3) serine,
threonine, cysteine; (4) arginine, lysine, proline; (5) phenylalanine, tryptophane,
histidine; (6) glycine. With the exception of glycine, dissolve 0.8 g of each amino
acid in 100 mL of deionized water. In case of glycine, use 8 g. It is important
to dissolve the amino acids of one mixture successively. Sterilize mixtures by
filtration (0.45 μm).

8. Vitamins (1000×): Prepare all vitamin solutions separately—0.036 mM
cyanocobalmine, 0.29 mM p-aminobenzoate, 0.04 mM biotin, 0.81 mM nicotinic
acid, 0.21 mM Ca-d-pantothenic acid, 0.62 mM pyridoxamine hydrochloride,
0.29 mM thiaminium dichloride, and 0.26 mM riboflavin. Dissolve the vitamins
in deionized water and sterilize by filtration (0.45 μm).

9. Trace elements (1000×): All trace element solutions are prepared separately—
0.51 mM ZnCl2, 0.5 mM MnCl2, 0.097 mM H3BO3, 1.46 mM CoCl2, 0.015
mM CuCl2, 0.1 mM NiCl2, and 0.148 mM Na2MoO4. Dissolve trace elements
in deionized water and sterilize by filtration (0.45 μm).

10. 0.5 mM FeCl2: Dissolved in 2N HCl.
11. 2N NaOH in deionized water.
12. TE Buffer: 10 mM Tris, 1 mM EDTA, pH 7.5, autoclaved.
13. Glass beads (0.10–0.11 mm, Braun, Melsungen, Germany).
14. Ribolyser (Thermo Electron Cooperation, Waltham, USA).
15. 100% (w/v) trichloroacetic acid (TCA) solution: Dissolve TCA in deionized

water and prepare fresh.
16. 8 M Urea/2 M Thiourea solution: Dissolve 2.4 g of urea and 0.76 g of thiourea

in 1 mL of water (deionized water additionally purified by using the water
purification system “Synergy” from Millipore, Schwalbach, Germany) and bring
to 5 mL with the same water. Store aliquots at –20 °C.

17. Stop solution: 15 mg of l-methionine and 10 mg of chloramphenicol dissolved
in 10 mL 0.1 M Tris–HCl (pH 7.5).

2.2. Difference Gel Electrophoresis Labeling of Proteins

1. 99.8% anhydrous dimethylformamide (DMF).
2. 10 mM l-lysine in deionized water.
3. CyDye Difference Gel Electrophoresis (DIGE) Fluors for Ettan DIGE (GE-

Healthcare, Little Chalfont, UK): The dye tubes (Cy2, Cy3, Cy5) should be
allowed to warm to room temperature for 5 min. Add 10 μL DMF (freshly opened)
to each dye tube and mix. The tubes now contain 1 mM Cy2, Cy3, or Cy5 dye in
DMF and should be vortexed vigorously for 30 s. Afterward, centrifuge the tubes
for 30 s at 12,000 × g. The fluorochrome can now be used. Unused CyDye stock
solutions should be returned to –20 °C as soon as possible and stored in the dark.

4. pH indicator strips (pH 4.5–10.0).
5. 50 mM NaOH in deionized water.
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2.3. Two-Dimensional Polyacrylamide Gel Electrophoresis

2.3.1. First Dimension

1. Rehydration solution (10×): 100 mg of CHAPS (Roth, Karlsruhe, Germany) and
30 mg of DTT (MP Biomedicals, Illkirch, France) in 8 M urea/2 M thiourea
solution (see step 16, Subheading 2.1.). Subsequently, add 52 μL Pharmalyte
(pH 3–10) (GE-Healthcare). Store aliquots at –20 °C.

2. 18-cm IPG strips: linear pH range of 4–7 for cytoplasmic proteins and 3–10 for
extracellular proteins (GE-Healthcare).

3. Rehydration chamber.
4. Multiphor II unit (GE-Healthcare).
5. Electrode strips (GE-Healthcare).

2.3.2. Second Dimension

1. 1.5 M Tris–HCl, pH 8.8 (adjusted at 12 °C). Store at room temperature (see Note 1).
2. 10% (w/v) sodium dodecyl sulfate (SDS) in deionized water. Store at room

temperature.
3. 10% (w/v) ammonium persulfate (APS) dissolved in deionized water. Store at

4 °C no longer than 1 week.
4. 0.5 M Tris–HCl, pH 6.8 (adjusted at 12 °C). Store at room temperature (see Note 1).
5. Upper buffer (4×): 0.4% (w/v) SDS dissolved in 0.5 M Tris–HCl, pH 6.8.
6. Equilibration solution (100 mL): Dissolve 36 g of urea in a mixture of 10 mL

of 0.5 M Tris–HCl (pH 6.8), 30 mL of glycerol, and 40 mL of 10% SDS. For
solution A, add 175 mg of DTT (MP Biomedicals) to 50 mL equlibration solution.
For solution B, add 2.25 g of iodoacetamide (toxic!) and a trace of bromphenol
blue to 50 mL equilibration solution.

7. Running buffer (10×): Dissolve 150 g of Tris base, 720 g of glycine, and 50 g
of SDS in deionized water. When all components are completely in solution, add
deionized water to 5 L.

8. Protean® plus Dodeca™ cell gel system, power supply, glass plates (Biorad-
Laborities, Hercules, USA).

2.4. Protein Detection

1. The Coomassie staining solution is prepared as follows: add 40 mL of 85%
o-phosphoric acid, 40 g of (NH4)2SO4, and 0.48 g of Coomassie Blue G-250 to
360 mL deionized water. Stir solution and add 100 mL methanol.

2. Fixing solution for silver staining: 50% (v/v) ethanol and 12 % (v/v) acetic acid.
Prior to use, add 500 μL of 37% formaldehyde to 1 L fixing solution.

3. Washing solution: 50% (v/v) ethanol in deionized water.
4. Sodium thiosulfate solution: Add 0.2 g of Na2S2O3·5H2O to 1 L deionized water

and dissolve by stirring.
5. Silver nitrate solution: Add 2 g of AgNO3 to 1 L deionized water and dissolve

by stirring. Prior to use, add 750 μL of 37% formaldehyde to 1 L silver nitrate
solution.
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6. Developing solution: Dissolve 30 g of K2CO3 and 4 mg of Na2S2O3·5H2O in 1 L
deionized water. Prior to use, add 500 μL 37% formaldehyde to 1 L developing
solution.

7. Stop solution: 1% (w/v) glycine dissolved in deionized water.
8. Storage Phosphor Screens 20 cm × 25 cm (Molecular Dynamics, Krefeld,

Germany).
9. Storm 840 Phosphor Imager (Molecular Dynamics).

10. Typhoon laser scanner (9200, 9210, 9400, or 9410).
11. Scanner X finity ultra (Quato Graphic, Braunschweig, Germany).

2.5. In-Gel Digestion

1. Spot cutter (Proteome Work™) with a picker head of 2 mm (GE-Healthcare).
2. Ettan Spot Handling Workstation (GE-Healthcare).
3. 50 mM ammonium bicarbonate/50% (v/v) methanol.
4. 75% (v/v) acetonitrile.
5. Trypsin solution: 1 mg/mL mg trypsin dissolved (Promega, Madison, WI, USA)

in 20 mM ammonium carbonate (freshly prepared).
6. 50% (v/v) acetonitrile/0.1% (w/v) trifluoroacetic acid (TFA).
7. Matrix solution 50% (v/v) acetonitrile/0.5% TFA saturated with �-cyano-4-

hydroxycinnamic acid (CHCA).
8. 0.5% (w/v) TFA/50% (v/v) acetonitrile.

2.6. Protein Identification by Mass Spectrometry

1. Proteome-Analyzer 4700 (Applied Biosystems, Foster City, CA, USA).
2. 4700 Explorer™ software.
3. Genome sequences of S. aureus in FASTA format (www.ncbi.nlm.nih.gov).

3. Methods
In order to investigate the physiology and virulence of S. aureus, we sought

to analyze the cytoplasmic and extracellular proteome of S. aureus by using 2D
gel analysis combined with MALDI–TOF MS/MS (see Fig. 1 and Note 2). For
low-complexity organisms such as bacteria, the majority of cellular and extra-
cellular proteins can be visualized within the main analytical window of pHs
ranging from 4–7 (cytoplasmic proteins) or 3–10 (extracellular proteins); thus,
gel-based proteomics will remain an extremely valuable tool, because it econom-
ically permits the comparative and quantitative protein profiling in multi-sample
comparisons. Protein master gels showing most of the proteins predicted for the
respective cell compartment (e.g., cytosol, supernatant) (see Fig. 1) offer the
chance to study the regulation of the synthesis and/or the amount of all these
proteins under various conditions and in different mutant strains. In this way,
the 2D protein pattern of cells grown under various growth restricting conditions
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was compared with those of exponentially growing cells. All proteins induced by
a single stimulus belong to a stimulon (see Fig. 2 and Color Plate 1, following
p. 46). The next step is to dissect the stimulons into their individual regulation
groups, the regulons (see Fig. 2). Comparison of the protein expression profile
of the wild type with mutants lacking specific regulatory proteins under inducing
conditions is currently the best way to define the regulon structure. Furthermore,
the allocation of as yet unknown proteins to stimulons and regulons of already
known function is a simple but convincing approach to an initial prediction of their
function.

The synthesis of proteins under different conditions can be analyzed by incor-
poration of [35S]-l-methionine into proteins that were newly synthesized during

Fig. 2. Proteomic signatures of different stress/starvation conditions in Staphylo-
coccus aureus. Comparison of the protein synthesis profile of exponentially growing
cells (green) with that of stressed S. aureus cells (red) reveals changes in protein
synthesis that are particular for the certain stress stimuli. Cells were cultivated
in synthetic medium and exposed to the respective stimulus at an optical density at
500 nm (OD500) of 0.5. Protein synthesis was analyzed by [35S]-l-methionine labeling
(5 min pulse) under control conditions and 10 min after imposition to stress. All proteins
induced by one stimulus belong to a stimulon. (See Color Plate 1, following p. 46.)
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a defined period (5 min) (see Fig. 3). The resulting autoradiograms reflect the
instantaneous synthesis rates of individual proteins at the time of labeling and can
be identified by using the respective protein master gel. The silver or colloidal
Coomassie-stained protein pattern represents the actual level of proteins accumu-
lated within or outside the cell until the time of harvesting (see Fig. 3).

cultivation
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(ribolvser)

2D PAGE 2D PAGE 2D PAGE
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Determination of protein concentration

Protein minimal labeling
with CyDyes

cytolasmic proteins (radioactive)

cytoplasmic proteins extracellular proteins

Determination of
protein concentration 

Protein accumulation
Protein identification

Fig. 3. Strategies of 2D gel experiments for protein identification and for analyzing
protein accumulation and synthesis.
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By using the 2D fluorescence DIGE (Ettan DIGE) technique, three different
protein extracts are labeled with CyDye fluors (Cy2, Cy3, and Cy5, respec-
tively) that are subsequently separated on the same 2D gel (see Fig. 3). Thus,
the process of detecting, identifying, and quantifying proteins is simplified.
Each of the three protein extracts is labeled with one CyDye. After labeling, the
three samples are mixed together and run on the same gel. In this way, the same
protein labeled with the different CyDye will migrate to the same position on
the 2D gel, which helps to limit errors due to experimental variation (see Fig. 4
and Color Plate 2, following p. 46). Each of the individual samples can be
visualized independently by selecting the appropriate excitation and emission
wavelength to scan for each CyDye (see Fig. 4).
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Fig. 4. Difference gel electrophoresis (DIGE) labeling technique to illustrate differ-
ences in protein patterns of three protein extracts. Extracellular protein patterns of
wild-type RN6390 (blue), the isogenic agr mutant (green), and RN6390 comple-
mented with rsbU of Staphylococcus aureus COL (red). Prior to separation by 2D gel
electrophoresis technique, protein extracts of the respective strains were labeled with
CyDye fluorochromes [Cy2 RN6390, Cy3 RN6911, Cy5 RN6390 (RsbU+)]. A mixture
of 50 μg of each protein extract was separated on one gel. The proteins were detected
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the Red-Laser (633 nm)]. (See Color Plate 2, following p. 46.)
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3.1. Bacterial Growth Conditions

1. For radioactive pulse-labeling experiments, cultivate bacterial strains in 50 mL of
synthetic medium without methionine (11). For 100 mL synthetic medium, add
4 mL of 25× MOPS buffer, 14 μL of 1 M citrate, 740 μL of 20% glucose, 2 mL
of each amino acid mixture, 100 μL of each vitamin solution, 100 μL of each
trace element solution, 150 μL of FeCl2, and 150 μL of 2N NaOH to 50 mL of
2× basic medium. Afterward, bring the volume of the medium to 100 mL with
sterilized, deionized water. Inoculate the synthetic medium with exponentially
growing cells of the appropriate S. aureus strain (grown overnight to start a fresh
culture) in the same medium to an initial optical density at 500 nm (OD500) of
0.07–0.1. Cultivate cells with vigorous agitation at 37 °C.

2. For preparation of unlabeled cytoplasmic and extracellular protein extracts,
inoculate 100 to 1500 mL of complex medium (TSB or LB) or synthetic medium
with exponentially growing cells of the appropriate S. aureus strain to an initial
OD540 of 0.05. Grow cells with vigorous agitation at 37 °C.

3. For stress kinetic experiments, inoculate 100 mL of medium with exponentially
growing cells of the appropriate S. aureus strain to an initial OD540 of 0.05. At an
OD of 0.5–0.7, transfer 10–50 mL of cell culture to new, preheated Erlenmeyer
flasks and expose to stress conditions. Harvest cells at fixed time intervals after
imposition of stress. As a control, harvest 20–50 mL from the untreated culture
immediately before and at the end of the stress experiment.

3.2. Protein Preparation

3.2.1. Cytoplasmic Proteins

1. For preparation of cell extracts at different ODs (OD540 = 0.5 and 10) or different time
pointsafter impositionofstress, separatecellsof50-mLcultures fromthesupernatant
by centrifugation at 7000 × g for 10 min at 4 °C. (Simultaneously, the supernatant
can be used for preparation of extracellular proteins [see Subheading 3.2.2.].)

2. Wash cell pellets with 1 mL of ice-cold TE buffer, resuspend in 1 mL TE buffer,
and transfer into screw top tubes containing 500 μL of glass beads.

3. Disrupt cells by homogenization with glass beads using the Rybolyser (Thermo
Electron Corporation) for 30 s at 6.5 m/s.

4. Centrifuge lysate at 21,000 × g for 25 min at 4 °C to remove cell debris and then
transfer supernatant to a new tube.

5. Centrifuge at 21,000 × g for 45 min (all at 4 °C) to remove insoluble and aggre-
gated proteins, which disturb the isoelectric focusing (IEF) of the proteins.

6. Determine protein concentration by using Roti-Nanoquant (Roth) (see Note 3).
Store the protein solution at –20 °C.

3.2.2. Extracellular Proteins

1. Separate the supernatant of a 50-mL culture from cells by centrifugation (10 min,
7000 × g, 4 °C) and transfer into a new tube. (Optional: centrifugation step can
be repeated if there are cells remaining in the supernatant.)
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2. Add 5 mL of freshly prepared 100% (w/v) TCA (end concentration 10% (v/v))
to the supernatant and precipitate the proteins overnight at 4 °C.

3. Centrifuge precipitate for 1 h and decant the supernatant very carefully. Wash the
precipitate with 20 mL of 100% (v/v) ice-cold ethanol, centrifuge at 8000 × g for
10 min at 4 °C, and decant supernatant. Repeat the washing procedure twice.

4. Afterward, remove the pellet from the tube, mix with 10 mL of 100% ice-cold
ethanol, transferred to a 15-mL Falcon tube, and centrifuge at 8000 × g for
10 min at 4 °C. The supernatant should be decanted very carefully. Repeat this
washing procedure at least six times. One of these steps should be done with
70% (v/v) ice-cold ethanol instead of 100% ice-cold ethanol. After decanting the
supernatant, dry the protein pellet at room temperature.

5. Dissolve the dried protein pellet in 8 M urea/2 M thiourea and mix by shaking
for 20 min at room temperature. Centrifuge the solution for 15 min at 21,000 × g
and transfer the supernatant into a new microtube.

6. Determine protein concentration by using ROTI-Nanoquant (Roth) (see Note 3).
Store protein solution at –20 °C.

3.2.3. Preparation of Cytoplasmic Protein Extracts Labeled
With [35S]-L-Methionine (Pulse-Labeling Reaction)

1. Grow cells in synthetic medium at 37 °C to an OD of 0.5.
2. Transfer 10 mL of the culture volume to a new Erlenmeyer flask and add 10 μL

of (100 μCi) l-[35S]-methionine to the culture. Stop the labeling reaction after
5 min by adding 1 mL of stop solution and by transferring the Erlenmeyer flask
to ice.

3. Pellet cells by centrifugation at 8000 × g for 5 min at 4 °C.
4. Wash cell pellets twice with 1 mL of ice-cold TE buffer and resuspend in 400 μL

of TE buffer.
5. For cell lysis, add 10 μL of lysostaphin solution (10 mg/mL) to the cell suspension.
6. After incubation on ice for 10 min, disrupt cells by sonication. For this step,

place a beaker of ice water around the sample tube to keep it cold. Sonicate the
samples for 1 min (0.5/s, low) followed by a 1-min cooling break. Repeat this
process three times. Sonication is complete when the solution appears noticeably
less cloudy than the starting solution.

7. After sonication, centrifuge the sample at 21,000 × g for 10 min at 4 °C. Transfer
the supernatant to a new tube and repeat the centrifugation process for 30 min.

8. Determine protein concentration by using ROTI-Nanoquant (Roth) (see Note 3).
Store the protein solution at –20 °C.

3.3. CyDye DIGE Minimal Labeling (for Extracellular Proteins)

1. The recommended concentration of protein is between 5 and 10 mg/mL.
2. The pH of the protein solution should be between pH 8.0 and 9.0. Check by

spotting 1 μL on a pH indicator strip. If the pH is lower than 8.0, then the pH
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will need to be adjusted before labeling. The pH can be increased to pH 8.5 by
the careful addition of 50 mM NaOH.

3. For labeling experiments, prepare 400 μM CyDye working solution by adding one
volume of CyDye stock solution to 1.5 volumes of high-grade DMF (see Note 4).

4. It is recommended that 50 μg of protein is labeled with 400 pmol of CyDye. If
labeling more than 50 μg of protein, the same fluorochrome-to-protein ratio must
be used.

5. Add a volume of sample equivalent to 50 μg of protein and 1 μL of diluted CyDye
to a microfuge tube, mix, and centrifuge briefly. Afterward, incubate the sample
on ice for 30 min in the dark.

6. Stop the labeling reaction by adding 1 μL of 10 mM lysine to the sample that
has incubated on ice for 10 min in the dark. Labeled protein extracts can now be
stored at –80 °C.

7. The protein samples that are going to be separated on the same gel should be
pooled now.

8. Follow the protocol for rehydration of IPG strips (see Subheading 3.4.1.).

3.4. 2D Gel Electrophoresis

3.4.1. Isoelectric Focusing

1. Make up protein samples [80–100 μg of radioactively labeled proteins, 3 × 50 μg
of DIGE-labeled proteins (see Note 5), or 350–600 μg of unlabeled proteins
for Colloidal Coomassie staining) (see Note 6)] to 360 μL with 8 M urea/2 M
thiourea. Subsequently, add 40 μL of 10× rehydration buffer and mix the solution
by shaking at room temperature for 30 min. Centrifuge the rehydration mix for
5 min at 21,000 × g (20 °C) to remove insoluble proteins.

2. Dispense equally the supernatant in one slot of the rehydration chamber. Position
the IPG strip with the gel side down and lower the strip onto the solution. To
help coat the entire IPG strip, gently lift and lower the strip and slide it back and
forth along the surface of the solution. Avoid large bubbles under the IPG strip.
Rehydration occurs overnight for at least 15 h (no longer than 24 h).

3. Perform IEF with the Multiphor II unit. The dry-strip aligner and the electrodes
should be cleaned with soft tissues and all cables should be connected. Set the
temperature of the thermostatic circulator to 20 °C. Place two 110-cm electrode
strips on a clean flat surface and soak with distilled water. Remove excess water
by blotting with filter paper (see Note 7).

4. To remove rehydrated IPG strips from the slots, grab the ends of the strip with
tweezers and lift it out of the tray. Any contact with the gel surface should be
avoided. Position the strips in the dry-strip aligner in adjacent grooves and align
all strips so that the anodic gel edges are lined up. Place the electrode strips across
the cathodic and anodic ends of the aligned IPG strips. The electrode strips must
at least partially contact the gel surface of each IPG strip. When each electrode
is aligned with the electrode strip, press down on each to contact the electrode
strips. Cover the IPG strips with mineral oil.
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5. Perform IEF by using the following voltage profile: step 1—500 V (gradient), 2
mA, 5 W, 2 Vh; step 2—3500 V (gradient), 2 mA, 5 W, 3 kVh; step 3—3500
V, 2 mA, 5W, 23.5 kVh. As IEF proceeds, the current must be checked (low
current is normal for IPG gels). If no current is flowing, check the contact between
electrodes and electrode strips.

6. After IEF, proceed to the second dimension immediately (see Subheading 3.4.2.)
or store the IPG strips at –20 °C in foil.

3.4.2. SDS–PAGE

Focused proteins are separated according to their molecular weight in 12.5%
acrylamide and 2.6% bis-acrylamide polyacrylamide gels using the Tris–glycine
system (see Note 8).

1. To prepare 12 slab gels, mix 335.3 mL of 40% acrylamide, 179 mL of 2% bis-
acrylamide, 272.54 mL of 1.5 M Tris–HCL (pH 8.8), 11.48 mL of 10% SDS, and
300 mL of deionized water while stirring on a magnetic stirrer. Add 2.8 mL of 10%
APS and 0.55 mL of TEMED to this solution and mix by stirring (see Note 9).
Generation of bubbles should be avoided. Pour gels immediately by filling the gel
cassette about 1 cm below the top of the glass plates. Overlay gels immediately
with a thin layer (1 mL) of water-saturated n-butanol or water to minimize gel
exposure time to oxygen and to create a flat gel surface. Polymerization takes
at least 3 h. Each gel should be inspected and the top of surface of each gel
should be straight and flat. Remove butanol or water and rinse the gel surface
with deionized water. The butanol should be completely removed.

2. Prepare the stacking gel by mixing 10.8 mL of 40% acrylamide, 3.4 mL of 2%
bis-acrylamide, 30 mL of upper buffer (4×), and 74 mL of deionized water.
Afterward, add 0.3 mL of 10% APS and 0.05 mL of TEMED to the solution
while stirring. Use an appropriate amount of the stacking gel solution to quickly
rinse the top of each gel and overlay with a thin layer (1 mL) of water. The
stacking gel should polymerize within 1 h.

3. Prepare equilibration buffers A and B. Place each IPG strips with the gel side up
in one slot of an equilibration chamber and add 4–5 mL of equilibration buffer A
to each slot. Equilibrate the IPGs for at least 15 min with gently shaking. Decant
equilibration solution A and add 4–5 mL of equilibration solution B to each slot.
Equilibrate the IPGs again for at least 15 min while shaking. Decant equilibration
solution B and place the IPG strips on filter paper so that they rest on an edge to
help drain the equilibration solution.

4. Add 1× running buffer to the gel system. Put gels in the gel system filled with
1× running buffer. The running buffer should cover the gels.

5. Place IPG strips between the plates on the surface of the stacking gel by gently
pushing the IPG strip down so that the entire lower edge of the IPG strip is in
contact with the top surface of the stacking gel. No air bubbles should be trapped
between the IPG strips and the stacking gel.
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6. Perform electrophoresis at constant power (2 W per gel) at 12 °C. A constant
temperature during electrophoresis is very important for gel-to-gel reproducibility.
When starting electrophoresis, the buffer temperature should be at 12 °C.
Therefore, cooling has to be started before preparing the gels (see step 1, this
Subheading).

7. After electrophoresis, remove gels from glass plates in preparation for staining.
Each gel should be marked to identify the acidic end of the first dimension
preparation.

3.5. Protein Detection

3.5.1. Colloidal Coomassie Staining (12)

1. Add 250 mL of Coomassie staining solution to each gel and incubate gels for
24 h on a stirrer.

2. After removing Coomassie staining solution, rinse the gels with deionized water
several times.

3. Seal gels in foil after staining.
4. Scan gels with a Scanner X finity ultra (Quato Graphic) in transmission mode at

a resolution of 200 dpi.
5. Store gels at 4 °C.

3.5.2. Silver Staining (13)

1. Treat the resulting 2D gels with fixing solution for silver staining (200–250 mL
per gel) for 1–2 h.

2. Wash gels three times with 200–250 mL of 50% (v/v) ethanol for 20 min and
pretreat with 200–250 mL of sodium thiosulfate solution for 1 min.

3. Rinse the gels three times with deionized water for 20 s.
4. Incubate gels with 200–250 mL of silver nitrate solution for 20 min.
5. After removing the silver nitrate solution, rinse the gels twice with deionized

water for 20 s.
6. For developing, incubate gels in 200–250 mL of potassium carbonate solution for

2–10 min. Stop the developing reaction by incubating the gels with 200–250 mL
of 1% (w/v) glycine for 20 s, rinsing with deionized water for 20 s and stopping
again with 200–250 mL of 1% (w/v) glycine for 20 min.

7. Wash gels two times with deionized water for 20 min and seal in foil.
8. Scan gels with a Scanner X finity ultra (Quato Graphic) in transmission mode at

a resolution of 200 dpi.
9. Store gels at 4 °C.

3.5.3. Detection of DIGE-Labeled Proteins

Cy2, Cy3, and Cy5 can be detected using a Typhoon laser scanner (9200,
9210, 9400, or 9410). The unfixed gels are scanned according to the Ettan Dige
User manual (GE-Healthcare).
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1. Place gels directly on the wet surface of the Typhoon.
2. For scanning, use the BLUE2-Laser (488 nm) for Cy2-labeled proteins, the green

laser (532 nm) for Cy3-labeled proteins, and the red laser (633 nm) for Cy5-labeled
proteins (see Note 10).

3. For quantitation, scan the gels at 100 dpi resolution.

3.5.4. Detection of L-[35S]-Methionine-Labeled Proteins

1. After silver staining and scanning, place gels on Whatman paper, cover with cello-
phane sheets, and dry on a vacuum dryer at 75 °C for at least 2–4 h (see Note 11).

2. Expose the dried gels to “Storage Phosphor Screens” for 2 h to several days
(depending on signal intensity). Scan Storage Phosphor Screens with a Storm 840
Phosphor Imager at a resolution of 200 μm and a color depth of 16 bit (65536
gray scale levels) (see Note 12).

3.6. Protein Identification by Mass Spectrometry (see Fig. 1)

1. For identification of proteins by MALDI–TOF MS, cut Coomassie-stained protein
spots from gels using a spot cutter (Proteome Work™) with a picker head of
2 mm and transfer into 96-well microtiter plates.

2. Digestion of proteins with trypsin and subsequent spotting of peptide solutions
onto the MALDI targets are performed automatically in the Ettan Spot Handling
Workstation (GE-Healthcare) using the following standard procedure (14): wash
the gel pieces twice with 100 μL of 50 mM ammonium bicarbonate/50% (v/v)
methanol for 30 min and once with 100 μL of 75% (v/v) acetonitrile for 10 min.
After 17 min of drying, add 10 μL of trypsin solution containing 20 ng/μL trypsin
and incubate at 37 °C for 120 min. For peptide extraction, cover gel pieces with
60 μL of 50% (v/v) acetonitrile/0.1% (w/v) TFA and incubate for 30 min at 37 °C.
Transfer the supernatant containing peptides into a new microtiter plate and repeat
the extraction with 40 μL of the same solution. Dry the supernatants completely
at 40 °C for 220 min and dissolve the peptides in 2.2 μL of 0.5% (w/v) TFA/50%
(v/v) acetonitrile.

3. Spot 0.7 μL of this solution directly onto the MALDI target. Add 0.4 μL of matrix
solution and mix with the sample solution by aspirating the mixture five times.
Prior to the measurement in the MALDI–TOF instrument, dry the samples on the
target for 10–15 min.

4. Carry out MALDI–TOF MS analyses of spotted peptide solutions on a Proteome-
Analyzer 4700 (Applied Biosystems). The spectra are recorded in a reflector mode
in a mass range from 900 to 3700 Da. For one main spectrum, 25 subspectra with
100 spots per subspectrum are accumulated using a random search pattern. If the
autolytical fragment of trypsin with the monoisotopic (M+H)+ m/z at 2211.104
reaches a signal-to-noise ratio (S/N) of at least 10, an internal calibration is
automatically performed using the peak for one point calibration. The peptide
search tolerance is 50 ppm, but the actual standard deviation is between 10 and
20 ppm.
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5. Calibration is performed manually for the less than 1% samples for which
automatic calibration fails. After calibration, the peak lists are created using the
“peak to mascot” script of the 4700 Explorer™ software with the following
settings: mass range from 900 to 3700 Da, peak density of 50 peaked per range
of 200 Da, minimal area of 100 and maximal 200 peaks per protein spot, and
minimal S/N ratio of 6. The resulting peak lists are compared with organism-
specific sequence databases by using the mascot search engine (Matrix Science,
London, UK). Peptide mixtures that yield at least twice a Mowse score of at least
49 (depending on the size and quality of the database) and sequence coverage of
at least 30% are regarded as positive identifications.

6. Proteins that fail to exceed the 30% sequence coverage cut-off are subjected
to MALDI–MS/MS. MALDI–TOF–TOF analysis is performed for the three
strongest peaks of the TOF spectrum. For one main spectrum, 20 subspectra
with 125 shots per subspectrum are accumulated using a random search pattern.
The internal calibration is automatically performed as one-point calibration if the
monoisotopic arginine (M+H)+ m/z at 175.119 or lysine (M+H)+ m/z at 147.107
reaches an S/N of at least 5. The peak lists are created using the “peak to mascot”
script of the 4700 Explorer™ software with the following settings: mass range
from 60 Da to a mass that was 20 Da lower than the precursor mass, peak
density of five peaks per 200 Da, minimal area of 100 and maximal 20 peaks per
precursor, and a minimal S/N ratio of 5. Database searches are performed using
the GPS explorer software with the organism-specific databases. Proteins with a
Mowse score of at least 49 in the reflector mode that is confirmed by subsequent
peptide/fragment identifications of the strongest peaks (MS/MS) are regarded as
identified. MS/MS analysis is particularly useful for the identification of spots
containing more than one protein.

3.7. Quantitation and Bioinformatic Approaches

The 2D gel image analysis is performed with the Delta2D Software (Decodon
GmbH, Greifswald, Germany). Three different data sets of each experiment
have to be analyzed in order to screen for differences in the amount or synthesis
of the proteins identified on 2D gels.

The dual-channel imaging technique is an excellent tool for identifying
all proteins induced or repressed by growth-restricting stimuli (15). In this
technique, two digitized images of 2D gels are generated and combined in
alternate additive dual-color channels (see Fig. 5 and Color Plate 3, following
p. 46). The first image (densitogram), which shows protein levels visualized
by various staining techniques, is false-colored green. The second image
(autoradiograph), representing proteins synthesized and radioactively labeled
during a 5-min pulse labeling with [35S]-l-methionine, is false-colored red.
When the two images are combined, proteins accumulated and synthesized in
growing cells are colored yellow. However, proteins not previously accumu-
lated in the cell but newly synthesized after the imposition of a stress or



Proteomic Analysis of S. aureus 41

induction

repression

Unchanged
synthesis

induction

repression

Unchanged
synthesis

accumulation
(silver staining)
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Fig. 5. Dual-channel imaging technique. Bacterial cells were grown in synthetic
medium without nitrate to an optical density at 500 nm (OD500) of 0.5. The proteins
were labeled with [35S]-l-methionine 20 min after transfer to anaerobic conditions.
Protein extracts were separated on 2D gels. The resulting images from the protein
synthesis ([35S]-l-methionine labeling) and the protein accumulation (staining with
silver nitrate) were overlaid in “dual channel images.” Proteins whose synthesis was
induced in response to the stressor but have not accumulated yet are colored red,
repressed spots that are still present but not synthesized anymore are colored green, and
spots without changed expression behavior in response to stress are shown in yellow.
(See Color Plate 3, following p. 46.)

starvation stimulus are colored red. Looking for such red-colored proteins is
a simple approach for visualizing all proteins induced by a single stimulus,
thereby defining the entire stimulon. Proteins repressed by the stimulus can also
be visualized by this powerful technique. Green-colored proteins that are no
longer synthesized (no longer red) but still present in the cell are the candidates
for repression by the stimulus. For a more detailed study, the synthesis rate of
the proteins after exposure to stress can be quantified (see Fig. 5).

By using the Ettan DIGE, a pooled internal protein standard labeled with Cy2
can be incorporated on every 2D gel. Normally, the internal standard represents
a mix of all protein extracts of an experiment and is used to match the protein
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patterns across gels, thereby negating the problem of inter-gel variation. By
this technique, it is possible to plot the relative abundance of each protein on
different gels against the normalized internal standard. This allows accurate
quantitation of samples, with an associated increase in statistical significance.
Both the DeCyder software (GE-Healthcare) and Delta2D (Decodon GmbH)
can be used to automatically apply statistical tests. These tests compare the
average ratio and variation within each group to the average ratio and variation
in the other group to see if any changes between the groups are significant.

All proteomic data can be assembled into an adaptational network consisting
of a large number of stress and starvation stimulons and regulons. An essential
feature of this network is the interplay between the various regulation groups,
because the individual stress and starvation stimulons are tightly connected. The
visualization of such a complex protein expression pattern requires specialized
software tools, such as the “color coding” tool of Delta2D. Using this tool, one
can display proteins induced by more than one stimulus by a specific color code,
thus providing convenient intuitive visualization of complex regulation patterns
(see Fig. 6 and Color Plate 4, following p. 46). By applying this technique,
one can display already known and probably new overlapping regions within
the regulatory network.

≥ 2x repression

fermentation

anaerobic respiration

62 120149

fermentation

anaerobic respiration

57 5988

≥ 2x induction

pH 7 pH 4

Fig. 6. Multicolor imaging of protein expression patterns of Staphylococcus aureus
COL under anaerobic conditions in the presence and absence of nitrate. Delta2D
software is used to visualize complex protein expression patterns on the 2D image in
the standard pH range 4–7. The color code is represented on the right side. (See Color
Plate 4, following p. 46.)
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4. Notes
1. For highly reproducible 2D gels, the pH of these buffers should be adjusted at

a fixed temperature.
2. These protocols are easily adaptable to other organisms. However, you will have

to appropriately modify the culture conditions and the cell disruption protocols.
3. Ensure that at least 10 μL of each protein solution is used. Otherwise, dilute

an appropriate volume of the protein extract prior to measurement. Ensure that
the ratio E590nm/E450nm is always the same for each protein extract. Protein
extracts in TE or water should be frozen at –20 °C before measuring the protein
concentration.

4. Add the DMF first to the tube followed by the CyDye.
5. When separating DIGE-labeled proteins on 2D protein gels, all steps should be

carried out in the dark.
6. If the volume containing the desired amount of cytoplasmic proteins exceeds

40 μL, the volume should be reduced by using a speed vac. (Caution: this step
can only be applied for protein extracts dissolved in TE buffer!)

7. Important: strips must be damp, not wet!
8. These instructions assume the use of the Protean® plus Dodeca™ cell gel system

(Biorad-Laborities). They are easily adaptable to other gel systems.
9. The total volume of the solution needed depends on the gel sizes, the gel

thickness, and the number of the gels cast.
10. For an optimized scanning process, the gels should be scanned separately by the

three different lasers.
11. Ensure that the gels are completely dried before interrupting the vacuum. The

gel should have lost its softness when you press your finger on it.
12. For quantitation of protein synthesis, ensure that no protein spot is saturated.
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Microarray Comparative Genomic Hybridization for the
Analysis of Bacterial Population Genetics and Evolution

Caitriona M. Guinane and J. Ross Fitzgerald

Summary

Comparative genomic hybridization analyses have contributed greatly to our under-
standing of bacterial evolution, population genetics, and pathogenesis. Here, we describe
a robust protocol for microarray-based comparison of genome content, which could be
applied to any bacterial species of interest.

Key Words: Whole-genome microarrays; comparative genomics; bacterial evolution;
population genetics.

1. Introduction
Comparative genomics is a rapidly expanding discipline revolutionized

by the availability of increasing numbers of bacterial genome sequences.
DNA microarrays that represent single or multiple bacterial genomes are a
cost-effective way of comparing the genome content of large numbers of
strains of the same species. Comparative genomic hybridizations (CGHs) with
microarrays allow determination of the presence or absence of genes based
on the level of sequence homology required for hybridization to occur (see
Note 1). CGH analyses can result in broad insights into bacterial genomics,
population genetics, and evolution. Moreover, whole-genome microarrays can
be used to address specific issues of bacterial pathogenesis including the basis
for host specificity, epidemic waves, and the emergence and re-emergence of
pathogenic clones (1). Importantly, the findings of such studies could be used
in the rational design of disease-controlling strategies.
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Studies on the evolution and pathogenesis of an increasing number of
bacterial pathogens including Escherichia coli O157:H7 (2), Mycobacterium
spp. (3), Helicobacter pylori (4), Yersinia spp. (5), and Staphylococcus aureus
(6,7,8,9) have been performed with microarrays, resulting in a greatly enhanced
understanding of their biology.

Several different approaches to microarray construction have been developed,
including oligonucleotide- or DNA-based arrays on glass slides or nylon
membranes (10). Here, we describe a robust CGH protocol based on the use of a
PCR-generated microarray (6). Detailed descriptions of genomic DNA template
preparation, labeling, microarray hybridization, and data analysis are provided.

2. Materials
2.1. Genomic DNA Template Preparation (S. aureus)

1. Edge Biosystems DNA extraction kit (Edge Biosystems, Gaithersburg, MD). All
components are kept at 4 °C; spheroplast buffer is stored at –20 °C.

2. 100% isopropanol (molecular grade). Chill before use.
3. 70% ethanol in sterile deionized water. Chill before use.
4. Lysostaphin (AMBI products, Lawrence, NY) lyophilized powder is resuspended

in nuclease-free water (Stock; 5 mg/mL). Store at –20 °C.
5. Agilent 2100 Bioanalyser (Agilent Technologies, Palo Alto, CA) or equivalent.
6. HinP1I restriction endonuclease (New England Biolabs, Ipswich, MA). Store

at –20 °C.

2.2. Labeling of DNA

1. 400 ng of genomic DNA templates (test and reference strains; see Note 2).
2. Prime-a-gene labeling kit (Promega, Madison, WI):

a. Bovine serum albumin (BSA, 10 mg/mL); nuclease free.
b. Unlabeled dNTPs (1.5 mM). Store at –20 °C .
c. DNA polymerase I large fragment (Klenow). Store at –20 °C.
d. Labeling buffer (5×) including 26.0 A260 U/mL random hexadeoxyribonu-

cleotides.

3. TE Buffer: 10 mM Tris–HCl, 1 mM EDTA, pH 7. Store at room temperature.
4. 0.2 M EDTA (pH 8.0). Store at room temperature.
5. Cyanine 3-dCTP (Cy3); Cyanine 5-dCTP (Cy5) (NEN-Dupont, Boston, MA).

Store at –20 °C; light sensitive.
6. Sephadex® G-50 spin columns (Roche Diagnostics, Basel, Switzerland) (optional).
7. Centri-spin20 label clean up kit (Princeton Separations, Adelphia, NJ). Store at

room temperature.
8. Agilent 2100 Bioanalyser (Agilent Technologies) or equivalent to determine

genomic DNA labeling efficiency.
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2.3. Slide Preparation and Pre-Hybridization

1. Microarray hybridization chamber (Telechem, Sunnyvale, CA).
2. Hybridization buffer, ULTRAhyb (Ambion, Austin, TX), pre-heated to 68 °C.

2.4. Hybridization

1. 20× sodium chloride sodium citrate (SSC): 3.0 M NaCl, 0.3 M Na-citrate, pH 7.0.
2. 2× SSC, 0.1× SSC, and 0.05× SSC in nuclease-free water. Store at room temper-

ature.
3. 0.1% (w/v) SDS. Store at room temperature.
4. 95% ethanol, molecular grade.
5. Lifterslip (Fischer Biosciences, Rockville, MD).

2.5. Scanning of Slides and Data Analysis

1. GenePix 4100A microarray scanner or equivalent and GenePix Pro 6.0 software
(Axon Instruments, Foster city, CA) or similar.

2. GeneSpring software (Agilent Technologies).
3. Microarray validation system (see Note 3).

2.6. Phylogenetic Analysis

1. Cluster and TreeView programs (11).

3. Methods
The major steps in the CGH protocol include genomic DNA isolation and

labeling, microarray hybridization, scanning of slides and calculation of fluores-
cence intensity ratios, and data analysis by use of appropriate statistical methods
(see Fig. 1).

3.1. Genomic DNA Isolation and Digestion

1. Perform genomic DNA isolation from S. aureus test and reference strains using
a modification of the Edge Biosystems genomic DNA isolation kit. The modifi-
cation consists of addition of lysostaphin (100 μg/mL final concentration) to
bacterial cells and incubation at 37 °C for 10 min prior to DNA extraction.

2. Determine the quality of DNA on a Bioanalyser or equivalent; the A260/280 nm
absorbance ratio should be >1.8. The procedure outlined is optimal for 400 ng of
staphylococcal genomic DNA.

3. Digest genomic DNA with the restriction enzyme HinP1I at 37 °C overnight and
purify before using as a template for labeling.
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Fig. 1. Overview of the protocol for microarray-based comparative genomic
hybridization. S1–S9 represent genomic profiles of the strains analyzed.

3.2. Labeling of DNA (Prime-A-Gene Labeling System; Promega
Modified Protocol)

1. Thaw all components on ice. Keep the Klenow fragment at –20 °C until required.
2. Denature purified, digested genomic DNA in TE buffer at 95 °C for 2 min followed

by immediate chilling on ice.
3. Carry out the labeling reaction in a volume of 50 μL including 5× buffer,

unlabeled dNTPs (each at 20 μM) (see Note 4), denatured template (400 ng),
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BSA (400 μg/mL), either Cy5- or Cy3-labeled dUTP (2.5 nmol), and Klenow
DNA polymerase (100 U/mL) at room temperature for 4 h to overnight.

4. Terminate the reaction by incubation at 95 °C for 2 min. Chill on ice and add 20
mM EDTA.

5. Purify labeled genomic DNA using the Centri-spin 20 kit (Princeton Separations)
according to the manufacturer’s instructions and use immediately in hybridization
experiments or store at –20 °C for later use (see Note 5).

6. Determine the efficiency of labeling with an Agilent Bioanalyser or equivalent.

3.3. Slide Preparation and Pre-Hybridization

1. Add 1.8 mL of hybridization buffer (pre-warmed to 68 °C) to the slide and
incubate at 42 °C for 45 min in a hybridization chamber.

2. Wash the slide in pre-warmed (42 °C) distilled H2O (dH2O) for 30–45 s and
follow by washing in dH2O at room temperature.

3. Centrifuge the slide at 15 × g for 7 min. The slide is now ready for hybridization.

3.4. Hybridization and Washing

1. Add equal volumes of dH2O and hybridization buffer (100 μL each) to the end
reservoirs of the hybridization chamber.

2. Mix the labeled probes together with an equal amount of pre-warmed hybridization
buffer.

3. Denature the mixture at 100 °C for 5 min and add to the edge of the lifterslip.
4. Perform hybridization at 48 °C for a minimum of 2 h and as long as overnight.
5. Following hybridization, immerse the slide in 2× SSC, 0.1% SDS (pre-warmed

to 42 °C) to remove the coverslip.
6. Wash the slide twice in 0.1× SSC containing 0.1 % SDS for 10 min at room

temperature, followed by two washes in 0.1× SSC for 5 min and two washes in
0.05× SSC for 2 min.

7. Rinse the slide in dH2O, followed by 95% ethanol. Dry the slide by centrifugation
at 15 × g for 7 min.

3.5. Scanning of Slides and Data Analysis

1. Scan the slides using a microarray scanner such as a GenePix 4100A instrument
or equivalent with line scans performed to maximize signal and minimize
background. During scanning, normalize fluorescence intensity between channels
to a serial dilution of reference strain chromosomal DNA by adjusting laser
power and/or photomultiplier gain. Problems that have occurred throughout the
microarray experiment can become apparent upon scanning of the slides (see
Notes 6–8).

2. GenePix Pro 6.0 software or similar is used to convert the pixel images into signal
intensity before exporting as a flat text file to GeneSpring (Agilent Technologies).
For each slide, adjust spot intensities for background and normalize to the median
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intensity of the slide. The median ratio of normalized test strain fluorescence to
normalized control strain fluorescence is used to identify gene differences. Genes
are typically considered lacking or highly variable in the test vs. control strain
below a 0.5 test/control ratio and considered present in greater copy number in
the test vs. control strain above a 2.0 test/control ratio (see Note 9).

3. Use GeneSpring software (Agilent Technologies) for further statistical analysis
of the data.

3.6. Phylogenetic Analysis

1. To determine the evolutionary relatedness of strains, use the Cluster program (11)
based on the presence or absence of all open reading frames (ORFs) represented
on the microarray.

2. The output can be represented in a phylogenetic tree constructed using the program
TreeView (see Note 10).

4. Notes
1. ORFs defined as “absent” either are not present in the genome that is being tested

or have sufficient sequence divergence that hybridization will not occur with the
ORFs represented on the microarray under conditions of high stringency. For
each strain, two or three hybridizations are carried out.

2. The reference strain is representative of one of the sequenced strains encoded
on the microarray, and the test strain represents a strain of unknown genomic
content.

3. To validate the microarray hybridization process, use an array validation system
such as the Spot report oligo array validation system (Stratagene, La Jolla, CA).

4. The unlabeled dNTPs are prepared as outlined in the Promega protocol. Briefly,
mix 1 μL of each non-isotopically labeled dNTP to yield 3 μL of a premix
containing the three unlabeled dNTPs, each at 500 μM. The volume of aqueous
labeled dNTPs should not exceed 50% of the total reaction volume.

5. As suggested in the Promega protocol, unincorporated, labeled nucleotides may
be removed by size-exclusion chromatography using Sephadex® G-50 spin
columns or by selective precipitation of the labeled DNA. This step is unnec-
essary if dye incorporation is above 60%.

6. Streaks of labeled product from strong spots (“comet tails”) may be observed
after scanning. Steps can be taken to reduce this effect including denaturing of
the slides at 95 °C for 2 min before hybridization, reducing the amount of label
used in the reaction, or diluting the PCR products before printing the microarray.

7. To minimize high background fluorescence, one may increase the spacing
between the spots and lower the photomultiplier tube gain (PMT) during the
scanning process. Only genomic DNA of >1.8 A260/280 ratio should be used for
labeling and hybridization.

8. The occurrence of intense spots in the background of the slide can be minimized
by the use of powder-free gloves and working in a dust-free environment. It is
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also important to ensure that the probe has been sufficiently denatured before
hybridization.

9. A global normalization of all samples in addition to individual chip normal-
ization should be performed. The reference strain should display a 45 ° scatter
plot whereas the test strain should display a skewed histogram toward the
negative. GeneSpring can be used to construct a dendrogram and run a Pearson
correlation to determine whether the replicate hybridization experiments are in
agreement.

10. The Pearson correlation coefficient is used to represent the scale of a dendrogram
constructed with TreeView after phylogenetic analysis with Cluster. For a
pairwise comparison, a coefficient of 1 indicates absolute identity and zero
indicates complete independence.
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Detection and Inhibition of Bacterial Cell–Cell
Communication

Scott A. Rice, Diane McDougald, Michael Givskov, and Staffan
Kjelleberg

Summary

Bacteria communicate with other members of their community through the secretion
and perception of small chemical cues or signals. The recognition of a signal normally
leads to the expression of a large suite of genes, which in some bacteria are involved
in the regulation of virulence factors, and as a result, these signaling compounds are
key regulatory factors in many disease processes. Thus, it is of interest when studying
pathogens to understand the mechanisms used to control the expression of virulence genes
so that strategies might be devised for the control of those pathogens. Clearly, the ability
to interfere with this process of signaling represents a novel approach for the treatment
of bacterial infections. There is a broad range of compounds that bacteria can use for
signaling purposes, including fatty acids, peptides, N-acylated homoserine lactones, and
the signals collectively called autoinducer 2 (AI-2). This chapter will focus on the latter
two signaling systems as they are present in a range of medically relevant bacteria, and
here we describe assays for determining whether an organism produces a particular signal
and assays that can be used to identify inhibitors of the signaling cascade. Lastly, the
signal detection and inhibition assays will be directly linked to the expression of virulence
factors of specific pathogens.

Key Words: Quorum sensing; cell–cell signaling; acylated homoserine lactone;
autoinducer 2; virulence factor expression; global regulation; inhibitors.

1. Introduction
It is now recognized that bacteria regulate high-density phenotypes, such as

biofilm formation, and phenotypes that are important for a number of pathogenic
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bacteria, through signal-based regulatory systems (1). In general, these systems
function via extracellular signals that bacteria use to assess their local population
density. When these signals reach sufficient concentrations (e.g., at high cell
densities), a feedback regulatory loop is induced, resulting in a very rapid
expression of phenotypes in the population of cells. The best studied of these
regulatory loops are the acylated homoserine lactone (AHL) system in Gram-
negative bacteria and the autoinducer 2 (AI-2) system, first identified in the
genus Vibrio and subsequently found in a broad range of Gram-negative and
Gram-positive bacteria.

AHL-mediated density-dependent signaling (or quorum sensing) occurs
when a threshold concentration of the AHLs (produced by the product of the
synthase I gene) accumulates to a sufficient level to interact with receptor
proteins (produced from the products of the R gene), which then act as transcrip-
tional regulators by binding to the promoter of target genes (1). Pseudomonas
aeruginosa is a particularly aggressive and problematic pathogen because
it produces a number of virulence factors (extracellular proteases, toxins,
siderophores), many of which are regulated by AHL-mediated quorum-sensing
pathways (1), and thus P. aeruginosa has become the model bacterium for AHL-
mediated gene regulation. Several virulence factors in P. aeruginosa are AHL-
regulated, including elastase, pyocyanin, rhamnolipids, alkaline protease, and
exotoxin A (reviewed in ref. (2)). Importantly, the colonization of surfaces and
biofilm formation are also regulated by the AHL system in P. aeruginosa. For
example, AHL-deficient mutants of P. aeruginosa form aberrant biofilms (3)
and are more easily removed from surfaces. Moreover, AHL-deficient strains of
P. aeruginosa are not able to establish chronic lung infections in mouse models
of cystic fibrosis infection (4) or ocular disease (5), which was presumably due
to reduced biofilm formation and virulence factor expression. These findings
have been replicated with AHL mutants in other pathogenic bacteria including
Burkholderia cepacia (6) and Serratia marcescens (liquefaciens) (7). AHL
systems in S. marcescens control surface colonization, including attachment,
surface motility and biofilm development (7), and expression of other virulence
factors [e.g., proteases (8)]. We also have recently demonstrated that the AHL
regulatory system in S. marcescens controls genes essential for attachment and
invasion into corneal epithelial cells (unpublished data).

The AI-2 quorum-sensing system is found in a variety of Gram-negative and
Gram-positive bacteria and has been shown to regulate a number of phenotypes,
including virulence factor expression and biofilm formation in Streptococci,
virulence factor expression in enterohemorrhagic Escherichia coli (EHEC),
and virulence factor expression and biofilm formation in Vibrio vulnificus
and Vibrio cholerae (9,10) (for a review, see ref. (11)). There are at least
12 pathogenic Vibrio species recognized to cause human illness. Among the
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non-cholera Vibrio species are Vibrio parahaemolyticus, which is responsible
for gastroenteritis and wound infections, and Vibrio alginolyticus, which causes
wound infections. The most commonly isolated species is V. vulnificus, which
is of great medical importance due to the high mortality rate associated with
infections (12). Because of the introduction of antibiotics for the treatment of
cholera, the occurrence of drug-resistant V. cholerae strains is being reported
with increasing frequency. Ninety-eight percent of clinical O1 isolates showed
resistance to one or more antibiotics, whereas 50% of the environmental isolates
showed resistance to one to three drugs, and one clinical and one environmental
isolate showed resistant to seven antibiotics (13).

The trend of acquisition of resistance to antibiotics has increased for
many pathogenic bacterial species. Yet, the number of therapeutically useful
compounds that emerge is continuously decreasing, and only one new class
of antibiotic has been introduced in the last 40 years. Only the development
of new classes of antimicrobials with novel mechanisms of action can address
the drug resistance problem we face today. Schmidt (14) states “a prioritized
goal in the search for new targets is to identify and inactivate disease-causing
functions instead of focusing on killing. Since these factors have no vital
functions for microbes, there is less pressure to develop resistance, which would
ultimately reduce global selective pressure and prevent the acceleration and
dissemination of resistance. ” Thus, quorum-sensing systems such as the AHL
and AI-2 regulatory systems represent novel targets for the control of biofilm
formation and virulence factor production by bacteria.

2. Materials
2.1. Detection and Inhibition of N-Acylated Homoserine Lactone
Quorum Sensing

2.1.1. ABt Medium (15)

1. Solution A—in 100 mL of distilled water (dH2O), 4 g of (NH4)2SO4, 6 g of
Na2HPO4·2H2O, 3 g of KH2PO4, 3 g of NaCl. Autoclave and store at room
temperature.

2. 1 M MgCl2.
3. 0.1 M CaCl2.
4. 0.01 M FeCl2 (make fresh as Fe oxidizes rapidly into insoluble hydroxides).
5. Thiamine, 1 mg/mL.
6. Solution B—to 1 L of sterile dH2O, add 1 mL of 1 M MgCl2, 1 mL of 0.1 M

CaCl2, 1 mL of 0.01 M FeCl2, and 2.5 mL of thiamine at 1 mg/mL. Store at room
temperature.

7. 20% glucose, filter sterilized. Store at room temperature.
8. 20% casamino acids, filter sterilized. Store at room temperature.
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9. To prepare the ABt medium, add one part of Solution A to nine parts of Solution
B. Add glucose and casamino acids to a final concentration of 0.5%. Store at
room temperature away from direct sunlight (see Note 1).

2.1.2. Signals and Antagonists

1. Stock solution of N-3-oxo-hexanoyl homoserine lactone (OHHL) (Sigma,
St. Louis, MO, USA), 10 μM dissolved in dimethylsulfoxide (DMSO). Store
at –20°C.

2. High-performance liquid chromatography (HPLC) grade dichloromethane (DCM)
(see Note 2).

3. Stock solution of sample extract, resuspended to 5 mg/mL in 100% ethanol (see
Note 3).

2.2. Inhibition of the AHL-Regulated Phenotype of Elastase
Production

1. Elastin-Congo Red: Elastin-Congo Red buffer, 0.1 M Tris–HCl (pH 7.2), 1 mM
CaCl2, Elastin-Congo Red (Sigma), 20 mg of powder per reaction tube containing
1 mL of Elastin-Congo buffer. The powder is insoluble in the buffer, and hence,
each reaction tube has to be measured separately.

2.3. Detection and Inhibition of AI-2 Quorum Sensing

1. Autoinducer bioassay (AB) medium (according to ref. (16)): Solution A—0.3 M
NaCl, 0.05 M MgSO4, 0.2% vitamin-free casamino acids (Difco, Franklin Lakes,
NJ, USA). Make 1 L of solution A by adding the reagents above to the indicated
final concentrations in dH2O. Adjust pH to 7.5 with KOH, autoclave, and cool.
Add to solution A, 10 mL of 1 M potassium phosphate buffer (pH 7.0), 10 mL
of 0.1 M l-arginine, 20 mL of glycerol, 1 mL of riboflavin (10 μg/mL) and 1 mL
of thiamine (1 mg/mL).

2. Hemolysin buffer: 10 mM Tris–HCl (pH 7.2), 0.15 M NaCl, 10 mM MgCl2, 10 mM
CaCl2, 0.2% (w/v) gelatin. Add the reagents above to the indicated final concen-
tration in dH2O. Sterilize by autoclaving.

3. Lauria Broth 20 (according to ref. (17)): To 1 L of dH2O, add 10 g of tryptone,
5 g of yeast extract, and 20 g of NaCl. Autoclave.

3. Methods
3.1. AHL Signal, Inducer, or Antagonist Extraction and Preparation

In many cases, one may be interested in recovering either quorum-sensing
signals from particular bacteria or potential quorum-sensing inhibitors (QSIs)
from eukaryotic organisms or from microorganisms. For the isolation of QSIs
from eukaryotes, whole materials are normally extracted for active compounds,
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whereas the isolation of signals or antagonists from bacteria is performed on
supernatants of spent cultures. This section describes both procedures.

3.1.1. Extraction of Whole Materials or Supernatants

1. For whole materials, place material to be extracted in fresh DCM and shake (see
Note 4).

2. Transfer the material to fresh DCM and repeat for a total of three extractions
(skip to step 6).

3. For the extraction of spent supernatants of microorganisms, remove the cells by
centrifugation and decanting off the supernatant (see Note 5).

4. Add the DCM in a 2:1 ratio to the supernatant in a separatory funnel, shake well,
and let the mixture separate into two phases.

5. Collect the lower solvent fraction and add fresh DCM to the aqueous phase,
shake, and reseparate. Repeat for a total of three extractions.

6. Combine the solvent fractions from the three extractions.
7. Evaporate off the solvent using a rotary evaporator.
8. When dry, resuspend the extract in a small (e.g., 1 mL) volume of a suitable

organic solvent such as ethyl acetate or DCM and transfer to a clean vial that has
been weighed.

9. Evaporate off the solvent, determine the amount of extracted material by
reweighing the dried vial, and resuspend to a concentration of 5 mg/mL in ethanol
or DMSO (see Note 3).

3.1.2. Minimum Inhibitory Concentration (MIC)
Determination for Antagonists

Prior to testing of extracts, particularly for extracts of whole organisms, it
is useful to determine whether the extracted material affects the growth of the
monitor strains. This information can then be used to set the maximum non-
inhibitory concentration to be used in the signal induction or inhibition assays.

1. Prepare an overnight culture of the assay strain, E. coli MT102 pJBA132 (luxR-
PluxI --RBSII-gfp(ASV)-T0-T1) (18) by growing the organism in 2 mL of ABt
medium, with 6 μg/mL tetracycline at 37°C with shaking (200 rpm).

2. The following morning, add 100 μL of fresh medium to the wells of a 96-well
microtiter plate. To the wells of the top row, add 200 μL total.

3. Add the extracted material to the first row to a maximum of 200 μg/mL.
4. Perform doubling dilutions of the material from the top row to the second to last

row, leaving the bottom row without extract as a control row.
5. Dilute the overnight culture 1:100 into fresh medium, with or without antibiotic,

respectively, and aliquot 100 μL into the wells of the 96-well microtiter plate
containing the extracts for testing (see Note 6).

6. Incubate at 37°C and take regular readings for up to 24 h to determine growth
yield and to calculate the MIC values.
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3.1.3. AHL Induction/Inhibition Detection

For testing for the presence of inducers or repressors of AHL-based quorum
sensing, the same E. coli monitor strain can be used. To detect inducers, one
can use directly the monitor strain, which does not produce its own AHL signal.
Whereas this monitor strain works well for most AHL molecules, it is not
sensitive to C4-AHLs and another strain must be used, and the method for testing
for the C4-AHLs is described elsewhere (19). To test for inhibition of signaling,
one must use the monitor strain in the presence of both the test substance and
exogenously added AHL, which in this case is the 3-oxo-6C-AHL.

1. Prepare an overnight culture of the assay strain, E. coli MT102 pJBA132 (luxR-
PluxI --RBSII-gfp(ASV)-T0-T1) (18), by growing the organism in 2 mL of ABt
medium, with 6 μg/mL tetracycline at 37°C with shaking (200 rpm).

2a. To test for induction of the AHL-mediated quorum-sensing monitor, the following
morning, add 100 μL of fresh ABt medium to the wells of a 96-well microtiter
plate. To the wells of the top row, add 200 μL total.

2b. To test for the presence of AHL inhibitors in the extract, the following morning,
add 100 μL of fresh ABt medium with 3-oxo-C6-AHL added to a final concen-
tration of 20 nM to the wells of a 96-well microtiter plate. To the wells of the top
row, add 200 μL total volume.

3. Add the extracted material to the first row with the maximum concentration being
equal to twice the MIC as determined above or 200 μg/mL, which ever is lower.

4a. When testing for the presence of AHL inducers, perform doubling dilutions of
the material from the top row to the second to last row, leaving the bottom row
without extract as a control row. To the last row, add 3-oxo-C6-AHL added to a
final concentration of 20 nM as a positive control for induction.

4b. When testing for the presence of AHL inhibitors, perform doubling dilutions of
the material from the top row to the second to last row, leaving the bottom row
without extract as a control row. This last row will serve as a control for maximum
induction in the absence of inhibitor.

5. Dilute the overnight culture 1:100 into fresh medium, with or without antibiotic,
respectively, and aliquot 100 μL into the wells of the 96-well microtiter plate
containing the extracts for testing (see Note 6).

6. Incubate at 37°C and take regular readings for up to 24 h to determine growth yield
(optical density at 600 nm—OD600) and quorum-sensing-regulated Gfp expression
(excitation 475 nm, emission 515 nm) to calculate quorum-sensing induction and
inhibition.

7. Normalize the Gfp expression by dividing the Gfp expression by the OD600 to
correct for any differences in cell number (see Note 7). The inhibition can also
be visualized using fluorescence microscopy, as shown in Fig. 1.

3.2. Inhibition of AHL Quorum-Sensing Phenotypes

To verify that a particular extract or compound is active as an inducer or
inhibitor of AHL-based quorum sensing in a relevant pathogen, it is important
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C D

Fig. 1. Quorum-sensing-mediated expression of green fluorescent protein. Light (A
and C) and fluorescent (B and D) images of the gfp-quorum-sensing reporter under
inducing conditions (A and B) or non-inducing conditions (C and D). Magnification
×400.

to validate the bioassay results with a phenotype relevant to the particular
pathogen. For this purpose, the expression of elastase, the product of the gene
lasB of P. aeruginosa, will be exemplified. This protease has been selected
because elastase expression has been demonstrated to be regulated by quorum
sensing in P. aeruginosa and the assay is simple to perform. The assay can
be performed using either a wild-type strain of P. aeruginosa or a quorum
sensing mutant strain that does not produce its own signal [e.g., a lasI/rhlI
mutant strain (20, 21)]. Presented below is a protocol using a wild-type strain,
which is optimum for testing for inhibitors because the elastase production is
expressed from native promoters and by endogenously produced signal.

3.2.1. MIC Determination

1. Prepare an overnight culture of P. aeruginosa by growing the organism in 2 mL
of ABt medium at 37°C with shaking (200 rpm).

2. The following morning, add 100 μL of fresh medium to the wells of a 96-well
microtiter plate. To the wells of the top row, add 200 μL total volume.

3. Add the extracted material to the first row to a maximum of 200 μg/mL.
4. Perform doubling dilutions of the material from the top row to the second to last

row, leaving the bottom row without extract as a control row.
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5. Dilute the overnight culture 1:100 into fresh medium and aliquot 100 μL into the
wells of the 96-well microtiter plate containing the extracts for testing.

6. Incubate at 37°C and take regular readings for up to 24 h to determine growth
yield and to calculate the MIC values.

3.2.2. The Induction or Inhibition of Elastase Activity in

P. aeruginosa Performed as Described in ref. (22) with Some Modifications

1. Grow the P. aeruginosa in ABt at 37°C with shaking (200 rpm).
2. The following morning, dilute the culture 1:100 into fresh medium, either add

extract at half the MIC dose, as determined above or 200 μg/mL (see Note 8), or
add an equal volume of solvent to the control culture and incubate at 37°C with
shaking (200 rpm).

3. At hourly intervals, collect 1.5 mL of supernatant and also determine the OD600.
Filter out the cells from the 1.5-mL aliquot using a 0.2-μm filter (Pall Acrodisc,
0.2-μm Supor Membrane, Pall Life Sciences, East Hills, New York, USA) and
store at –20°C (see Note 9).

4. Once samples have been collected, thaw on ice. Whilst thawing, prepare tubes
with 1 mL of Elastin-Congo red buffer and 20 mg of Elastin-Congo red.

5. Add 100 μL of sterile supernatant to the Elastin-Congo red tubes and incubate at
37°C for 18 h with agitation.

6. Stop the reaction by the addition of EDTA to a final concentration of 12 mM.
Centrifuge at 16,000 × g to remove insoluble Elastin-Congo red.

7. Collect the supernatant and measure the OD495. A blank, with Elastin-Congo red
and buffer, but without sample, should be used to subtract out the background.
Results should be normalized (see Note 10) to correct for differences in cell
density. Fig. 2 presents representative data on elastase repression for a QSI at
two concentrations.

3.3. Detection of AI-2 Activity or Inhibition

AI-2 activity is commonly detected by the use of AI-2 bioassay developed over
a decade ago. Vibrio harveyi BB170 (23) (sensor 1−, sensor 2+) has a null mutation
in thegeneforsensor1and thus isabioluminescent reporter strain forAI-2activity.
V. harveyi BB152 (23) (autoinducer 1−, autoinducer 2+) has a null mutation in the
gene for autoinducer 1 synthase (AI-1) and produces only AI-2, and thus serves
as a positive control for assays of AI-2 production. For the generation of cell-
free supernatants, V. harveyi strains were grown in AB medium (16) overnight
at 30°C with shaking at 200 rpm and cell-free supernatants prepared as below.

3.3.1. Collection of AI-2 Signal

1. For generation of cell-free supernatants, test cultures are inoculated at a 1:100
dilution and the cultures grown to late stationary phase (see Notes 11 and 12).
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Fig. 2. Elastase activity of Pseudomonas aeruginosa in the presence and absence
of a quorum-sensing inhibitor (QSI). Samples were collected at 7, 8, and 22 h post
inoculation in the presence of a quorum-sensing antagonist at 10 and 20 μg/mL. Elastase
activity was determined on cell-free supernatants from the different time points and
was normalized based on total protein concentration of the supernatants.

Growth is followed spectrophotometrically and aliquots removed at various time
points for the preparation of cell-free supernatants.

2. Cell-free supernatants are prepared by centrifugation of culture aliquots for 5 min
at 6000 × g followed by filtration of the supernatant through a 0.22-μm filter (Pall
acrodisc supor syringe filter) and collection of the supernatant in a sterile 1.5-mL
Eppendorf tube.

3. Cell-free supernatants can be frozen and stored at –20°C until used.

3.3.2. Detection of AI-2 Activity/Inhibition

To test for the presence of AI-2 activity, grow the V. harveyi reporter strain
BB170 for 16 h at 30°C with shaking in AB medium.

1. Dilute cells 1:5000 into 30°C pre-warmed AB medium.
2. Prepare microtiter plates by adding 90 μL of the diluted suspension to wells of

96-well microtiter plates and then add 10 μL of either medium (for negative
controls) or supernatants to be tested.

3. Incubate the microtiter plates at 30°C with shaking at 175 rpm. Hourly determi-
nations of the total luminescence as well as cell density are quantified.

4. Report activity as the percentage of activity obtained from V. harveyi BB152
cell-free supernatant.

5. To test for inhibition of AI-2-mediated cell–cell signaling, add the diluted monitor
strain to the plates as indicated in steps 1–3, where the supernatant added is
from the positive control strain, V. harveyi BB152. Add the antagonist from
the stock solution, as extracted in Subheading 3.1.1. Again, it is advisable
to first perform MIC determinations of the inhibitor extract as described in
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Fig. 3. Production of autoinducer 2 (AI-2) signal by Vibrio vulnificus during different
phases of growth. Supernatant samples from V. vulnificus were collected at different
time points, and the percent AI-2 activity compared with that of positive control was
determined (left axis). The growth of the culture, as determined by optical density at
610 nm (OD610), is plotted on the right axis and is used to show that AI-2 production
peaks during early stationary phase and decreases after 24 h.

Subheading 3.1.2 to avoid effects on growth. Representative data are shown
in Fig. 3, which show the timing of AI-2 production during the growth of V.
vulnificus.

3.4. Inhibition of Hemolysin Assay with Signal Antagonist

To test for inhibition of hemolysin activity by signal antagonists, routinely
grow the test cultures overnight. The next morning, 10 mL of fresh medium
is inoculated with a 1:100 dilution of the overnight culture in a sidearm flask
and incubated at 37°C with shaking (200 rpm) and growth measured at OD610.
Antagonists are added to the cultures during log phase (OD610 is approximately
0.3). DMSO is added to control samples to account for the solvent volume
added, and growth should be followed spectrophotometrically to ensure the
concentrations of antagonist compounds used are not growth inhibitory. Cell-
free supernatants should be collected across the growth curve.

1. Wash 4 mL of sheep blood three times with five volumes (20 mL) of PBS (pH
7.2). Centrifuge at 1140 × g for 5 min and resuspend in five volumes (20 mL) of
PBS.

2. Incubate aliquots of cell-free supernatants (200 μL), 600 μL of hemolysin buffer,
and 200 μL washed red blood cells at 37°C for 30 min.

3. Remove intact red blood cells by centrifugation and determine the OD450 of the
supernatant. Results for the effects of an AI-2 inhibitor are shown in Fig. 4.
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Fig. 4. Inhibition of the autoinducer 2 (AI-2)-mediated production of hemolysin in
Vibrio vulnificus. Hemolysin production was monitored using sheep red blood cells in
the absence, control, or presence of an AI-2 inhibitor at three concentrations. Samples
were taken at different times during the growth phase. The inhibitor was used at
non-growth inhibitory concentrations.

4. Notes
1. ABt medium can be stored at room temperature, but should not be more than 1

month old when using.
2. It is important to use high-quality solvents or to distill them because many

commercial grade solvents contain plasticizers that are concentrated during the
extraction procedure. These concentrated compounds can be toxic to the indicator
strains or can interfere with the interpretation of results.

3. It is preferable to use a solvent that is miscible in aqueous media, such as ethanol
or DMSO for the bioassay testing. However, if the extract does not dissolve well
in ethanol, it is possible to evaporate off the ethanol and resuspend the sample
in an organic solvent and then dilute into ethanol or DMSO prior to adding to
the bioassay medium. DMSO is not a volatile solvent and hence if the sample
does not dissolve in DMSO, it is not easy to remove the DMSO to try another
solvent.

4. Some materials, such as plants, can lyse in organic solvents. This is only an
issue if the experimental design intends to separate surface active or presented
compounds from intracellular compounds. If the former is the case, then different
organic solvents and extraction times should be tested to identify conditions that
do not lyse the tissues.

5. It is best to grow the organisms in defined minimal medium because some
components of complex media interfere with the AHL assays and can give
false-positive results (24). Typically, 100 mL of culture supernatant is sufficient
for detection of signals or antagonists.

6. At this point, the maximum concentration has been halved due to the addition
of the cells.
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7. This method will not identify the chemical species that induces or inhibits the
quorum-sensing monitor strain. There are other methods that can aid in this,
such as thin layer chromatography or gas chromatography–mass spectroscopy
methods (described in ref.(19)).

8. The timing of addition relative to sampling is partly dependent on the stability
of the signal or antagonist in the presence of bacteria. Therefore, if no effect
is observed with a single dose, it may be necessary to repeat the dose during
growth or to time the addition of the extract more closely with the onset of
elastase production.

9. Filtration typically results in the loss of some sample volume, so a slight excess
is collected.

10. Normalization for cell density can be done by dividing the OD495 by either the
OD600 or by protein concentration.

11. It is important to note that 5 g/L of glucose has been shown to inhibit biolu-
minescence in V. harveyi (25); thus care must be taken to ensure the growth
medium used for the test strains does not contain high levels glucose. The cell-
free supernatant can be made glucose depleted by growing V. harveyi strain
MM30 (AI-2−) in the supernatant prior to testing (26). By contrast, low levels
of glucose may actually increase bioluminescence and lead to false positives.

12. It is important that the cell-free supernatants be neutral in pH as acidity can
interfere with the assay.
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A System for Site-Specific Genetic Manipulation
of the Relapsing Fever Spirochete Borrelia hermsii

James M. Battisti, Sandra J. Raffel, and Tom G. Schwan

Summary

The lack of a system for genetic manipulation has hindered studies on the molecular
pathogenesis of relapsing fever Borrelia. The focus of this chapter is to describe selectable
markers, manipulation strategies, and methods to electro-transform and clone wild-type
infectious Borrelia hermsii. Preliminary studies suggest that the variable tick protein (Vtp)
of B. hermsii is involved in tick-to-mammal transmission. To address this hypothesis, we
have developed a system for genetic manipulation and have constructed clones of a Vtp
mutant and an isogenic reconstituted strain. The methods described here are applicable
for the inactivation of other loci in B. hermsii and should be adaptable for other species
of relapsing fever spirochetes.

Key Words: Borrelia hermsii; tick-borne relapsing fever; genetic manipulation;
transformation; mutagenesis; variable tick protein (Vtp).

1. Introduction
The most rigorous method to assess the contribution of a specific gene

product in the virulence of a particular pathogen is by testing molecular Koch’s
postulates (1), wherein isogenic strains (wild type, mutant, reconstituted mutant)
are constructed and compared in experimental animals. Relapsing fever is a
recurrent febrile illness caused by spirochetes in the genus Borrelia. Tick-borne
relapsing fever (TBRF) in the USA is caused primarily by Borrelia hermsii and
Borrelia turicatae, which are maintained in enzootic cycles between mammals
and Ornithodoros ticks (2). Outbreaks of TBRF are generally localized and
sporadic. Louse-borne relapsing fever (LBRF) is caused by Borrelia recurrentis,
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which is transmitted among humans by their body lice (Pediculus humanus
corporis). LBRF often occurs in epidemics where crowded and unsanitary
conditions promote body louse infestations and their spread among people (3,4).

The variable tick protein (Vtp = Vsp33) is a major outer-surface lipoprotein
produced by B. hermsii during its persistent infection in tick salivary glands (5,6).
A number of studies suggest that Vtp, and its ortholog OspC in the Lyme disease
spirochetes Borrelia burgdorferi sensu lato, are involved in tick transmission of
the spirochetes or initial infection of mammals (6,7,8,9,10). To study the role of
Vtp in the transmission of B. hermsii, we developed a system for site-specific
mutagenesis and genetic reconstitution. This chapter describes methods for the
construction of isogenic strains of B. hermsii in an infectious background. The
example used is the inactivation of the vtp gene; however, the method has been
applied to other loci and the techniques described should be applicable to any gene
of interest.

2. Materials
2.1. Spirochete Culture and Transformation Components

1. Modified Barbour–Stoenner–Kelly medium (mBSK) (see Note 1).
2. Electroporation Solution (EPS): 0.27 M sucrose (Fisher, Fair Lawn, NJ, Cat.

BP220-1), 15% (v/v) glycerol (MP Biomedicals, Solon, OH, Cat. 800688) solution
in dH2O. Filter-sterilize and store at 4°C.

3. Kanamycin sulfate (1 mg/mL, Sigma-Aldrich, St. Louis, MO, Cat. K-1377) and
gentamicin sulfate (200 μg/mL, Sigma, Cat. G3632). Prepare in dH2O and sterilize
by passage through a 0.22-μm filter. Store at 4°C.

4. Gene Pulser (BioRad, Hercules, CA) or other electroporation device capable of
delivering a pulse of 2.5 kV, 25 μF, and 200 �.

5. 0.2-cm electroporation cuvettes (Harvard Apparatus, Holliston, MA, Cat. 45-0125).
6. 3 M sodium acetate (Fisher, Cat. BP334-1), adjust pH to 5.0 with HCl.
7. 100% ethanol (Aaper, Shelbyville, KY).
8. Reverse-osmosis/deionized water (resistivity ∼18.0 M�/cm). This water is used

for all solutions and media, and will be referred to simply as dH2O in this text.
9. 25% glycerol (MP Biomedicals) (v/v) in dH2O. Sterilize by autoclave.

10. 96-well round-bottom tissue culture plates (Nunc, Rochester, NY).

2.2. Nucleic Acids

2.2.1. Genomic Sequence (see Note 2)
1. Endogenous promoters: B. hermsii flagellin protein (flaB-P) and flagellar rod protein

(flgB-P).
2. Target sequence: variable tick protein gene (vtp) described here, but any gene of

interest can be targeted.
3. Autonomous replication sequences (ARS).
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2.2.2. Plasmids (see Note 3, GenBank Accession Numbers in Bold)

1. pTABhFlgB-Kan (source of kanamycin selectable cassette) (EF488744).
2. pTABhFlaB-Gent (source of gentamicin selectable cassette) (EF488745).
3. pBhSV-2 (B. hermsii shuttle vector) (EF488742).
4. pOK12 (plasmid backbone for construction of inactivation and reconstitution

plasmids) (11) (EF488748).
5. pOKvtp (plasmid containing the 5193-bp vtp locus, kan-r) (EF488743).
6. pOKvtpKO (vtp inactivation plasmid, kan-r) (EF488747).
7. pOKvtpRECON (vtp reconstitution plasmid, gent-r) (EF488746).

2.2.3. Primers (Listed 5´–3´, Restriction Endonuclease Tags Are
Underlined, Invitrogen, Carlsbad, CA)

1. 5´ BhflgB+NgoMIV ATGCCGGCGTTAAAGAAAATTGAAATAAACTTG.
2. 3´ BhflgB+NdeI ATTCATATGAACACCCTCTATATCAC.
3. 5´ BhflaB+NgoMIV TAGCCGGCAATTCCTAATCAGAAAAATGTG.
4. 3´ BhflaB+NdeI TCATATGTCATTTCCTCCGTG.
5. VTP F2+AvrII AATCCTAGGGCAAATACTATGCTCTTGATGG.
6. VTP B3+AscI ATTGGCGCGCCTCTTTAATGCCTTATCAC.
7. pOK12F1+AscI TGGCGCGCCTCGCCCTTCCCAACAGTTG.
8. pOK12B1+AvrII ACCTAGGGCGTATTGGAGCTTTCGCG.
9. vtpF1+ScaI AAAGTACTTAACCGCTGCTAAAGATGCAGTAG.

10. vtpB1+SpeI AAACTAGTCACCCTTTTTAAGCTCTGGGC.
11. ReconF+XmaI GTGCCCGGGGATTATAAGATTTAACAC.
12. ReconR+SpeI TTACTAGTAATATCCTAAGTCGATGAACAG.
13. Gent5´+XmaI ATTCGCCCGGGCCGGCAATTCCTAATCAGAAAAATGTGG.
14. Gent3´+SpeI AAACTAGTCTCGGCTTGAACGAATTGTTAGG.
15. BhOriF+NotI AATGCGGCCGCTAAGTCCAAAAGCGTCCC.
16. BhOriR+SphI ATTGCATGCTAAAATCTTCTTGCCCGC.
17. LONG VTP F1 AGAGAGATATTTAGAATTAAAAGAAAAGC.
18. LONG VTP B56 GTCAAGAAGAGCATTTGTCACAC.

2.3. Nucleic Acid Cloning Materials

1. GeneAmp PCR Core Kit (Roche Molecular Systems, Branchburg, NJ).
2. Expand Long Template PCR System Kit (Roche Diagnostics, Indianapolis, IN)

(see Note 4).
3. TOPO TA Cloning Kit (Invitrogen).
4. QIAquick PCR Purification Kit and the QIAquick Gel Extraction Kit (Qiagen,

Valencia, CA).
5. QIAprep Spin and Plasmid Maxi Kits (Qiagen).
6. Restriction enzymes and T4 DNA ligase (New England Biolabs, Beverly, MA).
7. BlueView Nucleic Acid Stain (Sigma-Aldrich) (see Note 5).
8. QIAtissue Kit (Qiagen).
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9. OneShot Top10 Escherichia coli (Invitrogen).
10. Luria-Bertani (LB) Medium and a 37°C incubator for culture of E. coli.

3. Methods
The following describes the construction of genetic manipulation plasmids

and methods for electro-transformation that were utilized to generate a
B. hermsii vtp mutant and a reconstituted isogenic strain. This system can be
customized for mutagenesis and reconstitution of other genes by designing
endonuclease-tagged primers specific to the particular target locus. In silico
construction of plasmids and confirmation of the restriction profile by restriction
fragment length polymorphism (RFLP) are recommended prior to synthesis of
the primers.

Complementation refers to a genetic manipulation event wherein a wild-
type copy of the mutant gene is introduced, leaving the original mutation
intact. This can be achieved by inserting a wild-type copy of the mutant
gene (and its promoter region) into the B. hermsii shuttle vector pBhSV-2.
When the shuttle vector is used for restoration of a mutant genotype, this
autonomously replicating plasmid may artificially increase the relative number
of gene copies and could result in abnormal regulation and synthesis of the
gene of interest. Alternatively, genetic reconstitution involves the replacement
of the mutagenized gene with wild-type copy at the wild-type locus.

3.1. Construction of Genetic Manipulation Plasmids

3.1.1. Cloning of the Target Locus into Vector pOK12

1. Identify specific target gene of interest within the genomic sequence.
2. Design primers to amplify the pOK12 amplicon containing the p15A origin +

kan-r cassette and the target gene with 900–2000 bp of flanking DNA on each
side. The primers should include restriction endonuclease sites (tags) that are not
found in the target locus or within pOK12. Choose restriction enzymes that have
a compatible buffering system (see Note 6 for primer design and construction
details relevant to pOKvtp, and Fig. 1 for an illustration of this plasmid).

3. Prepare genomic DNA (B. hermsii DAH 2E7 in this example) using the
QIAtissue kit (Qiagen) per the manufacturer’s instructions. Other methods of
preparing genomic DNA are suitable. As differences in the genomic sequence
between strains is likely, it is most prudent to prepare genomic DNA from the
spirochetal strain that is intended to be the host strain for genetic manipulation.

4. Amplify the target locus and the pOK12 amplicon using Expand Long Template
PCR System Kit (Roche Diagnostics) per the manufacturer’s instructions and
analyze products by agarose gel electrophoresis for correct size (see Note 7).
Adjust the annealing temperature and extension time to reduce non-specific
background products that could interfere with the cloning.
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Fig. 1. The target locus plasmid, inactivation and reconstitution constructs, and
genomic structures of developed strains. pOKvtp is the target locus plasmid and was
generated prior to the inactivation and reconstitution constructs. Primer-binding sites,
indicated by small arrows, are numbered corresponding to the list in Subheading 2.2.2.
BLAST (13) analysis with amino acid sequences predicted by open reading frame
(ORF) Finder (NCBI) shows that truncated orfZ´ is most similar to Borrelia burgdorferi
thymidylate synthase (67% identical, accession NC_001857.1), where orfX and orfY
encode conserved hypothetical proteins. The amplicon generated with primers 9 and
10 from pOKvtp was fused to the SpeI/EcoRV fragment of pTABhFlgB-Kan, resulting
in pOKvtpKO, the vtp inactivation construct. Electro-transformation of pOKvtpKO
resulted in a double-crossover event that mutagenized vtp without affecting the flanking
ORFs of this locus. The structure of the wild-type and mutant loci are illustrated and
were verified by sequencing both strands of the amplicon generated from primers
(17 and 18) flanking the cloned target locus. EcoRV restriction sites are indicated (E) and
correspond to the restriction fragment length polymorphism (RFLP) shown in Fig. 3.
Fusion of amplicons derived from pOKvtp (using primers 11 and 12) and pTABhFlaB-
Gent (using primers 13 and 14) resulted in the genetic reconstitution construct, pOKvt-
pRECON. Electro-transformation of the vtp mutant with pOKvtpRECON resulted in a
double homologous recombination event that replaced the mutated vtp with a wild-type
copy and simultaneously inserted the PflaB::Gent-r cassette at an intergenic location
just upstream from vtp. The structure of the reconstituted locus is illustrated and was
verified by sequencing both strands of the amplicon generated from primers (17 and 18)
flanking the cloned target locus. Details relevant to the construction of these plasmids
are provided in the text (see Notes 6, 8, and 9).
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5. Clean the PCR reaction using the QIAquick PCR Purification Kit (Qiagen) to
remove primers and polymerase, and prepare the DNA fragment for endonu-
clease digestion.

6. Analyze part of the PCR reaction product by RFLP (or sequencing) (see Note
7) and include restriction enzymes that are used in the primer tags to ensure that
there are no internal sites.

7. Digest the fragment with restriction endonucleases corresponding to the sites
used in the primer tags.

8. Clean the reaction product to remove the enzymes used for the restriction
digests with the QIAquick PCR Purification Kit (Qiagen). Gel purification of
the fragment following digestion is not necessary if only one band is produced.
If multiple bands are produced, then gel purification of the fragment is required
for a specific cloning strategy. Use BlueView stain rather than ethidium bromide
(EtBr) for visualization and isolation of DNA fragments (see Note 5).

9. Ligate the target locus with T4 DNA ligase to the restricted and cleaned pOK12
amplicon overnight at 16°C.

10. Use a portion of the ligation to transform OneShot Top10 E. coli per the manufac-
turer’s instructions (Invitrogen), and select clones on LB plates supplemented
with 50 μg/mL kanamycin sulfate at 37°C.

11. Analyze kanamycin-resistant clones by PCR, RFLP, and sequence analysis for
pOK target locus.

12. Store cultures indefinitely in 20% glycerol at –80°C, or for no more than a
couple of weeks at 4°C. The plasmid containing the vtp target locus is termed
pOKvtp (see Note 6 and Fig. 1.)

3.1.2. Construction of Inactivation and Reconstitution Plasmids

1. Design inverted endonuclease-tagged primer sets specific to the pOK-target locus
such that PCR will generate an amplicon of the entire pOK-target locus plasmid,
with a deletion where the resistance cassette is intended to be placed. For the
inactivation construct, a major intragenic portion of the target gene is deleted
and replaced with the flgB-promoted kan cassette, such that a double-crossover
homologous recombination event will result in allelic replacement of the target
gene with the resistance cassette (i.e., flgB-kan) (see Note 8 for construction
details relevant to the vtp inactivation plasmid, pOKvtpKO, and Fig. 1 for an
illustration of this plasmid). For the reconstitution construct, this deletion should
be intergenic, where a double-crossover homologous recombination event will
result in the insertion of a resistance cassette (i.e., flaB-gent) at a nearby location
(see Note 9 for construction details relevant to the vtp reconstitution plasmid,
pOKvtpRECON, and Fig. 1 for an illustration of this plasmid). Construction of
the inactivation and reconstitution plasmids is achieved by inverse-PCR-mediated
cloning utilizing the pOK-target locus plasmid and the resistance cassettes in
pTABhFlgB-Kan and pTABhFlaB-Gent. Primers should include restriction tags
that are complementary to the restriction endonuclease sites flanking the particular
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resistance cassette. The resistance cassette utilized in the inactivation plasmid
must be different from the cassette used for the reconstitution plasmid.

2. Prepare pOK-target locus plasmid from E. coli using QIAprep Spin Kit (Qiagen),
or another plasmid DNA isolation method.

3. Generate amplicons from the pOK-target locus plasmid with the inactivation or
reconstitution endonuclease-tagged primer sets using the Expand Long Template
PCR System Kit (Roche Diagnostics) per the manufacturer’s instructions.

4. Analyze products by agarose gel electrophoresis (see Note 7). Adjust the annealing
temperature and extension time if needed to reduce non-specific background
products that could interfere with the cloning.

5. Analyze, clean, and digest the amplicons as described in steps 5–8, Sub-
heading 3.1.1.

6. Ligate the amplicons to digested resistance cassettes with T4 DNA ligase at
16°C overnight, and transform into TOP10 E. coli as described in step 10, Sub-
heading 3.1.1.

7. For cloning the Kan-r cassette, selection is accomplished on LB plates supple-
mented with 50 μg/mL kanamycin sulfate. Use gentamicin sulfate at a final
concentration of 10 μg/mL for cloning the Gent-r cassette in E. coli. Analyze
clones by PCR, RFLP, and sequence analysis.

3.2. Electro-Transformation (see Note 10)

3.2.1. Preparation of Electrocompetent B. hermsii DAH 2E7 ( see
Note 11).

1. Grow infectious B. hermsii in 500 mL mBSK-c at 34°C to a density of approxi-
mately 5–7 × 107 spirochetes/mL.

2. Wash the spirochetes three times in EPS (RT), decreasing the volume after each
centrifugation. First centrifuge two 250-mL cultures at 11,000 × g for 15 min at
4°C. Wash and resuspend pellets (gentle vortexing) with 50 mL EPS, centrifuge
for 15 min, combine pellets, resuspend in 5 mL EPS, centrifuge for 15 min, and
resuspend cells in 600 μL EPS. The purpose of these washes is to remove ions
contained in mBSK-c that can cause arcing during electroporation.

3. Place electrocompetent cells on ice and electroporate immediately.

3.2.2. Preparation of Genetic Manipulation Plasmid

1. Grow a 125–500 mL culture of the E. coli strain harboring the plasmid of interest.
2. Purify plasmid DNA using the QIAprep Plasmid Maxi Kits (Qiagen) per the

manufacturer’s instructions.
3. Precipitate and wash plasmid DNA to concentrate and remove salts (see Note 12).
4. Resuspend the pellet in dH2O to a final concentration of 5 μg/μL.
5. Place concentrated plasmid DNA on ice for use the same day. Alternatively, store

at –20°C for several days.
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3.2.3. Electroporation and Selection

1. Place the concentrated DNA, electrocompetent cells, and cuvettes on ice.
2. Add 100 μL of electrocompetent cells (approximately 5 × 109 spirochetes) and

5 μL (25 μg) of plasmid DNA in a microfuge tube, mix gently, and transfer to
the bottom of a 0.2-cm electroporation cuvette. Avoid introducing air bubbles in
the sample that can cause arcing. Gently tap the cuvette to ensure that the sample
goes to the bottom.

3. Electroporate with a Gene Pulser (BioRad), or other electroporator capable of
delivering a similar pulse (2.5 kV, 25 μF, and 200�) (see Note 13).

4. Immediately after delivering the pulse, transfer the contents of the cuvette into 5
mL mBSK-c and incubate overnight at 34ºC.

5. Transfer the 5 mL overnight culture into 45 mL mBSK-c containing the appro-
priate antibiotic (200 μg/mL kanamycin or 40 μg/mL gentamicin).

6. Incubate the culture at 34°C and monitor daily by dark-field microscopy for the
presence of motile spirochetes. Typically 3–7 days of cultivation is required. Once
detected, cryopreserve a portion of the liquid culture by combining with an equal
volume of 25% glycerol and freeze at –80°C.

7. Isolate individual clones of antibiotic resistant spirochetes by limiting dilution
in 96-well tissue culture plates of mBSK-c (supplemented with the appropriate
antibiotic) (see Note 14).

8. Inoculate clones in mBSK-c (supplemented with the appropriate antibiotic), grow
to mid-exponential phase, and cryopreserve at –80°C by combining with an equal
volume of 25% glycerol.

4. Notes
1. The mBSK-c formulation is based on fortified Kelly’s media (12). The

following recipe is for a 2× concentrate: 10× CMRL-1066 (US Biological,
Swampscott, MA, C5900-05) 19.4 g/L; N-acetylglucosamine (Sigma A-8625)
0.8 g/L; sodium citrate (Sigma C-7254) 1.4 g/L; sodium pyruvate (Sigma
P-5280) 1.6 g/L; sodium bicarbonate (Sigma S-5761) 4.4 g/L; HEPES (Sigma
H-9136) 12 g/L; BSA-Fraction V (Serologicals, Norcross, GA, 81-003-6) 100
g/L; Neopeptone (Difco, MI 0119-01) 10 g/L; Yeastolate (Difco, Detroit,
MI 5577-15-5) 4 g/L; d-Glucose (Sigma G-7021) 12 g/L. Adjust pH to 7.5
with NaOH. Sterilize with a 0.22-μm filter. Store 500 ml of filter-sterilized
2× concentrate in 1-L Pyrex bottles at –20°C. To obtain 1 L of complete mBSK
(mBSK-c), thaw a frozen 500-mL aliquot and add 120 mL of non-hemolyzed rabbit
serum (Sigma-Aldrich or PelFreez, Rogers, AR, Cat. 31125) and 380 mL sterile
dH2O. This results in a final concentration of rabbit serum of 12%. mBSK-c is
dispensed intosterilepolycarbonateculture tubesorpyrexbottlesandused immedi-
ately or frozen at –20°C.

2. In our unpublished genome sequence database for B. hermsii, we identified DNA
sequences of the promoter for the flagellar rod protein (flgB-P), the promoter for
the flagellin protein (flaB-P), and the variable tick protein gene (vtp). Sequences
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that confer autonomous replication (ARS) were identified using BLAST (13)
to search for a genomic fragment that was similar to the open reading frames
(ORFs) of the B. burgdorferi shuttle vector pBSV2 (14).

3. The selectable markers in plasmids pTABhFlgB-Kan and pTABhFlaB-Gent
(see Fig. 2) have been employed for genetic manipulation of three genes
in infectious B. hermsii. The following describes the construction of these
plasmids. Construction of pTABhflgB-Kan: A sequence contig containing the
B. hermsii DAH flagellar rod promoter, flgB-P, was identified (see Note 2).
Oligonucleotides 5´ BhflgB+NgoMIV and 3´ BhflgB+NdeI were designed to
generate a 135-bp PCR amplicon containing flgB-P from genomic DNA of
DAH clone 2E7. The specified restriction endonuclease sites were included in

Fig. 2. The Borrelia hermsii shuttle vector and selectable marker plasmids. Plasmids
pTABhFlgB-Kan and pTABhFlaB-Gent contain the selectable markers used in the
B. hermsii genetic manipulation constructs. The vtp inactivation plasmid, pOKvtpKO
(see Fig. 1), utilizes the PflgB::kan-r selectable marker from pTABhFlgB-Kan. The
PflaB::gent-r cassette in pTABhFlaB-Gent was used in the vtp genetic reconstitution
plasmid, pOKvtpRECON (see Fig. 1). The B. hermsii shuttle vector, pBhSV-2, was
constructed following the design of pBSV2 (14). Restriction endonuclease sites are
shown. Primer-binding sites are specified by small arrows and correspond to sequences
listed in Subheading 2.2.2. The source of open reading frames is indicated by shading:
antibiotic resistance gene (light gray), B. hermsii promoter (dark gray), autonomous
replication sequence (ARS) (black), and cloning vector (white). Details relevant to the
construction of these plasmids are provided in the text (see Note 3).
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the primers and were utilized for subsequent gene fusions. NdeI allows for the
inframe fusion with the ATG start site. This product was cloned into pCR2.1-
TOPO (Invitrogen) resulting in pCR2.1+BhFlgB-P, which was then sequenced
using M13 Reverse and M13 Forward (–20) primers (Invitrogen) to confirm
the sequence and orientation of the insert. pTAkan-A (15) was used as the
source of the Tn903-derived kanamycin phosphotransferase gene, kan-r. The
925-bp NdeI/BamHI fragment of pTAkan-A containing kan-r was ligated to
the NdeI/BamHI-digested pCR2.1+BhFlgB-P, resulting in the 4919-bp plasmid,
pTABhFlgBP-Kan (see Fig. 2). Following transformation of E. coli (as in step
10, Subheading 3.1.1.), this plasmid construct was verified by RFLP, PCR,
and sequence analysis. The B. hermsii flgB-promoted kan-r was used as the
selectable marker for site-specific inactivation of vtp (see Fig. 1). Construction
of pTABhflaB-Gent: A fragment containing the DNA sequence for the B. hermsii
DAH flagellin promoter flaB-P was identified (see Note 2). Oligonucleotides
5´ BhflaB+NgoMIV and 3´ BhflaB+NdeI were designed to PCR-amplify a 301-
bp fragment containing flaB-P. This product was cleaned (QIAquick), cloned
into pCR2.1-TOPO resulting in pCR2.1+BhFlaB-P, and sequenced to confirm
the integrity and orientation of the insert. pTAGmA (16) was used as the
source of the aacC1 gene, which encodes a gentamicin acetyltransferase, here
termed gent-r. The 600-bp NdeI/BamHI fragment of pTAGmA containing gent-r
was fused to the NdeI/BamHI digested pCR2.1+BhflaB-P resulting in the 4759-
bp plasmid construct, pTABhflaB-Gent. Following transformation of E. coli (as
in step 10, Subheading 3.1.1.), this plasmid construct was verified by RFLP,
PCR, and sequence analysis. The B. hermsii flaB-promoted gent-r is flanked
by a number of common restriction endonuclease sites and was used as the
selectable marker for genetic reconstitution of vtp (see Fig. 2). Construction
of pBhSV-2: This plasmid was not directly used in the manipulation of vtp.
However, as autonomously replicating plasmids are much more efficient at
transformation, this plasmid was frequently employed as a positive control for
electro-transformation of B. hermsii. The B. burgdorferi shuttle vector, pBSV2
(14) was modified first by replacing the NotI/NdeI fragment containing the
B. burgdorferi flaB-P with the 162-bp NotI/NdeI fragment of pTABhflgB-Kan
containing B. hermsii flgB-P, resulting in pBhSV-1. All attempts to transform
B. hermsii by electroporation with pBSV2 and pBhSV-1 failed to generate
kanamycin-resistant spirochetes; thus another construct was made. Plasmid
pBhSV-1 was then modified by replacing the three B. burgdorferi ORFs shown
to confer autonomous replication, with the B. hermsii ARS loci (see Note 2).
First, primers BhOriF+NotI and BhOriR+SphI were used to amplify 2643-bp
DNA from B. hermsii DAH 2E7 containing the ARS. The NotI and SphI primer
tags were used to fuse the ARS amplicon to the 2384-bp NotI/NspI fragment
from pBhSV-1, resulting in pBhSV-2. Transformation of E. coli, selection, and
analysis were done as described in steps 10–12, Subheading 3.1.1. Introduction
of pBhSV-2 into B. hermsii by electro-transformation (see Subheading 3.2.)
generated kanamycin-resistant spirochetes. Plasmid rescue (14) was used to
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verify that the plasmid replicated autonomously. The genomic source of the
ARS in pBhSV-2 is presently unclear. This ARS is not the chromosomal origin.
BLAST analysis (13) demonstrates that this ARS is similar to a number of
B. hermsii and B. burgdorferi plasmid sequences. Searches were performed
with the entire ARS sequence as well as with individual ORFs A, B, and
C´ [identified using ORF finder (NCBI) (see Fig. 2)]. Although a contiguous
sequence containing this ARS was not found in GenBank, orfA and orfB are
most similar to members of the B. burgdorferi paralogous families 57 and 50,
respectively (17,18). This ARS also contains one truncated ORF orfC´, which
is 67% identical to the carboxy-terminal portion of B. hermsii variable major
protein VlpC54silD (19).

4. On the basis of the size of the amplicon, two different PCR (20) systems
were utilized for the construction of plasmids. Amplicons under 1000 bp
were generated using a GeneAmp Core Kit (Roche Molecular Systems), and
amplicons over 1000 bp were produced using an Expand Long Template PCR
System Kit (Roche Diagnostics), per the manufacturer’s instructions.

5. BlueView Nucleic Acid Stain (Sigma-Aldrich) was used to visualize DNA
fragments over 1000 bp in agarose gels for excision and purification. This stain
is less sensitive than EtBr and requires a minimum of several micrograms of
DNA per well for visualization, but does not damage the samples. EtBr is
more efficient for visualization but is carcinogenic, requires ultraviolet light,
and prolonged exposure to UV light results in DNA damage that significantly
reduces cloning efficiency. Personal protective devices including UV-resistant
eyeglasses, gloves, and coat are required when working with EtBr.

6. Construction of pOKvtp: Primers VTP F2+AvrII and VTP B3+AscI were
designed to PCR amplify a 5193-bp fragment from B. hermsii containing vtp
with approximately 2 kbp of upstream and downstream flanking sequence.
The pOK12 amplicon consists of a 1720-bp portion of pOK12 (11) that
includes the P15A origin of replication and a kanamycin resistance cassette,
and was generated by the Expand PCR Kit with primers pOK12F1+AscI and
pOK12B1+AvrII. Perform the cleanings and restriction digest (see steps 5–8,
Subheading 3.1.1.) above to prepare the vtp and pOK12 amplicons for ligation.
Following transformation of TOP10 E. coli, and selection on LB plates supple-
mented with 50 μg/mL kanamycin, clones were isolated and the construct was
verified by PCR, RFLP, and sequence analysis. The vtp inactivation and recon-
stitution plasmids were generated by modifying pOKvtp.

7. RFLP is the analysis of DNA by restriction digestion followed by agarose gel
electrophoresis to display the number and size of restriction fragments. An
example of RFLP is shown in Fig. 3.

8. Construction of the vtp inactivation plasmid: Primers vtpF1+ScaI and
vtpB1+SpeI generate 6470 bp from pOKvtp that includes all of pOKvtp
excluding a 456-bp internal region of the vtp gene (see Fig. 1, primers 9
and 10). Following SpeI and ScaI digestion, this amplicon was ligated to the
1066-bp SpeI/EcoRV fragment of pTABhFlgB-Kan containing the B. hermsii
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Fig. 3. Restriction fragment length polymorphism (RFLP) analysis of wild-type, vtp
mutant, and reconstituted strains. This ethidium bromide-stained agarose gel verifies
the genomic structure of the Borrelia hermsii vtp mutant and isogenic reconstituted
strain relative to wild type. Amplicons were generated from wild-type, mutant, and
reconstituted clones using primers 17 and 18 (see Fig. 1). These products were digested
with EcoRV and the resulting restriction fragments were separated by agarose gel
electrophoresis. The banding pattern (fragment length polymorphism) of each strain
(loaded in duplicate) corresponds with the expected results: wild type (2795, 1675,
1644 bp), mutant (2795, 2289, 1644 bp), and reconstituted (2795, 1644, 1499, 582,
202 bp). Molecular size standards (MSS) are indicated to the right in base pairs.

flgB-promoted kanamycin resistance cassette (see Fig. 2). Following transfor-
mation of TOP10 E. coli, clones were isolated on LB plates supplemented
with 50 μg/mL kanamycin. The resulting 7541-bp construct, pOKvtpKO, was
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verified by PCR, RFLP, and sequence analysis and used for site-specific vtp
inactivation.

9. Construction of the vtp reconstitution plasmid : Oligonucleotides ReconF+XmaI
and ReconR+SpeI (see Fig. 1, primers 11 and 12) were used to amplify 6675 bp
of pOKvtp that includes all of pOKvtp with the exception of a 251-bp fragment
that is 282 bp upstream of the start codon of vtp. Oligonucleotides Gent5´+XmaI
and Gent3´+SpeI (see Fig. 2, primers 13 and 14) were used to generate an 862-bp
fragment from pTABhflaB-Gent that contains the B. hermsii flaB-promoted
gentamicin resistance cassette. The pOKvtp and pTABhflaB-Gent amplicons
were digested with XmaI and SpeI, cleaned, and ligated, resulting in the plasmid
pOKvtpRECON (see Fig. 1). Following transformation of TOP10 E. coli, clones
were isolated on LB plates supplemented with 10 μg/mL gentamicin, and the
construct was verified by sequence analysis.

10. All procedures are done in a laminar flow hood using aerosol barrier pipette tips
and sterile technique. Methods used to transform B. hermsii by electroporation
are similar to those procedures previously described for B. burgdorferi (15,21,
22,23). Spirochetes were cultivated and cloned by limiting dilution in liquid
mBSK-c.

11. B. hermsii DAH is a wild-type non-clonal isolate that originated from blood of a
human with relapsing fever (24). A clonal population of this isolate, designated
DAH 2E7, was made by limiting dilution in liquid medium, and was infectious
in RML mice by intraperitoneal injection (see Fig. 4).

12. Ethanol precipitation is used to purify and concentrate the genetic manipu-
lation plasmids prior to electroporation. The following procedure is performed
in micro-centrifuge tubes. Reagents should be prepared with sterile deionized

Fig. 4. Virulence of strains by mouse infection. Following in vitro manipulation,
strains were assessed for virulence by intraperitoneal injection of mice and subse-
quent microscopic detection of Giemsa-stained spirochetes in blood. Injection of
equal numbers of (A) electrocompetent Borrelia hermsii DAH 2E7, (B) electroporated
without a manipulation construct or antibiotics and cloned by limiting dilution, and (C)
the vtp mutant all produced comparable spirochetemias at 65 h post infection. Images
of infected blood were taken at 400×.
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H2O to limit the ions present in the sample that could result in arcing during
electroporation.

a. Determine the volume and concentration of the DNA sample.
b. Add 1/10 volume of 3 M sodium acetate (pH 5.0).
c. Add 2.5 volumes of cold 100% ethanol.
d. Mix and incubate at 4°C for 1 h or overnight at –80°C.
e. Pellet the precipitated DNA by centrifugation (4°C, 16,000 × g, 15 min).
f. Remove supernatant.
g Wash the pellet one to three times with 1 mL cold 70% ethanol.
h Aspirate supernatant and dry sample in speed vacuum or laminar flow hood.
i. Thoroughly resuspend the pellet in dH2O with a pipettor, such that the final

concentration is approximately 5 μg/μL.
j. Store concentrated plasmid DNA at 4°C for a few hours or at –20°C for

several days.

13. The efficiency of electroporation can be estimated by monitoring the time
constant (TC) associated with each pulse. First, electrocompetent spirochetes
should be electroporated without additional plasmid DNA. The TC generated
from the pulse of spirochetes alone should be recorded and should be between
4.0 and 4.7 ms when using 2.5 kV, 25 μF, and 200 �. If the spirochetes alone
generate an arc, or the TC is 2–3 ms, the cells must be washed again. Addition of
plasmid should not alter the TC significantly from the spirochete-alone control.
If addition of plasmid DNA results in arcing, either the plasmid was not de-
salted properly or it is too concentrated. First try using less plasmid. If arcing
still occurs, the plasmid must be re-precipitated and washed more thoroughly.
pBhSV-2 is a very useful positive control plasmid for monitoring the efficiency
of transformation. The standard method for quantifying transformation efficiency
(number of transformants/μg DNA) is not applicable with liquid culture and
cloning by limiting dilution. One modification that increases the efficiency of
transformation is to linearize the inactivation plasmid DNA prior to precipitation
and electro-transformation.

14. Counting the spirochetes with a dark-field microscope helps to approximate the
concentration of spirochetes and the number of 10-fold serial dilutions required.
Following limiting dilution, incubate at 34°C and monitor the red-to-yellow color
change provided by the phenol red pH indicator in mBSK-c. The time required
for color change is shorter in the more concentrated wells and is apparent in
approximately 3–5 days. Do not use color change to conclude the presence or
absence of growth in a particular well. Analyze individual wells by dark-field
microscopy and Poisson distribution statistics to determine clonality.
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Transposon Mutagenesis of the Lyme Disease Agent
Borrelia burgdorferi

Philip E. Stewart and Patricia A. Rosa

Summary

Borrelia burgdorferi, the causative agent of Lyme disease, is an obligate parasite
that cycles between vertebrate hosts and tick vectors. Attempts to understand the genetic
factors that allow B. burgdorferi to sense, adapt to, and survive in different environments
have been limited by a relatively low transformation rate. Here, we describe a mariner-
based transposon system that achieves saturating levels of random mutagenesis in B.
burgdorferi. In comparison with allelic exchange, which targets a single locus, transposon
mutagenesis can create libraries of mutants encompassing disruptions of all genes. Suitably
designed screens or selections of such a library permit the recovery of mutants exhibiting
a desired phenotype. The system described here allows rapid identification of the genetic
locus responsible for the mutant phenotype. With appropriate modifications, this mariner-
based transposon can be adapted to other spirochetes and bacteria with inefficient genetic
transformation methods.

Key Words: Borrelia burgdorferi; spirochete; DNA transposable element; Himar1;
insertional mutagenesis.

1. Introduction
Transposons are DNA elements with the ability to move, or transpose, to

new locations within a genome. Several modified transposon systems have
proven useful as genetic tools for insertional inactivation of genes, identifying
conditionally regulated genes, and genome sequencing (reviewed in ref. 1).
These techniques have identified microbial genes essential for growth and
virulence, as well as loci affecting physiology and morphology (2,3,4,5,6,7,8,9).
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Fig. 1. Vectors for transposon mutagenesis of Borrelia burgdorferi. Both pMarGent
(A) and pGKT (B) contain the high-copy origin of replication (ColE1) in Escherichia
coli but are suicide vectors in B. burgdorferi. Therefore, gentamicin-resistance (encoded
by aacC1) in B. burgdorferi can only be conferred by transposition of the transposon
(region shaded gray). In E. coli, double selection of the antibiotics kanamycin and
gentamicin can be imposed for pGKT, making it more stable than the progenitor vector
pMarGent, which is only gentamicin resistant. Note that for pGKT transformation
of B. burgdorferi, kanamycin resistance is lost once transposition has occurred. ITR,
inverted terminal repeat; kan, kanamycin-resistance cassette; himar1, gene encoding
transposase.
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Members of the mariner family of transposons are particularly useful as
genetic tools in heterologous hosts because they do not require host cofactors to
be functional and because they integrate randomly into the genome, recognizing
a T-A dinucleotide sequence to insert. Recently, hyperactive mutants of the
mariner element Himar1 were isolated that possessed an increased frequency
of transposition over the wild-type allele (10,11). These features have allowed

Fig. 2. Strategy for the generation of transposon mutants in Borrelia burgdorferi
and identification of the transposon insertion site. Numbers in parenthesis refer to
the specific Subheading and step of the Methods section in which the procedure is
described.
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Himar1 to be functional in a wide range of prokaryotes (3,11,12,13,14). The
characteristics and promiscuity of Himar1 make it a useful choice for rapidly
generating a large number of gene knockouts.

The utility of Himar1 in diverse organisms prompted us to adapt the
Himar1 element to generate a saturated library of random Borrelia burgdorferi
mutants (8). The transposon vectors, pMarGent (see Fig. 1A) and the more
stable pGKT (see Fig. 1B) (see Note 1), have several advantageous features
including random insertions in both the linear and the circular DNA molecules
present in the B. burgdorferi genome, and a high transposition frequency that
yields saturating levels of mutants from a single transformation.

The overall strategy for transposon mutagenesis (see Fig. 2) is similar to that
used to obtain allelic exchange mutants. That is, B. burgdorferi-competent cells
are prepared and transformed with pMarGent or pGKT plasmid DNA isolated
from Escherichia coli. After an overnight recovery period, cells are plated in the
presence of selective antibiotic(s). Colonies that arise are transferred to liquid
growth medium and genomic DNA isolated. Digestion of the genomic DNA,
followed by ligation and transformation into competent E. coli cells, allows
the recovery and characterization of the B. burgdorferi DNA flanking the site
in which the transposon inserted. Subsequently, Himar1-based systems have
been used successfully in mutagenesis systems for various spirochetes and are
readily adaptable to other microorganisms with limited genetic transformation
systems (5,6,15).

2. Materials
2.1. Preparation of Plasmid DNA

1. Gentamicin and kanamycin are available from various sources. Gentamicin
selection for E. coli: 5 μg/mL; kanamycin selection for E. coli: 50 μg/mL.

2. We routinely use TOP10 chemically competent E. coli cells (Invitrogen, Carlsbad,
CA); however, other strains, such as DH5�, should work.

3. Plasmid DNA may be isolated by various techniques or commercial kits, as long
as they produce highly pure DNA. We routinely use the Hispeed Maxi Plasmid
Kit (Qiagen, Valencia, CA).

2.2. Competent Cell Preparation

1. B. burgdorferi liquid cultures are grown in Barbour–Stoenner–Kelly (BSK)-H
medium (Sigma, St. Louis, MD).

2. Petroff-Hausser chambers may be purchased from Electron Microscopy Sciences,
Hatfield, PA.

3. Electroporation solution (EPS): 0.27 M sucrose, 15% (v/v) glycerol. Sterilize by
filtration and store at room temperature.
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2.3. Transformation and Plating of B. burgdorferi Cells

1. Gentamicin selection for B. burgdorferi: 40 μg/mL; kanamycin selection for
B. burgdorferi: 200 μg/mL.

2. Solid (plating) BSK medium: Weigh 69.37 g bovine serum albumin, fraction V
(Celliance, Kankakee, IL), 6.9 g Neopeptone, 8.3 g HEPES acid, 6.9 g glucose,
1.0 g sodium citrate, 1.1 g sodium pyruvate, 0.56 g N-acetylglucosamine, 6.4 g
sodium bicarbonate, 3.5 g Yeastolate, and 12.7 g powdered Connaught Medical
Research Laboratories (CMRL) without glutamine (US Biological, Swampscott,
MA). Solubilize in a final volume of 1 L H2O and stir 2–4 h. Adjust pH to 7.5
with 1N NaOH and sterilize by filtration. Add 12 mL rabbit serum (Pel-Freeze
Biologicals, Rogers, AK) and aliquot into 310-mL portions. Store frozen at –20 ºC
until ready to use. Thaw at ≥55 ºC and add 200 mL sterile, molten 1.7% agarose
(55 ºC) and antibiotic, if desired. Aliquots of transformed cells are mixed directly
with 30 mL medium per plate (see Note 2).

3. Borrelia burgdorferi plates should be held in a CO2 incubator (2.5%) at 35 ºC.

2.4. Identification of Transposon Insertion Site

1. Gentamicin selection for E. coli: 5 μg/mL.
2. PCR reaction and cycling conditions: 1× PCR reaction conditions (20 μL

volume)—1× Taq Polymerase buffer, 0.2 mM each deoxynucleotide, 10 pmoles
each primer, and 0.5 U Taq polymerase. Cycling conditions are 94 ºC (1 min),
followed by 30 cycles of 94 ºC (45 s), 55 ºC (1 min), and 68 ºC (2 min).

3. Primers may be obtained from any vendor and, after resuspension in H2O, should
be stored at –20 ºC. Sequence of primers:

col: 5´-CAGCAACGCGGCCTTTTTACG
flg: 5´-GCTTAAGCTCTTAAGTTCAACC

Primers col and flg are used during sequencing (see Fig. 2).
JK62 (Gent F): 5´-GGCAGTCGCCCTAAAACAAAGTT
JK61 (Gent RC): 5´-TCTCGGCTTGAACGAATTGTTAGGT

Primers JK61 and JK62, used for amplifying a fragment of the gentamicin-
resistance gene, produce a 520 base pair PCR product.

3. Methods
Borrelia burgdorferi strain B31 contains a large complement of linear and

circular plasmids, two of which (lp25 and lp56) correlate with a reduced
transformation efficiency with some constructs, including shuttle vectors and
pMarGent (8,16). The transformation barrier is presumably due to the presence
of restriction/modification enzymes encoded on these B. burgdorferi plasmids.
Therefore, generating transposon mutants requires the use of B. burgdorferi
strains that lack these plasmids. However, lp25 and lp56 also encode factors
that enhance or are required for B. burgdorferi survival in the mammal and tick



90 Stewart and Rosa

hosts, and the loss of these plasmids reduces or eliminates the infectivity of
these strains (17,18,19,20). An infectious strain, 5A18 NP1, has been engineered
that lacks the restriction/modification systems encoded on lp25 and lp56, and
has a high transformation frequency with shuttle vector DNA (21). 5A18 NP1
provides a genetic background in which virulence factors may be assessed by
transposon mutagenesis (22).

3.1. Preparation of Plasmid DNA

1. Transform pMarGent or pGKT (see Fig. 1) into competent E. coli cells and plate
in the presence of the appropriate antibiotic (i.e., gentamicin for pMarGent or
gentamicin and kanamycin for pGKT).

2. Inoculate E. coli colonies into growth medium with antibiotic selection and isolate
plasmid DNA.

3.2. Competent Cell Preparation

1. Grow B. burgdorferi cultures to mid- to late-exponential phase (approximately
5–9 × 107 cells/mL as determined by darkfield microscopy using a Petroff-Hausser
chamber) (see Note 3). Usually a 100 mL culture provides sufficient cell numbers
for about two transformations.

2. Pellet cells by centrifugation (6000 × g, 10 min) and wash by resuspension in
0.25 volumes EPS, i.e., 25 mL EPS for a 100 mL culture (see Note 4).

3. Pellet cells again (as in step 2) and resuspend in 0.1 volume EPS (i.e., 10 mL for
an original culture volume of 100 mL).

4. Pellet cells for a final resuspension in ∼0.001 volumes EPS, i.e., 100 μL EPS.
Cells may be used immediately or stored at –80 ºC.

3.3. Transformation and Plating of B. burgdorferi Cells

1. Add transposon plasmid DNA (10–20 μg in a 5 μL volume of sterilized H2O) to
50–100 μL of competent cells (see Note 5).

2. Electroporate cell/DNA mix in a prechilled 0.2-cm gapped cuvette. Settings for
the electroporator are: 2.5 kV, 25 μF, and 200 �.

3. Immediately after transformation, quickly resuspend cells in a final volume of
5 mL BSK medium and incubate overnight at 35 ºC (see Note 6).

4. After overnight recovery, enumerate B. burgdorferi cells using a Petroff-Hausser
chamber and plate in solid BSK medium with appropriate antibiotic selection.
Subsurface colonies develop in ∼6–10 days, depending on the strain.

3.4. Identification of Transposon Insertion Site

1. Confirm that colonies arising under selective pressure are transposon mutants (and
not spontaneously-arising antibiotic-resistant variants) by PCR for the presence
of the gentamicin-resistance marker. Stab the B. burgdorferi colony with a sterile
toothpick, then swirl the toothpick in a tube containing the PCR reaction mix.
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2. Once confirmed as transposon mutants by PCR, aspirate colonies from the plate
using a sterile Pasteur pipet and transfer to liquid BSK medium (5–15 mL)
containing appropriate antibiotic(s). Incubate cultures at 35 ºC until cells reach
high densities (between 5 × 107 and 1 × 108 cells/mL) (see Note 7).

3. Isolate genomic DNA from 5 mL cultures by pelleting the cells, removing the
supernatant, and resuspending in 500 μL sterile H2O. Lyse cells by the addition
of 25 μL of 10% SDS and 5 μL of a 10 mg/mL RNase solution, and incubate at
room temperature for 5 min. Phenol:chloroform extractions are repeated (usually
two to three times) to remove protein and purify genomic DNA. Precipitate DNA
with ethanol or isopropanol, wash with 70% ethanol, and resuspend in 50 μL
sterile H2O or TE. Alternatively, genomic DNA can be isolated from a larger 15
mL volume using the Wizard Genomic DNA Purification Kit (Promega, Madison,
WI), following manufacturer’s recommendations for gram-negative bacteria.

4. To isolate the transposon and DNA flanking the insertion site (see Fig. 2), digest
approximately 500 ng of genomic DNA overnight with the restriction enzyme
HindIII in a 15 μL volume (see Note 8).

5. Remove about 8 μL of digested DNA and ligate in ∼10 μL volume at 14 ºC for 6
h (or overnight). Transform entire ligation into chemically competent E. coli cells
and plate about half of the transformed cells on LB plates containing gentamicin.
Incubate plates at 37 ºC overnight.

6. Isolate plasmid DNA from E. coli colonies.
7. Sequence the B. burgdorferi DNA flanking the transposon insertion from the

plasmid DNA (see Fig. 2) using primers flg and col (see step 3, Subheading
2.4.). Identify the transposon insertion site by submitting the sequence results
to the TIGR-CMR BLAST and search against the B. burgdorferi genome
(http://tigrblast.tigr.org/cmr-blast/) (see Note 9).

4. Notes
1. The Borrelia promoters used to drive expression of the Himar transposase, the

gentamicin-resistance marker, and the kanamycin-resistance marker on pMarGent
and pGKT (see Fig. 1) are recognized and functional in E. coli. The transposase is
therefore active in E. coli and allows transposition of the gentamicin marker during
growth of the culture for plasmid DNA isolation, maintaining the gentamicin resis-
tance of the cells but resulting in an inactive variant of pMarGent (see Fig. 1A).
The plasmid preparations derived from different E. coli colonies, therefore, yield
a range of plasmid forms and transposase activities. We generally isolate plasmid
DNA from about six different E. coli clones and test each plasmid preparation
in B. burgdorferi to determine which have a high transposition frequency. To
reduce the chances of isolating inactive plasmid preparations from E. coli, we
constructed the vector pGKT (see Fig. 1B) by cloning the kanamycin-resistance
marker adjacent to the transposase gene of pMarGent. Growth of E. coli colonies
harboring pGKT in the presence of both antibiotics requires that both the trans-
posase (linked to the kanamycin marker) and the transposon portion of the plasmid
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(inverted terminal repeats, origin of replication, and the gentamicin marker) be
retained. We have found pGKT appears to be more stable than pMarGent and
produces more plasmid preparations with a higher transposition frequency.

2. The bovine serum albumin and rabbit serum are critical components of this
medium, and the ability to support B. burgdorferi growth to high cell densities
varies by source and from lot to lot. Typically, we reserve large batches from the
sources cited and test small samples.

3. Elias et al. tested a variety of growth stages and electroporation conditions
and concluded that mid- to late-exponential growth phase was optimal for
B. burgdorferi transformation and yielded the maximum number of competent
cells (23). Transposition frequencies for strains lacking lp25 and lp56 and prepared
in this manner are ∼5 × 10−5 (8).

4. The objective of the washes is to remove medium components from the cells that
might cause arcing during the electroporation, while concentrating the bacterium
in electroporation buffer. The number of washes and volumes of EPS used
were empirically determined and are a balance between efficient removal of
the medium, yet limiting mechanical damage to B. burgdorferi cells caused
by centrifugation and resuspension. The final volume that competent cells are
resuspended in varies, but typically ranges between a 500-fold and a 1000-fold
concentration of cells. Under darkfield microscopy, an ideal competence prepa-
ration should look like a continuous flowing sheet of spirochetes. Problems arise
when the cells clump (fewer spirochetes accessible to the DNA during transfor-
mation) or if the cells are too concentrated (which might result in arcing). If
clumping occurs, try moderate vortexing and repeated pipetting. If the cells are
too concentrated, then add more EPS until the cells begin to flow when viewed
under darkfield microscopy.

5. Generally, 10–20 μg of transposon plasmid DNA is alcohol-precipitated, washed
with 70% ethanol to remove salts that may cause arcing during electroporation,
and resuspended in a small volume (e.g., 5 μL) of sterile H2O. The final volume
of DNA must be small relative to the volume of competent cells, again to avoid
arcing.

6. Transformed cells are generally allowed to recover overnight before selection is
imposed. The length of the recovery period can be shortened to 8 h, which allows
transformation and plating to occur in the same day.

7. Isolating genomic DNA from small culture volumes (5–15 mL) produces
relatively low yields (a few micrograms). Harvest cells in late-exponential
phase to obtain the highest cell numbers and maximize DNA yields. However,
allowing cells to enter stationary phase usually results in lower yields and poor
quality DNA.

8. This procedure was empirically determined and may be optimized. The restriction
enzyme HindIII was chosen because the recognition sequence is absent from the
transposon but is relatively frequent in B. burgdorferi DNA.



Transposon Mutagenesis of Borrelia burgdorferi 93

9. Sequence data using these primers will contain a small amount of vector DNA
(including the inverted terminal repeat sequence that serves as a recognition
site for the transposase: 5´-ACAGGTTGGCTGATAAGTCCCCGGTCT). Also,
because of the large number of highly related gene families in the B. burgdorferi
genome, some BLAST results will return multiple genes, requiring more detailed
analysis to identify the exact location of the transposon insertion.
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The Biofilm Exopolysaccharide Polysaccharide
Intercellular Adhesin—A Molecular
and Biochemical Approach

Cuong Vuong and Michael Otto

Summary

Exopolysaccharides play a crucial role in the formation of biofilms and biofilm resis-
tance to antimicrobials and innate host defense. Here we describe methods to analyze and
quantify polysaccharide intercellular adhesin (PIA), a biofilm exopolysaccharide made
of N-acetylglucosamine that is found in staphylococci and many other bacterial biofilm-
forming pathogens.

Key Words: Staphylococcus; polysaccharide intercellular adhesin; deacetylation;
biofilm.

1. Introduction
Many pathogenic bacteria are capable of synthesizing various extracellular,

cell surface-associated polysaccharides. Such exopolysaccharides have been
recognized to impact bacterial virulence significantly, for example, by deter-
mining biofilm architecture and protecting from host defenses and antimicrobial
components. Polysaccharide intercellular adhesin (PIA) is produced by several
different Gram-positive and Gram-negative bacteria, e.g., Staphylococcus sp.,
Escherichia coli, Yersinia pestis, Actinobacillus actinomycetemcomitans (1). In
staphylococci, the production of PIA is encoded by the ica gene locus, which
comprises the icaA, icaD, icaB, and icaC genes (2). For the most part, the
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respective genes in other bacteria are similar to those of staphylococci but have
been given different names, such as pga in E. coli and Actinobacillus. PIA is a
positively charged homopolymer of �-1,6-linked N-acetylglucosamine (NAG)
residues (3). The positive charge of PIA is enzymatically introduced by the
IcaB protein through a mechanism of deacetylation (4). IcaA and IcaD form a
NAG-transferase responsible for the oligomerization of monomeric NAG units.
IcaC is a putative transporter thought to be involved in the export of elongated
PIA strands through the bacteria cell membrane (5). Our current knowledge
of the chemical structure of PIA, its biological function with regard to biofilm
formation and immune evasion, and the processes involved in the regulation
of PIA expression is based on intensive studies carried out predominantly in
staphylococci. Here we describe a range of techniques to study PIA with an
emphasis on molecular and biochemical techniques applied for staphylococci.
These techniques are likely transferable to investigate PIA-related structures in
other bacteria.

2. Materials
1. Tryptic soy broth (TSB) (Difco, Franklin Lakes, NJ), supplemented with 0.5%

glucose after sterilization by autoclaving.
2. Enzymes: DNase (0.5 mg/mL final concentration), RNase (0.5 mg/mL

final concentration), lysostaphin (0.5 mg/mL final concentration), lysozyme
(0.5 mg/mL final concentration), and proteinase K (4 mg/mL final concentration);
store at –20 °C.

3. Standard (or wash) buffer: phosphate-buffered saline (PBS, 10 mM sodium
phosphate, pH 7.4, 150 mM NaCl) or Tris-buffered saline (TBS, 150 mM NaCl,
10 mM Tris–HCl, pH 7.4), and 0.5 M EDTA, pH 8.0; prepare fresh as required.

4. Ultrafiltration devices: Amicon Ultrafree-MC-YM-10, and Amicon Centriprep-
YM-10 (Millipore Corporation, Bedford, MA).

5. Tangential flow filtration: regenerated cellulose Prep/Scale Spiral Wound TFF-6
cartridge, Prep/Scale Holder, and peristaltic pump (Millipore Corporation).

6. Miscellaneous materials: dialysis membranes (∼10 kDa cut off), skim milk,
spectrophotometer, and nitrocellulose membranes.

7. Miscellaneous chemicals: 2,3,6-trinitrobenzenesulfonic acid (TNBS) and sodium
bicarbonate (NaHCO3).

8. Chromatography equipment: high-performance liquid chromatography (HPLC)
and coupled electro-spray ionization mass spectrometer, Jordi PolarPac WAX
10,000A 300 × 7.8 mm column (Alltech, Deerfield, IL), and HiLoad
26/60 Superdex 200 gel filtration column (Amersham Pharmacia Biotech,
Piscataway, NJ).

9. Staphylococcus epidermidis strains 1457 and 1457�icaB.
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3. Methods
The methods described below outline (1) the construction of an isogenic

mutant defect in the deacetylation of PIA, (2) different purification and (3)
detection techniques, and (4) chemical analysis of PIA. Bacterial cultures for
each experiment are inoculated from pre-cultures grown overnight at a dilution
of 1:100 and incubated at 37 °C with shaking at 120 rpm for 16 h, unless
otherwise noted.

3.1. Generation of an icaB Mutant in Staphylococcus epidermidis

DNA manipulations were performed by standard procedures for recombinant
DNA to construct a temperature-sensitive plasmid for homologous recombi-
nation (6) and are not described here in detail. Briefly, PCR-amplified regions
flanking the icaB gene, which encodes a PIA-deacetylating enzyme, and an
erythromycin resistance cassette, ermB, were cloned into the plasmid pBT2,
leading to pBT�icaB. Plasmid pBT�icaB was transformed into the wild-type
S. epidermidis strain 1457 by electroporation. Allelic replacement of the icaB
gene by the erythromycin resistance cassette was performed as described (4).
Successful deletion of icaB was verified by sequencing of the genomic DNA
of the putative icaB mutant and determination of icaB expression by TaqMan
analysis (4).Thewild-typestrainS.epidermidis1457and its isogenicmutant strain
S. epidermidis 1457�icaB were used for further investigations (see Note 1).

3.2. Purification of PIA

PIA of staphylococci can be isolated from the cell surface or from the
bacterial culture filtrate. The majority of partially deacetylated PIA is attached
to the bacterial cell wall, whereas completely acetylated PIA (from the icaB
deletion mutant strain) is released into the culture filtrate (4). In addition, small
amounts of deacetylated PIA released from the cell surface by mechanical shear
force might be detectable in the culture filtrates (1).

3.2.1. Isolation of Crude PIA

Isolation of crude PIA is suitable to screen an extended range of samples
with methods that do not require highly pure PIA preparations.

3.2.1.1. Isolation of Crude Surface-Attached PIA

1. Harvest 1 mL of a 16-h staphylococcal culture by centrifugation at 10,000 × g
for 1 min at 4 °C.

2. Wash bacterial cell pellet with 1 mL of PBS buffer and repeat centrifugation step.



100 Vuong and Otto

3. Resuspend cell pellet in 20 μL 0.5 M EDTA, pH 8.0 (final volume: 1/50 of growth
culture volume).

4. Extract surface-located PIA by boiling cells for 5 min at 100 °C in a 2-mL
(safelock) microtube.

5. Centrifuge samples at 10,000 × g for 5 min at 4 °C.
6. Transfer clear supernatant to a new microtube.
7. Freeze the extract at –20 °C for months (see Note 2).

3.2.1.2. Isolation of PIA from the Culture Filtrate

1. Harvest 1 mL of a 16-h staphylococcal culture at 10,000 × g for 5 min at 4 °C.
2. Transfer clear supernatant into a new microtube.
3. Concentrate supernatant with an ultrafiltration device (Amicon Ultrafree-MC,

YM-10) by centrifugation at 4000 × g for 30 min at 4 °C.
4. Repeat step 3 until the final concentration ratio is about 50-fold (see Note 3).
5. Freeze the extract can be frozen at –20 °C.

3.2.2. Highly Pure PIA for Immunization and Chemical Analysis

Highly pure PIA is required to raise specific antibodies against PIA and for
chemical analysis of PIA deacetylation. For standard calibration, high-quality
PIA is preferable.

3.2.2.1. Isolation of Cell-Surface-Attached Highly Pure PIA

1. Harvest 1 L of a 16-h staphylococcal culture by centrifugation at 3000 × g for
15 min at 4 °C.

2. Wash bacterial cell pellet with 500 mL PBS buffer and repeat centrifugation
step.

3. Resuspend bacterial cell pellet in 20 mL 0.5 M EDTA, pH 8.0 (final volume:
1/50 of growth culture volume).

4. Extract surface-associated PIA by boiling cells for 5 min at 100 °C.
5. Centrifuge sample at 3000 × g for 30 min at 4 °C and transfer clear supernatant

to a dialysis membrane (∼10 kDa cut off).
6. Dialyze PIA-containing extracts against distilled water for 2 × 12 h at 4 °C

and subsequently digest with DNase (0.5 mg/mL final concentration), RNase
(0.5 mg/mL final concentration), lysostaphin (0.5 mg/mL final concentration),
and lysozyme (0.5 mg/mL final concentration) at 37 °C for 16 h, followed by
incubation with proteinase K (4 mg/mL final concentration) at 37 °C for 16 h.

7. Centrifuge sample at 28,000 × g at 4 °C for 30 min.
8. Concentrate clarified supernatant about fivefold with Amicon Centriprep YM-10

centrifugal concentrators.
9. Perform size exclusion chromatography (SEC) (Akta Chromatography system, GE

Healthcare Life Sciences, Piscataway, NJ) of PIA in maximally 10-mL aliquots
on a HiLoad 26/60 Superdex 200 gel filtration column. Use 20 mM sodium phos-
phate (pH 7.0) and 150 mM sodium chloride as a buffer at a flow rate of 3 mL/min.
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10. Perform immuno-dot blot analysis (described in Subheading 3.3.2.) of
chromatography fractions to determine PIA-containing samples. Most PIA elutes
shortly after the exclusion volume.

11. Dialyze PIA-containing fractions against water for 2 × 12 h (10 kDa cut off)
at 4 °C.

12. Lyophilize, then dissolve PIA in concentrated hydrochloric acid, neutralize with
sodium hydroxide, and buffer the samples with 100 mM sodium phosphate
buffer (pH 7.0).

13. Use highly pure PIA for immunization or for further experiments (see Note 4).

3.2.2.2. Isolation of Highly Pure PIA from the Culture Filtrate

1. Centrifuge 5 L of a 24-h staphylococcal culture by centrifugation at 3000 × g at
4 °C for 15 min.

2. Sterilize bacterial supernatant by filtration using filtration units (0.22 μm).
3. Concentrate bacterial supernatant to a final volume of 1/20 of the initial volume by

tangential flow filtration using a regenerated cellulose Prep/Scale Spiral Wound
TFF-6 cartridge, a Prep/Scale Holder, and a peristaltic pump at a flow rate of
8 mL/min.

4. Follow steps 6–13 in Subheading 3.2.2.1 (see Note 5).

3.3. PIA Detection by Immunological Assays

3.3.1. Generation of �PIA Antisera

1. Isolate PIA as described in Subheading 3.2.2.
2. To produce �PIA antiserum, immunize rabbits with 2 mg of PIA using a standard

protocol.
3. Dilute �PIA antiserum in TBS buffer (1:100).
4. Absorb antiserum with the following extracts of a PIA-negative staphylococcal

mutant strain (e.g., S. epidermidis 1457 M10) for 16 h to reduce non-specific
binding. Prepare all extracts from cells of 50 mL of S. epidermidis 1457 M10
cultures or from 200 mL of bacterial supernatant, respectively:

a. Isolate extract by boiling cells with 1 mL 0.5 M EDTA for 5 min at 100 °C.
b. Isolate extract by boiling cells in 1 mL 1% sodium dodecyl sulfate (SDS) for

5 min at 100 °C.
c. Isolate extract isolated from cells treated with 1 mL lysostaphin.
d. Isolate 1 mL crude cell extract prepared by breaking cells with glass beads.
e. Isolate extract obtained from 200 mL culture medium precipitated by

trichloroacetic acid and resolve dry pellets in 1 mL PBS.

5. Sediment precipitated material by centrifugation (30 min, 28,000 × g, 4 °C) and
add 1 mM of sodium azide to the clear supernatant that will be used for further
investigation.



102 Vuong and Otto

3.3.2. Immuno-Dot Blot Analysis

To quantify PIA production, use equal amounts of bacterial cells and culture
supernatants. The protocol is modified from Gerke et al. (5).

1. Spot 2-μL sample aliquots to a nitrocellulose membrane, let the membrane dry,
and block with 0.5% skim milk in TBS buffer overnight.

2. Incubate the membrane for at least 2 h with blocked �PIA-antiserum (1:5000)
and wash membrane for 3 × 5 min with TBS buffer.

3. Incubate membrane for 2 h with �IgG–alkaline–phosphatase conjugate (1:5000).
4. Detect spots by chromogenic reaction with 5 mL 5-bromo-4-chloro-3-indolyl

phosphate/nitroblue tetrazolium premix solution.
5. Quantify immunological reaction of PIA (spot), e.g., by using a scanner and Total

Lab Version 2003 software (Nonlinear USA, Durham, NC) (see Note 6).

3.3.3. Immunofluorescence Microscopy

1. Heat-fix 15 μL of aliquots of bacterial cell suspensions onto glass microscope
slides.

2. Incubate fixed cells with 30 μL of �PIA antiserum (diluted 1:50 in TBS) for
30 min at 37 °C in a wet chamber.

3. Wash slides for 3 × 5 min with TBS buffer and let them air-dry.
4. Incubate bound antibodies with 30 μL of fluorescein isothiocyanate-conjugated

anti-rabbit immunoglobulin G antibody, diluted at 1:80 in TBS, for 30 min at
37 °C in a wet chamber.

5. Wash glass slide twice with TBS and double-distilled water for 5 min, air-dry
glass slide.

6. Detect PIA under a fluorescence microscope at a magnification of ×1000.

3.4. Analysis and Detection of PIA by Chromatography

3.4.1. PIA Analysis by Size Exclusion Chromatography/Electro-Spray
Ionization Mass Spectrometry

This method employs SEC coupled to electro-spray ionization mass
spectrometry (ESI/MS) and can be applied to culture filtrate samples and crude
PIA extracts isolated from cell surfaces. The acquisition of ESI mass spectra of
PIA in positive ion mode is based on the ionization of groups such as hydroxyl
groups on sugar residues, or in the case of deacetylated PIA on already ionized
amino groups. On the size exclusion columns used under the specific buffer
conditions, PIA elutes earlier and separate from most other molecules, soon
after the exclusion volume.

1. Purify PIA as described in Subheading 3.2.
2. Perform SEC/ESI-MS at a flow rate of 0.5 or 1 mL/min using 0.2% acetic acid.

An Agilent 1100 system coupled to a Trap VL or SL mass spectrometer was used.
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Separate completely acetylated PIA from other molecules on a Superdex 200
10/300 GL column, partially or completely deacetylated PIA on a Jordi PolarPac
WAX 10,000A 300 × 7.8 mm column (see Note 7).

3.4.2. Colorimetric Detection of the Degree of PIA Deacetylation
by Analysis of Free Amino Groups

First, create a standard curve by using completely acetylated or deacetylated
PIA as calibration standard (0–1 mg/mL) (see Note 8).

1. Add 100 μL of 4% NaHCO3 (pH 8.5) and 100 μL of 0.1% TNBS to 100 μL of
sample.

2. Allow mixture to react at 40 °C for 2 h.
3. Add 50 μL HCl to stop the reaction and measure the absorbance at 335 nm with

a UV spectrophotometer.

4. Notes
1. Recent achievements in molecular biology have created multiple methods that

can be utilized to construct mutants by allelic replacements in different bacteria.
A variety of temperature-sensitive plasmids, antibiotics resistance markers, and
transformation protocols are now available.

2. Boiling cells with 0.5 M EDTA, pH 8.0, (5) is the best method known to date for
the isolation of crude PIA from the bacterial cell surface and might be applicable
for staphylococcal cells only. PIA-related polysaccharide polymers have been
purified from E. coli by incubating cells in 50 mM Tris buffer, pH 8.0, 100 mg
lysozyme, and 0.1 M EDTA at room temperature for 2 h (7).

3. PIA is a �-1,6 linked N-acetyl glucosamine homopolymer. Deacetylated PIA
is cationic because of the free amino groups with a theoretical pK = 6.9 that
become protonated at neutral or acidic pH. Acetylated PIA is insoluble at neutral
pH, especially after precipitation from the culture filtrate with ethanol, or with
increasing concentration of PIA after reducing the volume by ultrafiltration
devices.

4. The initial PIA purification method was developed by Mack et al. (3). These
authors used a different, two-step chromatography protocol involving size-
exclusion and ion exchange chromatography on Sephadex G-200, Q-Sepharose,
and S-Sepharose. A similar purification method has been described recently to
isolate a PIA-related polysaccharide polymer in E. coli (7). Briefly, E. coli cells
were incubated in 50 mM Tris–HCL buffer (pH 8.0), 100 mg lysozyme, and
0.1 M EDTA at room temperature for 2 h. Phenol/chloroform extraction steps
were performed to separate protein and debris contamination from the polysac-
charide. Samples were concentrated by ultrafiltration devices (10,000 MW cut
off) and fractionated on a fast protein liquid chromatography (FPLC) system with
a Sephacryl S-2000 column (equilibration and elution buffer: 0.1 M PBS, pH 7.4).
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5. A similar method has been employed to purify poly-N-acetylglucosamine (PNAG
from Staphylococcus aureus strain MN8 (8). Production of PNAG and PIA is
encoded by the same gene locus in staphylococci, the icaADBC operon. Both
polysaccharides are considered to be the same. PNAG-containing samples were
fractionated by SEC with a Sephacryl S-300 column and 0.1N HCl/0.15 M NaCl
buffer (8,9).

6. Incubation with the primary �PIA antiserum up to 16 h increases the strength of
the immunological reaction.

7. These methods do not require further purification of PIA before chromatography.
However, purging the columns extensively after several runs is necessary, as
particularly the PolarPac Wax column tends to bind negatively charged polymers
(such as teichoic acids) that need to be removed because they interfere with the
repulsion mechanism of positively charged PIA on this column, which is needed
for optimal purification of deacetylated PIA (4).

8. This assay is a modified ninhydrin test to determine the degree of deacetylation
in PIA. The reagent TNBS has been shown to react specifically with free amino
groups to give trinitrophenyl (TNP) derivatives that can be measured with a UV
spectrophotometer at 335 nm (10). Chemically, complete deacetylation of PIA
can be achieved by treatment with strong acid or base for several hours.
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Analysis of Staphylococcus aureus Gene Expression
During PMN Phagocytosis

Jovanka M. Voyich, Dan E. Sturdevant, and Frank R. DeLeo

Summary

Staphylococcus aureus is a leading cause of human infections worldwide and causes
a variety of diseases ranging in severity from mild to life-threatening. The ability of
S. aureus to cause disease is based in part on its ability to subvert the innate immune
system. Advances in genome-wide analysis of host–pathogen interactions have provided
the necessary tools to investigate molecular factors that directly contribute to S. aureus
pathogenesis. This chapter describes methods to analyze gene expression in S. aureus
during interaction with human neutrophils.

Key Words: Staphylococcus aureus; neutrophil; polymorphonuclear leukocytes;
microarray; gene expression; Affymetrix; transcript.

1. Introduction
Polymorphonuclear leukocytes (PMNs or neutrophils) are key effectors of

the human innate immune response against bacteria and fungi. At sites of
infection, PMNs bind and ingest bacteria by a process known as phagocytosis
(1). Phagocytosis of bacteria elicits production of reactive oxygen species and
enriches phagocytic vacuoles with peptide microbicides (2). Although PMNs
kill most bacteria, pathogens such as group A Streptococcus and Staphy-
lococcus aureus have evolved means to avoid destruction by neutrophils
and thereby cause human disease (3,4,5,6). These pathogens have multiple
virulence determinants that work in concert to promote infection. Until recently,
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the importance of bacterial genes in virulence and host interaction was deter-
mined either on an individual gene basis or for a limited number of genes in
any single study. However, this “single-target” approach is being supplanted
by microarray-based technologies, which have dramatically enhanced
our ability to interrogate host–pathogen interactions on a genome-wide
scale (3,4,6,7,8,9,10,11,12).

Methods for measuring gene expression in Gram-positive bacteria have
existed for several decades (13,14). Because of the presence of thick cell walls
not easily susceptible to lysis, early methods to isolate RNA from Gram-
positive organisms were very tedious and time consuming. Procedures included
incubating bacteria with detergent, using cesium chloride step-gradients in
combination with ultracentrifugation, and use of enzymes such as lysostaphin
to disrupt bacteria (15,16). Because 90% of the S. aureus transcripts produced
during log-phase growth have a half-life less than 5 min (17), enzymatic
treatment of bacteria is not ideal for isolation of RNA due to the time it
takes for the enzyme to lyse the bacteria. Moreover, designing experiments
to measure changes in gene expression in S. aureus during interaction with
host factors should not be complicated by additional treatments that may
independently cause changes in gene expression. Therefore, complex studies
investigating host–pathogen interactions require non-enzymatic means of lysing
S. aureus. Procedures using rapid physical disruption of the lysis-resilient S.
aureus cell walls (18) are more appropriate for investigating pathogen–host
interactions (3,4,6,7,8,10,11,12). This is accomplished via high-speed (6 m/s)
reciprocating shaking of the sample with 0.1-m silica spheres in a suitable RNA
lysis buffer.

In this chapter, we describe a method for analyzing S. aureus gene
expression during interaction with human PMNs using Affymetrix oligonu-
cleotide microarrays. Except for human PMNs, the methods described herein
utilize commercially available reagents and can be reproduced by most standard
laboratories.

2. Materials
2.1. Bacterial Culture

1. Tryptic soy broth (BD Biosciences, San Jose, CA).
2. Dulbecco’s phosphate-buffered saline (DPBS, Gibco/Invitrogen Corporation,

Carlsbad, CA).
3. Normal human serum.
4. RPMI 1640 medium (Gibco/Invitrogen) containing 10 mM HEPES (RPMI/H):

made by adding 5 mL of sterile 1 M HEPES (Sigma-Aldrich, St. Louis, MO) to
500 mL of sterile RPMI 1640 medium.
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2.2. Isolation of Human PMNs and Serum, and Phagocytosis Assays

1. Dextran 500 (GE Healthcare Biosciences, Piscataway, NJ).
2. Ficoll–PaquePLUS (GE Healthcare Bioscience).
3. Injection- or irrigation-grade 0.9% NaCl solution (w/v) (Hospira, Inc., Lake

Forest, IL).
4. 3% Dextran–0.9% NaCl solution (w/v). To make this solution, dissolve 30 g of

Dextran 500 into 1 L injection- or irrigation-grade 0.9% NaCl (final volume).
5. Injection- or irrigation-grade water (Abbot Laboratories, Inc., North

Chicago, IL).
6. DPBS.
7. 1.7% NaCl solution (w/v): Dissolve 17 g of RNase-free NaCl into 1 L (final

volume) of injection- or irrigation-grade water. Filter-sterilize solution using a
0.2-μm bottle top filter.

8. 50- and 250-mL conical polypropylene tubes (Corning Costar, Acton, MA).
9. 12-well flat-bottom non-pyrogenic polystyrene cell culture plates (Corning

Costar).
10. RPMI 1640 medium (Invitrogen Life Technologies, Carlsbad, CA): Prepare as

described under Subheading 2.1.
11. 15-mL glass tube (Corning Costar) for isolating serum.
12. Limulus Amebocyte Lysate assay (Thermo Fisher, Waltham, MA). This assay

is used to periodically check reagents for the presence of endotoxin.

2.3. Purification of RNA from S. aureus

1. Lysing matrix B (0.1-mm silica spheres) (MP Biomedicals, Irvine, CA).
2. FastPrep FP120 A Instrument (MP Biomedicals).
3. RNeasy Mini Kit (Qiagen, Valencia, CA).
4. �-Mercaptoethanol (�-ME) (Sigma-Aldrich, St. Louis, MO).
5. Ethanol, 200-proof (Sigma-Aldrich, St. Louis, MO).
6. 1.7-mL microcentrifuge tubes, RNase-free and non-pyrogenic (Molecular

BioProducts, San Diego, CA).
7. Extra collection tubes (Qiagen).
8. Aerosol-resistant micropipette tips, RNase-free, non-stick (Ambion, Austin, TX).

2.4. Removal of Contaminating DNA from S. aureus
RNA Preparations

1. RNase-Free DNase Set, on-column digestion of DNA to be used during RNA
purification (Qiagen). Set includes DNase I (1500 Kunitz Units), DNase buffer
RDD, and nuclease-free water.

2.5. cDNA Synthesis of S. aureus RNA

1. dNTP mix: Combine 100 mM each of dATP, dCTP, dGTP, dTTP (GE Healthcare
Biosciences). For a working 10 mM dNTP mix, add 100 μL each of 100 mM
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dATP, dCTP, dGTP, and dTTP to 600 μL nuclease-free water. Store this solution
at –20 °C in a non-frost-free freezer.

2. Random primers, 3 μg/μL (Invitrogen, Life Technologies). For 75 ng/μL of
working stock, mix 25 μL of 3 μg/μL random primers with 975 μL of nuclease-free
water. Store this solution at –20 °C in a non-frost-free freezer.

3. Superscript II or Superscript III Reverse Transcriptase (Invitrogen Life
Technologies).

4. 5× 1st Strand Buffer (Invitrogen Life Technologies).
5. 100 mM DTT (Invitrogen Life Technologies).
6. SUPERase·In, (Ambion).
7. Nuclease-free water (Ambion).

2.6. Removal of RNA

1. 1N NaOH solution (VWR Scientific Products, West Chester, PA).
2. 1N HCl solution (VWR Scientific Products).

2.7. Purification of cDNA

1. QIAquick PCR Purification Kit (Qiagen).

2.8. cDNA Fragmentation

1. 10× One-Phor-All Buffer (GE Healthcare Biosciences, Piscataway, NJ).
2. DNase I (GE Healthcare Biosciences, Piscataway, NJ).

2.9. Terminal Labeling of Fragmented cDNA

1. Enzo BioArray Terminal Labeling Kit (Enzo Biochem, Inc. New York, NY):
5× reaction buffer, 10× CoCl2, biotin-ddUTP, and terminal deoxynucleotide trans-
ferase.

2.10. Hybridization of S. aureus cDNA to Affymetrix GeneChips

1. Nuclease-free water (Ambion).
2. Sterile, RNase-free microcentrifuge vials (1.7-mL, Ambion).
3. Aerosol-resistant micropipette tips, RNase-free, non-stick (Ambion).
4. Bovine serum albumin (BSA) solution, 50 mg/mL (Invitrogen Life

Technologies).
5. Herring sperm DNA (Promega Corporation, Madison, WI).
6. Control Oligo B2, 3 nM, including 20× hybridization controls (Affymetrix).
7. NaCl, 5 M, Rnase/Dnase free (Ambion).
8. Tough-Spots label dots (Diversified Biotech, Boston, MA).
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9. Hybridization oven 640 (Affymetrix).
10. Surfact-Amps 20 (Tween-20), 10% (Pierce Chemical, Rockford, IL).
11. 12× 2-(N-morpholino) ethanesulfonic acid (MES) stock buffer (1.22 M MES,

0.89 M Na+): 64.61 g of MES hydrate, 193.3 g of MES sodium salt, and 800
mL of nuclease-free water. Adjust the pH to 6.5–7.0, mix and adjust volume
to 1000 mL. Filter-sterilize (0.2 μm) and store at 2–8 °C protected from light.
Discard if the solution turns yellow.

12. 2× hybridization buffer (50 mL): 8.3 mL of 12× MES stock buffer, 17.7 mL of
5 M NaCl, 4.0 mL of 0.5 M EDTA, 0.1 mL of 10%-Tween 20, and 19.9 mL
nuclease-free water. Store hybridization buffer at 2–8 °C protected from light.

2.11. Washing and Staining of S. aureus Affymetrix GeneChips

1. Nuclease-free water (Ambion).
2. BSA solution, 50 mg/mL (Invitrogen Life Technologies).
3. NaCl, 5 M, RNase/DNase free (Ambion).
4. R-Phycoerythrin Streptavidin (Molecular Probes/Invitrogen Life Technologies).
5. Fluidics Station 450 (Affymetrix).
6. 20× Saline-Sodium Phosphate EDTA buffer (SSPE) (BioWhittaker Molecular

Applications, Walkersville, MD/Cambrex): 3 M NaCl, 0.2 M NaH2PO4, 0.02 M
EDTA).

7. Goat IgG, Reagent Grade (Sigma-Aldrich, St. Louis, MO).
8. For 10 mg/mL stock reagent, resuspend 50 mg of goat IgG in 5 mL 150 mM

NaCl. Store at 4 °C.
9. Biotinylated anti-streptavidin goat antibody (Vector Laboratories, Burlingame,

CA).
10. Surfact-Amps 20 (Tween-20), 10% (Pierce Chemical, Rockford, IL).
11. Wash Buffer A, non-stringent wash buffer (6× SSPE, 0.01% Tween-20): 300

mL of 20× SSPE, 1.0 mL of 10% Tween-20, and 699 mL of water. Filter buffer
using a 0.2-μm filter and store at room temperature.

12. Wash Buffer B, stringent wash buffer (100 mM MES, 0.1 M Na+, 0.01% Tween-
20): 83.3 mL 12× MES stock buffer, 5.2 mL 5 M NaCl, 1.0 mL 10% Tween-20,
and 910.5 mL water. Filter buffer using a 0.2-μm filter and store at 2–8 °C
protected from light.

13. 2× Stain Buffer (100 mM MES, 1 M Na+, 0.05% Tween-20): 41.7 mL 12× MES
stock buffer, 92.5 mL 5 M NaCl, 2.5 mL 10% Tween-20, and 113.3 mL water.
Filter buffer using a 0.2-μm filter and store at 2–8 °C protected from light.

2.12. GeneChip Scanning and Conversion of Image Files

1. Affymetrix GeneChip Scanner 3000 7G Autoloader capable of high-resolution
scanning (Affymetrix).

2. Affymetrix GeneChip Operating Software (GCOS) and the GeneChip Scanner
3000 high-resolution scanning patch (Affymetrix).
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3. Methods
3.1. Isolation of Human Neutrophils and Serum

It is best to make certain all reagents are free of endotoxin contamination
before attempting to isolate neutrophils. This can be done using the Limulus
Amebocyte Lysate assay (as described by the manufacturer).

1. Add whole heparinized blood at a 1:1 ratio to a sterile solution of 3% dextran–
0.9% NaCl (use 50- or 250-mL tubes depending on the blood volume). Mix
gently and let stand at room temperature for 20–25 min.

2. During the dextran sedimentation, prepare the following in 50-mL conical tubes:
(1) 35 mL of 0.09% NaCl, (2) 20 mL of 1.7% NaCl, (3) 12 mL of Ficoll–
PaquePLUS , and (4) 20 mL of injection- or irrigation-grade water. These solutions
are normally stored at 4 °C, but to prevent priming and aggregation of PMNs, it
is optimal to warm the solutions to room temperature.

3. After the 20–25 min incubation, transfer the top layer from the dextran–blood
mixture to fresh tube(s) and centrifuge at 500–700 × g (with low or no break)
for 10 min at room temperature. Aspirate supernatant and discard.

4. Resuspend pellet in 10 mL of NaCl from the 35 mL prepared in step 2. Add
remaining NaCl to 35-mL total volume.

5. Underlay 10 mL of Ficoll–PaquePLUS beneath the NaCl cell suspension. Spin at
500–700 × g (with low or no break) for 25 min at room temperature.

6. Carefully aspirate the supernatant. Using a sterile swab, wipe the inside of
the tube to remove any residual peripheral blood mononuclear cells. This step
greatly increases the purity of the PMN prep.

7. Lyse the red blood cells by resuspending the pellet in 20 mL of water. Mix
gently by pipetting for 20–30 s.

8. Immediately add 20 mL of 1.7% NaCl to prevent lysis of the PMNs and
centrifuge sample at 380 × g for 10 min at room temperature.

9. Aspirate supernatant and reususpend pellet in RPMI/H.
10. Count cells using a hemacytometer.
11. To isolate human serum, collect blood without coagulant and incubate at 37 °C

in a glass tube for 30 min. This incubation causes the whole blood to clot. After
incubation, centrifuge sample at 2000–3000 × g for 10 min. Serum can be used
immediately or stored at –20 °C for later use.

3.2. Phagocytosis of S. aureus by Human PMNs

1. Inoculate flasks of fresh tryptic soy broth (TSB) containing 5% glucose with a
1:200 dilution of an overnight culture of S. aureus. Incubate cultures at 37 °C
with shaking (250 rpm) until the optical density at 600 nm (OD600) reaches 0.75.
Typically, this is mid-exponential growth phase for S. aureus. For example, an
OD600 of 0.75 corresponds to 2.5 × 108 colony-forming units (CFUs)/mL for S.
aureus strain MW2 (USA400) (6). However, the growth kinetics of S. aureus
varies between strains and depends on the growth medium used. Therefore, it
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is necessary to perform traditional growth curves with the particular strain of S.
aureus of interest to your laboratory to calculate number of CFUs/mL.

2. Opsonize S. aureus in 50% normal human serum for 30 min at 37 °C. Following
opsonization, centrifuge bacteria at ∼ 5000 × g for 5 min and resuspend at 109/mL
in RPMI/H.

3. Coat the bottom of 12-well cell culture plates with 20% normal human serum.
Incubate at 37 °C for at least 30 min. Wash plates (three times) with sterile DPBS.
Keep plates on ice or at 4 °C until use. Coat enough wells for all samples during
all time points. This includes samples of PMNs only, PMNs + S. aureus, and
S. aureus only.

4. Place the serum-coated 12-well culture plates on ice. To one plate, add 1 mL
of RPMI/H containing 107 purified PMNs to each well. To another plate, add
900 μL of RPMI/H.

5. Add 100 μL of 109/mL opsonized S. aureus to all wells except for PMN only
control wells.

6. Centrifuge plates at 4 °C at 500 × g for 8 min to synchronize phagocytosis. Spin
all plates even if wells contain only S. aureus or only PMNs.

7. After centrifugation, incubate plates at 37 °C for desired amounts of time. For
example, a time course may consist of 30, 60, and 180 min.

3.3. Purification of RNA from S. aureus During/After Phagocytosis
by Human PMNs

1. At desired time points, harvest samples by removing all liquid from the wells
(∼1.1 mL) and centrifuging at 5000 × g for 5 min (at room temperature).
Immediately after removing all supernatant, add 700 μL of RLT lysis buffer
(containing 143 mM �-ME) to the wells (see Note 1). Swirl lysis buffer to
completely coat the bottom of the wells. Pipet lysate to ensure complete lysis
of the adherent portion of the sample. When centrifugation is finished, decant
supernatant and lyse pellet with the lysis buffer used to lyse the adherent cells
in the corresponding well. Vigorously pipet and vortex the sample.

2. Add each sample to a 2-mL tube of Lysing Matrix B. Physically disrupt sample
using a FastPrep instrument at 6 m/s for 20 s.

3. Centrifuge sample (in the Lysing Matrix B tube) at 600 × g for 4 min (this
centrifugation is simply to “settle” the silica spheres).

4. Pipet sample into new 1.7-mL microcentrifuge tubes. Approximately 500 μL of
lysate will be recovered.

5. Add 350 μL of ethanol to the sample. Mix sample by pipetting.
6. Apply 700 μL of the sample (including any precipitate) to an RNeasy mini

column placed in a 2-mL collection tube. Centrifuge sample for 60 s at ≥8000
× g and discard the flow-through. Run any excess sample through the same
column as described.

7. Wash the column with 700 μL of buffer RW1 (from RNeasy kit) and centrifuge
sample for 60 s at ≥8000 × g. Discard the flow-through.
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8. Transfer RNeasy column into a new 2-mL collection tube. Apply 500 μL of
RPE buffer (from RNeasy kit). Wash the column by centrifugation at ≥8000 × g
for 60 s. Discard flow-through.

9. To remove residual ethanol, place the RNeasy column in a new 2-mL collection
tube and centrifuge at maximum speed for 2 min.

10. To elute purified RNA, transfer the RNeasy column to a new 2-mL collection
tube, pipet 40 μL of RNase-free water directly onto the silica-gel membrane,
and centrifuge at ≥8000 × g for 1 min. Run eluted RNA over the same column
again to increase RNA yield.

3.4. DNase Digestion and Clean-Up of S. aureus RNA

DNA contamination is difficult to remove from S. aureus RNA preparations.
The protocol below uses a single on column DNase digestion followed by
two consecutive RNA clean-up assays. The RNeasy silica-membrane removes
DNA; therefore, additional clean-up steps are used to aid in removal of contam-
inating S. aureus DNA.

1. To purified S. aureus RNA, add 60 μL of RNase-free water (total sample volume
should be 100 μL), add 350 μL RLT to the sample, and mix thoroughly by
pipetting.

2. Add 250 μL of ethanol and mix thoroughly by pipetting.
3. Apply the sample to an RNeasy mini column placed in a collection tube (2-mL)

and centrifuge for 60 s at ≥8000 × g. Discard flow-through.
4. Wash the column by adding 350 μL Buffer RW1 and centrifuging for 60 s at

≥8000 × g.
5. Add 80 μL of DNase solution. DNase solution contains ˜27 Kunitz U resuspended

in RDD buffer. It is made by adding 10 μL of DNase stock solution (750 Kunitz
U/mL ) to 70 μL RDD buffer.

6. Incubate sample with DNase for 15 min at room temperature.
7. Wash column with 350 μL Buffer RW1 and centrifuge for 60 s at ≥8000 × g

and discard flow-through.
8. Transfer the RNeasy column into a new collection tube (2-mL). Wash column

with 500 μL Buffer RPE by centrifugation for 60 s at ≥8000 × g, discard
flow-through, and repeat RPE wash.

9. Place the RNeasy column into a new collection tube (2-mL) and centrifuge for
2 min at maximum speed to remove residual ethanol.

10. Elute purified RNA by transferring the RNeasy column to a new 2-mL collection
tube, pipet 40 μL of RNase-free water directly onto the silica-gel membrane,
and centrifuge at ≥8000 × g for 1 min. Run eluted RNA over the same column
again to increase RNA yield.

11. Repeat RNA clean-up procedure. Follow steps 1–3 and 8–10 (skip DNase steps
4–7). To ensure removal of DNA contamination, perform one additional clean-up
step. Although this procedure is time consuming, it results in very high quality
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RNA. Purity of RNA sample is vital for microarray analysis when working with
heterogeneous samples (see Note 2 for RNA quantification).

3.5. cDNA Synthesis from S. aureus–PMN RNA

1. Add 10 μg of purified S. aureus–PMN RNA (can use up to 20 μL, final concen-
tration will be ˜0.33 μg/μL) to a 0.2-mL thin-walled PCR tube.

2. To the sample, add 10 μL of 75 ng/μL random primers (final concentration 25
ng/μL).

3. Add enough nuclease-free water to make the final volume of the sample 30 μL.
4. Incubate the RNA–primer mix at 70 °C for 10 min and 25 °C for 10 min, and

chill to 4 °C. Use a thermocycler for all cDNA and target labeling reactions.
5. Make a master mix of cDNA synthesis components as follows (final concentra-

tions are listed in parenthesis): 12 μL of 5× 1st Strand Buffer (1×), 6 μL of 100
mM DTT (10 mM), 3 μL of 10 mM dNTPs (0.5 mM), 1.5 μL SUPERase·In at 20
U/μL (0.5 U/μL), and 7.5 μL of SuperScript II (or III) at 200 U/μL (25 U/μL).

6. To the RNA–primer mix (30 μL), add 30 μL of master mix from step 5.
7. Synthesize cDNA by PCR as follows: 25 °C for 10 min, 37 °C for 60 min, 42 °C

for 60 min. Stop reaction by inactivating SuperScript II (or III) at 70 °C for 10
min. Cool sample to 4 °C.

8. Remove RNA by adding 20 μL of 1N NaOH to the newly synthesized cDNA
sample. Incubate at 65 °C for 30 min.

9. Neutralize the reaction by adding 20 μL of 1N HCl.
10. Clean-up the synthesis product using a QIAquick Column (as described by the

manufacturer). Elute cDNA with 40 μL of elution buffer (Buffer EB included
in the kit) (see Note 2 about cDNA quantification).

11. Store purified cDNA at –20 °C.

3.6. cDNA Fragmentation

1. To the 40 μL of purified cDNA (from the previous step) containing 2–10 μg, add
5 μL of 10× One-Phor-All Buffer (1× final concentration).

2. Add 0.6 U of DNase I for each μg of cDNA. Dilute DNase in 1× One-Phor-All
Buffer (see Note 3 for information about checking the activity of the DNase I
enzyme).

3. Add nuclease-free water until the final volume reaches 50 μL.
4. To fragment the cDNA, incubate the reaction mixture at 37 °C for 10 min.
5. Stop the reaction by inactivating the DNase at 98 °C for 10 min.
6. Store the fragmented cDNA at –20 °C until use (see Note 3 about checking

fragmented cDNA).

3.7. Labeling Fragmented cDNA with Biotin–ddUTP

1. To label fragmented cDNA, add 20 μL 5× reaction buffer, 10 μL 10× CoCl2,
and 1 μL biotin–ddUTP, and 2 μL terminal deoxynucleotide transferase to 39 μL
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fragmented cDNA. Bring sample up to 100 μL with nuclease-free water (see
Note 4).

2. Incubate the terminal labeling reaction at 37 °C for 60 min.
3. Stop the reaction by storing the sample at –80 °C until hybridization. The labeling

efficiency can be checked by performing a gel-shift assay. As a general rule, over
90% of the fragments should be labeled and thus shifted.

3.8. Hybridization of cDNA to Affymetrix GeneChips

The following protocol is designed for analysis of S. aureus transcripts on
Affymetrix 49 (standard) arrays.

1. Remove GeneChips from 4 °C storage. Allow chips to warm to room temper-
ature prior to hybridization (allow at least 60 min for GeneChips to equilibrate).
Likewise, thaw reagents from cold storage at room temperature. Set heat block
at 65 °C and set the hybridization oven to 45 °C.

2. Place the 20× hybridization controls tube into the 65 °C heat block and incubate
5 min.

3. Mix the hybridization cocktail for each GeneChip. Use the following reaction
mix: 3–7 μg (˜50 μL) of cDNA, 3.3 μL of control oligonucleotide B2 (3 nM),
10 μL of 20× hybridization controls, 2 μL of herring sperm (10 mg/mL), 2 μL of
BSA (50 mg/mL), 100 μL of 2× hybridization buffer, and 32.7 μL of H2O for a
final volume of 200 μL.

4. Place the GeneChips face down on the bench. Place a 200-μL pipette tip in one
of the septa. Using the other septum, add 200 μL of the appropriate hybridization
cocktail.

5. Place the GeneChips into the hybridization oven (45 °C) for 16 h at 60 rpm.

3.9. Processing Affymetrix GeneChips

Begin processing the Affymetrix GeneChips immediately following
hybridization.

1. Turn on the fluidics station, while also assuring the tubing is placed into wash
bottles A and B, water, and waste.

2. Turn on the workstation and open GCOS.
3. Click on the “fluidics” icon and prime the workstation(s) intended for use.
4. For each chip, using an amber tube, mix 600 μL of 2× stain buffer, 48 μL of

BSA (50 mg/mL), 12 μL of streptavidin phycoerythrin (SAPE 1 mg/mL), and
540 μL of distilled H2O. This is the SAPE solution mix.

5. Remove 600 μL of the SAPE solution and place into another amber tube.
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6. For each GeneChip, using a clear tube, mix 300 μL of 2× stain buffer, 24 μL
of BSA (50 mg/mL), 6 μL Goat IgG stock (10 mg/mL), 6 μL of biotiny-
lated antibody (0.5 mg/mL), and 264 μL of distilled H2O. This is the antibody
solution mix.

7. Remove the GeneChips from the hybridization oven and place a 200-μL pipette
tip into one of the septa. Remove the hybridization cocktail and place into the
appropriate sample tube. These samples can be run on other chips at a later date.
Store unused samples at –80 °C.

8. Fill the GeneChip with ∼250 μL of wash buffer A without air bubbles (see
Note 5). If processing more GeneChips than allowed in the fluidics station, the
remaining filled chips can be stored up to 4 h at 4 °C.

9. In GCOS, click on the “expts” icon and create an experiment (*.EXP) for each
chip.

10. In GCOS, click on “tools,” and then “filters.” Set the filters so your experiments
can be viewed.

11. In GCOS fluidics window, select the appropriate protocol for each module and
run.

12. Place the appropriate GeneChip into the fluidics modules and place the SAPE
solution mix tubes into sample holder positions 1 and 3 for each module.

13. Place the antibody solution mix tube into sample holder position 2 for each
module.

14. After about 90 min, the protocol should be finished. Once the fluidics station
displays “remove cartridge,” take the chip out and inspect it for air bubbles. If
any are present, place back into fluidics module and let it refill. If there are still
bubbles, then the chip must be filled manually with wash buffer A (see Note 5).

15. Place a tough spot over each septum for each GeneChip to be scanned.
16. Gently wipe the glass of the GeneChip with a tissue in one direction. Do not

change direction, as the paraffin at the edges may coat the glass, making scanning
difficult.

3.10. Scanning

The scanning protocol is written using the 3000 7G (plus) with autoloader.
If an autoloader is not present, the protocol must be altered to accommodate
single-chip scanning. Instruments with serial number starting with 501 or earlier
will require the high-resolution scanning update.

1. Press the start button on the scanner.
2. Open GCOS and assure the connection between the scanner and workstation has

been made.
3. Allow scanner to warm up for 10 min.
4. Place chips into the autoloader starting with position one.
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5. In GCOS, press the “start” icon, and while the scanner is performing its automated
tasks, click on “view” and “scan in progress” to visualize the results once scanning
begins.

6. A successful scan will create the *.DAT and *.CEL files. The *.CEL files are
now ready for analysis to create the *.CHP file for subsequent data analysis.

4. Notes
1. Because microarray analysis requires the use of fluorescence, the lysis buffer

must be chosen carefully. For instance, many lysis reagents contain phenol and
chloroform. Residual phenol and or chloroform can interfere with fluorescent
labeling. This usually equates to less signal and more background and hence
difficulty in interpreting microarray results. The lysis buffer RLT (provided with
the RNeasy Mini Kit) does not interfere with subsequent labeling of the samples.

2. It is difficult to determine RNA quantity from S. aureus during S. aureus–PMN
interactions because the S. aureus RNA isolation procedure will also isolate PMN
RNA. Because of the development of very specific oligonucleotide-based bacterial
gene chips, it is no longer necessary to remove host RNA (3). RNA isolated as
described above typically yields 100–200 μg/mL of total RNA (RNA from S.
aureus and human PMNs). RNA can be measured by absorbance at 260 nm on
a spectrophotometer (1 absorbance U = 40 μg/mL RNA). The ratio of 260/280
should be approximately 2.0. Alternatively, a fluorescence-based assay such as
Quant-iT RiboGreen RNA assay (Invitrogen Life Technologies) can be used. This
assay requires the use of a microplate spectrofluorometer (e.g., Molecular Devices
Gemini XPS, Sunnyvale, CA). Quantifying cDNA only provides an estimate of
how much of the sample is S. aureus cDNA. Like RNA, cDNA can be measured
by absorbance at 260 nm (1 absorbance U = 33 μg/mL of single-stranded DNA).
Alternatively, cDNA can be quantitated using a fluorescence-based assay such as
Quant-iT OliGreen ssDNA assay (Invitrogen Life Technologies).

3. Lot-to-lot variation of DNase I enzyme activity is possible. A simple titration
assay can be performed to independently determine DNase I activity. Fragmented
samples (200 ng) can be loaded onto a 4–20% acrylamide gel and stained with
SYBR Gold. Size of fragmented cDNA will be ∼50–200 base pairs.

4. Conditions for the terminal labeling reaction are determined by the format of
the specific Affymetrix GeneChip being used. The reaction described above is
optimized for the Standard (49) Format.

5. In order to fill the 49 format GeneChip without air bubbles, approximately 300 μL
of wash A is required. Place the chip flat on the bench with the septa facing up.
Place a 200 μL pipette tip in a septum and fill a 200 μL pipette with wash A. Hold
the GeneChip parallel to the floor and insert the full pipette into the open septum.
Dispense only about 180 μL of the 200 μL and remove the pipette assuring no
air bubble will be in the septa region. Switch to a new tip, then load another 200
μL of wash A. Making sure no air bubbles are at the tip of the pipette, insert it
once again into the open septum and hold the chip perpendicular to the floor with
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the existing air bubble at the top and center of the viewing glass (level). Begin
dispensing the remaining wash A into the chip while holding the bubble steady
at the top center. Dispense until a small amount of wash A is visible in the empty
tip (opposite septum), and remove the pipette. A clear glass without air should
remain.
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Examining the Vector–Host–Pathogen Interface
With Quantitative Molecular Tools

Jason E. Comer, Ellen A. Lorange, and B. Joseph Hinnebusch

Summary

We developed PCR assays to detect and quantitate Yersinia pestis, the bacterial agent
of plague, in flea vector and mammalian host tissues. Bacterial numbers in fleas, fleabite
sites, and infected lymph nodes were determined using real-time PCR with primers and
probes for a gene target on a multi-copy plasmid specific to Y. pestis. Tissue-matched
standard curves used to determine absolute bacterial numbers in unknown samples were
linear over at least five orders of magnitude. The methods were applied to studies of
transmission of Y. pestis by the rat flea Xenopsylla cheopis, but should be generally useful
to investigate the transmission dynamics of any arthropod-borne disease.

Key Words: Arthropod-borne disease; quantitative real-time polymerase chain
reaction; vector-borne transmission; vector competence.

1. Introduction
Pathogens transmitted by blood-feeding arthropods cause serious public health

problems worldwide. Despite their importance, many basic epidemiological
parameters of arthropod-borne diseases remain poorly defined because trans-
mission cycle dynamics have been difficult to study. For example, quantitative
estimates of vector competence, such as susceptibility to infection, permissiveness
of pathogen reproduction, extent of dissemination in the arthropod, and compar-
ative transmission efficiencies of different vector species of a particular pathogen
are lacking for many arthropod-borne diseases. Epidemiological modeling of
vector-borne diseases therefore often relies on indirect estimates of these param-
eters (1). Much also remains to be learned about how specific microbial factors
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influence the ability to produce a transmissible infection in the vector and to
disseminate from a bite site after transmission.

Many arthropod-borne viruses, bacteria, and parasites are difficult to culture
in the laboratory, and microscopic direct counts of microbes in infected
tissues are labor-intensive and relatively insensitive. The advent of quantitative
molecular tools has provided rapid and sensitive alternative means to determine
microbial numbers at different stages of infection in arthropod and mammalian
hosts. Prominent among these new tools is real-time quantitative PCR (qPCR).
Several instrumentation and detection systems devoted to real-time PCR are
commercially available and have been used widely to quantitate gene and
transcript copy numbers (reviewed in refs. 2–5). Although these systems differ
in their details, they share the same basic principles: The accumulation of a
target sequence is measured in real time during the exponential phase of PCR
via a fluorescent label. The number of PCR cycles needed for amplification-
associated fluorescence to reach a specific threshold level of detection (the Ct

value) is inversely proportional to the amount of target sequence in the sample.
Therefore, the copy number of the target in an unknown sample can be deter-
mined by interpolation of its Ct value versus a standard curve of Ct values
obtained from a serially diluted solution containing known amounts of target.

A variety of real-time qPCR strategies have been successfully applied
to detect and quantify arthropod-borne pathogens in their vectors and
hosts. From these studies has come important new information on the
kinetics and progression of infection in both the arthropod and the mammal
(6,7,8,9,10,11,12), the number of microbes transmitted by an infected vector
during a blood meal (13,14,15), the number of microbes taken up by an
uninfected vector in an infected blood meal (13,16), and the comparative
competence and transmission efficiency of different arthropod vectors for an
agent (17,18). In this chapter, we detail real-time qPCR protocols used to inves-
tigate flea-borne transmission dynamics and pathogenicity of Yersinia pestis
(13,16). A key feature is the use of tissue-matched standards containing known
numbers of Y. pestis, minimizing the effect of PCR inhibitors in different sample
tissues and allowing absolute quantification of bacterial cells. We have found
that estimation of Y. pestis in flea, skin, and lymph node samples by qPCR
compared favorably with the “gold standard” colony-forming unit quantitation
method (see Fig. 1).

2. Materials
1. ABI Prism 7700 or 7900HT Sequence Detection System (Applied Biosystems,

Foster City, CA) and associated data analysis software.
2. Primer Express software v2.0 (Applied Biosystems).
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Fig. 1. Evaluation of quantitative PCR (qPCR) methods to quantify Yersinia pestis
in host and vector tissues. (A) Comparison of qPCR and colony-forming unit (CFU)
methods to track the decline in numbers of an attenuated Y. pestis strain after intra-
dermal (ID) injection. Skin biopsies from individual mice were taken 0–7 days after
injection with 105 Y. pestis KIM6+. Biopsies were triturated with a tissue homoge-
nizer and divided equally for qPCR and plate count assays. (B) Comparison of qPCR
and CFU methods to quantitate Y. pestis in infected fleas. Flea triturates (see step 4,
Subheading 3.1.2.) were divided equally for qPCR and plate count assays. (C)
Standard curve prepared for qPCR of Y. pestis in rat lymph nodes as described in
Subheading 3.1.4.

3. TaqMan® primers and probe specific for the plasmid-borne plasminogen
activator (pla) gene of Y. pestis:

Pla Forward Primer: 5´-CAAATATATCCCCTGACAGCTTTACA-3´
Pla Reverse Primer: 5´-AAGCATTTCATGAGACTTTCCACTC-3´
Pla Probe: 5´-6FAM-TGCAGCCCTCCACCGGGATGC-TAMRA-3´

4. TaqMan® Universal PCR Master Mix (Part No. 4304437, Applied Biosystems).
5. MicroAmp® Optical 96-well reaction plates and optical adhesive covers (Part

No. N801-0560 and 4311971, Applied Biosystems).
6. RNA protect (Qiagen, Valencia, CA).
7. DNA purification kit [we used the Puregene Kit D-50KA (Gentra, Minneapolis,

MN) for flea and skin biopsy samples and the Qiaprep Spin Miniprep Kit
(Qiagen) for the lymph node samples].

8. Qiashredder spin-column homogenizers (Qiagen, used for skin samples); a slurry
of 0.1-mm glass beads (BioSpec Products, Bartlesville, OK) in sterile H2O (used
for flea samples); cell strainer, 70-μm nylon mesh (BD Falcon, Bedford, MA;
used for lymph node samples).

9. Plastic pestles that conform to the interior of a 1.5-mL microfuge tube.
10. Brain–heart infusion (BHI) broth (Difco, Sparks, MD) and sterile PBS.
11. 3% H2O2 and 70% ethanol.
12. Petroff-Hausser bacterial counting chamber.
13. Spectrophotometer.
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3. Methods
3.1. Preparation of Standard Curve

The standard curve is determined from a set of samples containing known
numbers of Y. pestis in uninfected tissue of the same type and amount as the
infected (unknown) samples. Both standard and unknown samples are then
processed identically for qPCR. Careful matching of the tissue background
of both standard and unknown samples cancels out the effects of any PCR
inhibitors inherent in a particular tissue type. Because the pla gene target
occurs on a plasmid of unknown but reportedly high copy number per cell,
the standards are based on numbers of bacteria rather than numbers of gene
target copies. This maintains the increased sensitivity provided by a multi-copy
target while permitting estimation of the absolute number of bacterial cells per
unknown sample.

3.1.1. Preparation of Stock Bacterial Standards

1. Grow Y. pestis KIM6+ (or other attenuated, pla+ strain) in liquid BHI medium at
28 °C to stationary phase (overnight).

2. Determine the number of Y. pestis per mL by direct count, using a Petroff-Hausser
bacterial counting chamber and a phase-contrast microscope (400× magnification).

3. Centrifuge a known volume of culture to pellet the bacterial cells, remove the
culture supernatant, and resuspend the bacteria in sterile PBS to a concentration
of 1.0 × 109 per mL.

4. Aliquot this stock suspension and store the aliquots in a –80 °C freezer.

3.1.2. Preparation of Standard Curve Samples to Quantitate Y. pestis
in Fleas

1. Surface-sterilize uninfected fleas (one for each standard and one for the negative
control) by sequentially washing them for 1 min in 3% H2O2 and 70% ethanol.
After the ethanol wash, allow the fleas to air-dry and rinse them in sterile distilled
H2O.

2. Thaw a stock bacterial standard aliquot, vortex, and make 1:10 serial dilutions in
sterile BHI broth. Six standards containing 1 × 102 to 1 × 107 bacteria in 100 μL
BHI in a sterile 1.5-mL microfuge tube are needed, plus a negative control tube
containing 100 μL sterile BHI.

3. Add 20 μL of sterile glass bead slurry and an uninfected, surface-sterilized flea
to each of the six standards and the negative control.

4. Triturate each flea thoroughly by grinding it with a pestle into the glass beads
against the bottom of the microfuge tube. Vortex well, then allow glass beads and
flea debris to settle out before transferring the supernatant to a clean microfuge
tube. Proceed to DNA extraction (see Subheading 3.3.).
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3.1.3. Preparation of Standard Curve Samples to Quantitate Y. pestis
in Fleabite-Site Skin Biopsies

1. Collect skin biopsies from a euthanized, uninfected mouse of the same size as
the skin biopsies to be collected from flea-bitten mice. Several skin biopsies
can be collected from a single animal. Freeze individual skin biopsies in sterile
microfuge tubes for future use.

2. Thaw a stock bacterial standard aliquot, vortex, and make 1:10 serial dilutions in
sterile PBS. Six standards containing 1 × 102 to 1 × 107 bacteria in 100 μL PBS
in a sterile 1.5-mL microfuge tube are needed.

3. Add a thawed, uninfected skin biopsy to each of the six standard sample tubes
and to a tube containing 100 μL sterile PBS for use as a negative control. Proceed
to DNA extraction.

3.1.4. Preparation of Standard Curve Samples to Quantitate Y. pestis in
Rat Lymph Nodes

1. Aseptically dissect lymph nodes from euthanized, uninfected rats. Several lymph
nodes can be collected from an individual animal. For example, bilateral inguinal,
axillary, and maxillary lymph nodes are easy to locate and can be dissected
rapidly.

2. Immediately after dissection, disrupt each lymph node by pressing it through a
70-μm cell strainer into 10 mL of RNA protect. Transfer the suspension to a
15-mL conical tube, mix, and dispense 1-mL aliquots to 1.5-mL microfuge tubes.

3. Centrifuge tubes at 13.5 × g for 5 min. Remove the RNA protect supernatant and
store the pellets at –80 °C.

4. Thaw a stock bacterial standard aliquot (see Subheading 3.1.1.), vortex, and
make 1:10 serial dilutions in sterile PBS. Seven standards containing 1 × 103 to
1 × 109 bacteria in 500 μL PBS are needed.

5. Thaw seven uninfected lymph node pellets from step 3. Add one of the 500
μL PBS bacterial suspensions from step 5 to the seven lymph node pellets and
resuspend. Proceed to DNA extraction.

3.2. Preparation of Unknown Samples

After they are prepared, samples can be stored at –80 °C prior to DNA
extraction.

3.2.1. Fleas

1. Surface-sterilize fleas as described in step 1, Subheading 3.1.2.
2. Add individual fleas to 1.5-mL microfuge tubes containing 100 μL BHI and 20 μL

glass bead slurry. Triturate fleas and collect supernatant as described in step 4,
Subheading 3.1.2.
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3.2.2. Skin Biopsies of Fleabite Site

1. After a flea has attempted to feed on a mouse, euthanize the animal, wipe the
area with an alcohol pad, and aseptically collect a skin biopsy of the bite site.

2. Place the biopsy in a 1.5-mL microfuge tube.

3.2.3. Lymph Nodes from Infected Rats

1. Aseptically dissect lymph nodes from euthanized, infected rats.
2. Immediately after dissection, disrupt each lymph node by pressing it through a

70-μm cell strainer into 10 mL of RNA protect.
3. Transfer one-tenth (1 mL) of the lymph node suspension to a 1.5-mL microfuge

tube and centrifuge at 13.5 × g for 5 min. Remove and discard the RNA protect
supernatant.

3.3. DNA Extraction

1. A number of commercially available DNA extraction kits are suitable to prepare
purified total DNA from tissue samples. The method chosen can be based on
individual preference, sample characteristics (e.g., ratio of microbial to host cells),
qPCR target, and specific experimental needs (see Notes).

2. Assess purity and quantity of purified DNA by A260/A280 spectrophotometry.

3.4. Real-time qPCR

1. Prepare a sufficient volume of 1× TaqMan master mix containing 500 nM of
forward and reverse primers and 200 nM of probe to perform qPCR on each
control, standard, and unknown sample in triplicate. The total volume of individual
TaqMan reactions is 25 μL for the ABI Prism 7700 and 20 μL for 7900HT.

2. Pipet master mix for individual reactions to wells of the 96-well reaction plate.
3. Add 1–5 μL of template DNA prepared from negative control, standard, and

unknown samples. Do not add any template to three “no-template” control wells.
4. For the Y. pestis pla gene primer and probe set and the ABI 7700 instrument, the

reaction program consists of 95 °C for 10 min followed by 45 cycles of 94 °C for 20
s, 60 °C for 20 s, and 72 °C for 30 s. For the 7900HT instrument, the program is 50 °C
for 2 min, 95 °C for 10 min, and then 40 cycles of 95 °C for 15 s and 60 °C for 1 min.

3.5. Data Analysis

1. Using the software package supplied with the TaqMan instrument, generate a
standard curve by plotting the Ct values of the standards on the y-axis and the
log10 number of Y. pestis cells they contained on the x-axis.

2. Determine the number of Y. pestis present in the unknown samples by using their
Ct value in the linear equation of the standard curve to solve for x, the log number
of Y. pestis.
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4. Notes
1. Primer Express software v2.0 was used to select TaqMan primer and probe

sequences for the Y. pestis pla gene.
2. The PCR reaction can be optimized by empirically predetermining the annealing

temperature and MgCl2 concentration that results in the minimum Ct values.
3. Skin biopsy samples can be minced or homogenized with a tissue grinder before

DNA extraction.
4. Sensitivity of qPCR may also be improved by diluting the DNA template purified

from skin samples, which may contain PCR inhibitors (19). Prior to use as qPCR
template, we routinely diluted DNA extracts from skin samples 1:10, 1:50, or
1:100 in DNA resuspension buffer, depending on the weight (<5, 5–7, or 7–10
mg, respectively) of the original skin biopsy.

5. Mechanical disruption of fleas using a bead mill is an alternative to manual
titration using a pestle (20).

6. The limit of detection from skin biopsy samples was 103 Y. pestis. The use of
reverse transcriptase qPCR of a highly expressed gene may result in greater
sensitivity (21).

7. The limit of detection from lymph node samples was also 103 Y. pestis. However,
only one-tenth of the sample was used for qPCR; the majority of the sample was
used for other experimental purposes. Extracting DNA from the entire sample
would increase the sensitivity.

8. We used the Puregene cell, tissue, body fluid, and Gram-negative bacteria DNA
purification kit from Gentra for mouse skin and flea samples. The manufacturer’s
protocol was used with the following modification for use with skin samples:
following proteinase K and RNase treatment, the samples were passed through
a Qiashredder column to fragment the DNA and to remove mouse hair.

9. We used the Qiaprep spin miniprep kit from Qiagen for lymph node samples.
This extraction method enriches for bacterial plasmid DNA, which may be an
advantage because the pla gene target is on a Y. pestis-specific plasmid.

10. Sample collection and treatment can be tailored to fit additional experimental
requirements. For example, we collected lymph node contents in RNA protect
reagent, because part of the sample was used for gene expression analysis and
part for qPCR.
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Intracellular Localization of Brucella abortus and
Francisella tularensis in Primary Murine Macrophages

Jean Celli

Summary

Intracellular bacterial pathogens have evolved sophisticated strategies to survive and
proliferate within cells of their hosts. Studying their intracellular life cycle is key to
understanding virulence and requires methodologies that can identify the compartments
in which they localize and characterize the replicative niche they generate. Here, we
describe immunofluorescence-based microscopy techniques applied to the intracellular
pathogens Brucella abortus and Francisella tularensis during their respective intracellular
cycles inside murine bone marrow-derived macrophages. Standard immunofluorescence
techniques are used to define the intracellular localization of the pathogens based on their
co-localization with specifically labeled macrophage organelles. In addition, we describe
an assay to assess the integrity of Francisella-containing phagosomes and bacterial release
into the macrophage cytoplasm, which is a hallmark of Francisella intracellular patho-
genesis.

Key Words: Brucella; Francisella; macrophages; intracellular cycle; endosomes,
endoplasmic reticulum; confocal immunofluorescence microscopy; digitonin.

1. Introduction
Survival and proliferation within mammalian cells are key virulence features

of bacterial pathogens with an intracellular life cycle (1). Such bacteria have
evolved sophisticated mechanisms to avoid intracellular bactericidal functions
of host cells, many of which aim to modulate host functions to control their
intracellular trafficking and reach or generate a niche permissive for repli-
cation. An essential step in our understanding of the intracellular pathogenesis

From: Methods in Molecular Biology, vol. 431: Bacterial Pathogenesis
Edited by: F. DeLeo and M. Otto © Humana Press, Totowa, NJ

133



134 Celli

of these bacteria is to define their intracellular trafficking, which is key to
comprehending their mechanisms of survival. Brucella abortus and Francisella
tularensis are the causative agents of brucellosis and tularemia, respectively.
Upon infection of their host, both bacteria encounter phagocytic cells, of
which macrophages constitute a major target for survival and replication (2,3).
B. abortus ensures its intracellular survival by inhibiting the fusion of its
vacuole, the Brucella-containing vacuole (BCV), with degradative lysosomes
(4,5). In addition to this early survival mechanism, Brucella uses a type IV
secretion system (VirB) (6) to control interactions and fusion of its vacuole
with the macrophage endoplasmic reticulum (ER) and generates an ER-derived
organelle that segregates Brucella from the degradative endocytic pathway
and allows unrestricted multiplication (4,7,8). A different survival strategy
is used by F. tularensis, which is capable of rapid physical escape from its
initial phagosome following phagocytic uptake (9,10). Once in the macrophage
cytoplasm, intracellular Francisella undergoes replication. As exemplified by
Brucella and Francisella , such pathogens traffic through, and interact with,
various intracellular compartments to complete their cycle. The ability to
localize these bacteria within the host cell at various stages of the infection
cycle is a major asset toward understanding pathogenesis. Here, we detail
fluorescence microscopy-based methods to localize B. abortus or F. tularensis
in various compartments of primary macrophages.

2. Materials
2.1. Bacterial Cultures

1. Tryptic soy broth (TSB) or agar (TSA) (Sigma, St Louis, MO).
2. Cystine heart agar blood (CHAB) made of cystine heart agar (CHA; Difco,

Beckton Dickinson, Sparks, MD, USA) supplemented with 9% sheep blood. The
sheep blood is chocolatized by adding it to autoclaved CHA before it cools
below 75 °C.

3. Kanamycin solution, 50 μg/mL (K0254; Sigma).

2.2. Culture and Infection of Primary Macrophages

1. C57BL/6J (or BALB/c) 6- to 10-week-old female mice for bone marrow
harvesting.

2. For bone marrow harvesting, sterile dissection tweezers, scissors, scalpels, and
1-mL syringe fitted with a 25G5/8-gauge needle.

3. Dulbecco’s modified Eagle’s medium (DMEM) containing 1 g/L d-glucose
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS;
Invitrogen) and 2 mM l-glutamine (Invitrogen).

4. Gentamicin solution, 10 μg/mL (G1272; Sigma).
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5. Dulbecco’s phosphate-buffered saline (D-PBS) with or without MgCl2 and CaCl2

(Invitrogen).
6. D-PBS saline without MgCl2 and CaCl2, supplemented with 1g/L d-glucose:

dissolve 2.5 g of d-glucose in 10 mL of D-PBS and add it to 500 mL of D-PBS
by filtering it through a 0.2-μm filter in a tissue culture cabinet.

7. L-929 mouse fibroblasts (ATCC No CCL-1) grown in DMEM supplemented
with 10% FBS and 2 mM l-glutamine.

2.3. Immunofluorescence Microscopy

1. 12-mm round 0.1-mm thick glass coverslips: degrease coverslips in 100%
acetone for 5 min, rinse them five times in 70% ethanol, dry them on Whatman
paper, and sterilize them by autoclaving between Whatman paper discs in a
glass Petri dish.

2. High-Precision DUMONT tweezers #5 and #7 (Ted Pella Inc., Redding, CA).
3. PBS: Prepare 10× stock with 1.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4,

and 18 mM KH2PO4 (adjust to pH 7.4 with HCl if necessary). Autoclave before
storage at room temperature. Prepare working solution by diluting one part 10×
stock with nine parts of water (see Note 1).

4. Paraformaldehyde (PFA; Sigma, P6148): Prepare a 25% stock by dissolving
10 g of PFA in 30 mL of water and heat at 70 °C on a stirring hot plate in a
fume hood. Add drops of 10N NaOH until PFA completely dissolves. Aliquot
in Eppendorf tubes and store at –20 °C. A 2.5% working solution is prepared
by thawing a 25% stock aliquot at 70 °C and diluting it in 9 mL of water. pH is
adjusted to 7.2–7.4 with 1N HCl (∼15 μL) using a pH strip.

5. Quenching buffer: 50 mM NH4Cl in PBS.
6. Permeabilization/blocking buffer: 10% horse serum (Sigma) and 0.1% (v/v)

saponin in PBS.
7. Antibody dilution buffer: 10% horse serum (Sigma) and 0.1% (v/v) saponin in

PBS.
8. Primary antibodies: mouse monoclonal anti-F. tularensis LPS (U.S. Biological,

Swampscott, MA), rat monoclonal anti-mouse LAMP1 (1D4B; developed by
J. T. August and obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and maintained by The University of
Iowa, Department of Biological Sciences, Iowa City, IA), rabbit polyclonal anti-
calnexin (SPA-860; Stressgen Bioreagents, Ann Arbor, MI), rabbit polyclonal
anti-calreticulin (PA3-900; Affinity BioReagents, Golden, CO), mouse anti-
PDI, (SPA-891; Stressgen Bioreagents), goat polyclonal anti-EEA1(N-19; Santa
Cruz Biotechnology, Santa Cruz, CA), rabbit anti-�-COP (PA1-061; Affinity
BioReagents), and mouse anti-GM130 (BD Transduction Laboratories, San Jose,
CA).

9. Secondary antibodies: Alexa Fluor™488-conjugated, Alexa Fluor™ 568-
conjugated (Molecular Probes, Carlsbad, CA), and cyanin-5-conjugated (Jackson
ImmunoResearch Laboratories, West Grove, PA) donkey anti-mouse, anti-rat,
anti-rabbit, and anti-goat antibodies.
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10. Mowiol mounting medium: add 2.4 g of Mowiol 4–88 (Calbiochem, San Diego,
CA) to 6 g of glycerol and stir to mix. Add 6 mL of water and leave stirring at
room temperature for several hours. Add 12 mL of 0.2 M Tris–HCl (pH 8.5) and
heat to approximately 50 °C until Mowiol dissolves. Clarify by centrifugation at
5000 × g for 15 min, aliquot in airtight 1.5 mL microtubes, and store at –20 °C.
Once thawed, the Mowiol mounting medium is stable at room temperature for
several weeks (see Note 2).

2.4. Phagosomal Integrity Assay

1. KHM buffer: 110 mM potassium acetate, 20 mM HEPES, and 2 mM MgCl2,
pH 7.3. Adjust pH using 1 M KOH and sterilize by 0.2 μm filtration. KHM buffer
can be stored at 4 °C for several weeks.

2. Digitonin solution: Prepare extemporaneously a 10 mg/mL solution of digitonin
(Sigma, D141) in sterile bi-distilled water. Heat to 95 °C for complete dissolution
and let cool to room temperature before use.

3. Mouse anti-Francisella LPS monoclonal antibody (U.S. Biological).
4. Rabbit polyclonal anti-calnexin CT (Stressgen Bioreagents), which recognizes the

cytoplasmic tail of the ER chaperone calnexin.
5. Reagents used for immunofluorescence staining (see Subheading 2.3.).

3. Methods
Intracellular localization of B. abortus or F. tularensis is performed on

infected murine bone marrow-derived macrophages at various stages of their
intracellular life cycle, using immunofluorescence staining of bacteria and
various intracellular organelles. Specific intracellular compartments are labeled
by the immunodetection of host proteins enriched or specifically present on
(or in) these compartments or by loading with specific fluorescent probes (see
Table 1). The presence of bacteria in a given intracellular organelle is evaluated
by co-localization of bacteria- and organelle-specific fluorescent signals, either
by indirect epifluorescence or laser-scanning confocal fluorescence microscopy
(see Fig. 1). Following phagocytic uptake, both Brucella and Francisella are
located within an initial phagosome that interacts to various extents with the
endocytic pathway (4,9). Maturation of the BCV into a replicative organelle can
be monitored through the subsequent acquisitions and exclusions of markers
of various organelles, namely early endocytic, late endocytic, and ER markers
(4,5,8,11) (see Fig. 1). Francisella phagosomal escape into the macrophage
cytoplasm limits its interactions with membrane-bound compartments, yet early
interactions with the endocytic compartment are detectable and phagosomal
escape can be assessed using an assay based on the specific detection of
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Fig. 1. Confocal laser scanning micrographs of a C57BL/6 mouse bone marrow-
derived macrophage infected for 24 h with virulent Brucella abortus expressing GFP.
Upper panels: LAMP-1 staining of the late endocytic compartment showing that
replicative BCVs are LAMP-1-negative. Insets show a magnification of a LAMP-1-
negative area (boxed on the whole image), where bacteria replicate (arrow). Lower
panels: Calnexin staining of the endoplasmic reticulum (ER) showing recruitment of
ER markers on the replicative BCVs. Insets show a magnification of calnexin-positive
Brucella-containing vacuoles (BCVs) (arrows). Scale bars, 10 and 2 μm (insets).

cytoplasmic bacteria (phagosomal integrity assay, Fig. 2). The successful local-
ization of intracellular bacteria depends on the quality of the immunostaining,
which is achieved through the use of antibodies giving high specific signal-to-
noise ratios. As not all antibodies are useful for immunofluorescence applica-
tions, we provide in this chapter references of commercially available antibodies
that have proven to be of such quality.

3.1. Culture of Bone Marrow-Derived Macrophages

1. To prepare L-929-conditioned medium, grow L-929 mouse fibroblasts in DMEM
supplemented with 10% FBS and 2 mM l-glutamine in tissue-culture flasks at
37 °C under 7% CO2 with a humidified atmosphere. Expand cells into 175-cm2

flasks seeded with 2 × 106 cells in 80 mL of medium. Grow cells for 7 days,
during which they reach confluency and produce CSF-1, a growth factor required
for bone marrow monocyte differentiation into macrophages and growth. At day
7, collect supernatants, filter them through 0.22 μm membranes, and freeze 10
mL aliquots at –20 °C (see Note 3).
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Fig. 2. Confocal laser scanning micrographs of a C57BL/6 mouse bone marrow-
derived macrophage infected for 24 h with Francisella tularensis and subjected to
the phagosomal integrity assay. Left-hand panel: Calnexin staining of the endoplasmic
reticulum (ER) following digitonin treatment that demonstrates permeabilization of the
cell; middle panel: Francisella staining following digitonin treatment that demonstrates
that replicating Francisella are detectable using cytoplasmically-delivered antibodies;
and right-hand panel: Francisella staining following complete permeabilization with
saponin that detect all intracellular bacteria. The arrowhead indicates the only phago-
somal bacterium, which is not detected following cytoplasmic delivery of anti-
Francisella antibodies (middle panel). Scale bar, 10 μm.

2. Euthanize mice using a lethal dose of isofluorane and immediately remove femurs
from hind legs using sterile dissection tools. It is important to remove and
discard all the tissue around the bones to avoid further contamination of the
macrophage culture with fibroblasts. Femurs can be kept in cold DMEM until
further processing (not more than 1 h is preferable).

3. In a biosafety cabinet, prepare a six-well plate with one well containing 70%
ethanol and four others 2 mL of DMEM. Surface sterilize each femur by rapidly
passing it in 70% ethanol, rinse it with DMEM in the next well, and then transfer
it in the third well. Scrape off any remaining tissue around the bone, transfer the
clean bone into the next well and cut both ends with a scalpel.

4. Transfer immediately to the next well and flush cells out gently with a 1-mL
syringe fitted with a 25G5/8-gauge needle, by passing DMEM 3–4 times through
the bone from each side until the bone is white. Be careful not to scrape the
bone with the needle, as this will release osteoclasts. Avoid bubbles as much as
possible. Collect cells in a sterile tube and put on ice. You should obtain 1–2 × 107

monocytes/femur.
5. Put the cell suspension (from 1.5–2 femurs) in culture in a 150 mm non-tissue

culture-treated dish in 30 mL of DMEM supplemented with 10% FBS, 2 mM
l-glutamine, and 10% L-929-conditioned medium for 5 days at 37 °C under 7%
CO2 with a humidified atmosphere. Monocytes will progressively differentiate
into macrophages (BMMs), which will adhere loosely to the dish.

6. On day 5, rock dishes gently back and forth to dislodge non-adherent cells (non-
differentiated monocytes). Wash twice with 15 mL of D-PBS containing MgCl2
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and CaCl2 to remove all non-adherent cells. Wash once with ice-cold D-PBS
without MgCl2 and CaCl2 but supplemented with 1 g/L d-glucose. Add 15 mL of
PBS-glucose and incubate the dish on ice with gentle rocking for 10 min. Make
sure the adherent macrophages remain submerged at all time.

7. To retrieve adherent BMMs, pipette the PBS across the entire surface of the plate
and monitor under the microscope that all BMMs have been detached. Avoid
bubbles as much as possible. Transfer the BMM suspension into a 50-mL conical
tube and centrifuge the cells at 200 × g for 5 min at 15 °C. Discard the supernatant
and gently resuspend the cell pellet in 5 mL of DMEM.

8. Count BMMs using a phase hemacytometer and seed 12-mm glass coverslips in
wells of a 24-well plate at a density of 1 × 105/well in complete medium. You
should obtain 1–2 × 107 BMMs/dish.

9. Replenish medium after 24 h in culture. The cells may then undergo one or
two rounds of multiplication and then stop multiplying. On day 7 post-isolation,
BMMs are ready to use (see Note 4).

3.2. Macrophage Infections

1. The following method of macrophage infection with either B. abortus or
F. tularensis aims at synchronizing bacterial phagocytosis, which is important
for subsequent intracellular trafficking analyses, as all bacteria have entered
macrophages within a short time frame.

2. To prepare bacterial inocula, streak B. abortus first on TSA plates from a frozen
stock vial and grow for 3 days at 37 °C. Then inoculate 2 mL of TSB in a 50-mL
conical tube with two to three fresh isolated colonies and incubate for 16 h in a
shaking incubator at 37 °C. Grow F. tularensis on CHAB plates from a frozen
stock vial for 3 days at 37 °C in 7% CO2. Right before proceeding for infections,
resuspend a few colonies in TSB containing 0.1% l-cysteine. Estimate bacterial
counts by measuring the optical density at 600 nm (OD600 nm) of the Brucella
sub-culture or the Francisella suspension. An OD600 nm of 1.0 corresponds to
∼3 × 109 bacteria/mL for both organisms, but this needs to be determined for
every organism by plating serial dilutions of the bacterial inoculum on appropriate
medium before hand. Determining the bacterial inoculum is essential to calculate
the multiplicity of infection (MOI) to be used. Theoretical MOIs of 25 and 50
are used for B. abortus and F. tularensis , respectively (see Note 5).

3. To infect BMMs, pre-chill macrophages for 5 min on ice while preparing
the bacterial suspension in ice-cold complete medium. On ice, aspirate the
macrophage medium in one well at a time and immediately replace with 0.5 mL
of bacterial suspension. Centrifuge bacteria onto BMMs at 400 × g for 10 min at
4 °C to favor bacteria–macrophage contact.

4. Rapidly warm BMMs to 37 °C for 3 min by floating the plates in a waterbath
to trigger bacterial phagocytosis. Transfer plates to a tissue-culture incubator and
further incubate them for a total of 20 min at 37 °C under 7% CO2. (see Note 6).

5. Wash BMMs five times with DMEM to remove extracellular bacteria, incubate
for 40 min in complete medium and then for 60 min in complete medium
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supplemented with 100 μg/mL gentamicin to kill the remaining extracellular
bacteria. Thereafter, incubate infected BMMs in gentamicin-free medium.

3.3. Immunofluorescence Microscopy

1. First fix infected BMMs with PFA before proceeding for immunostaining. Alter-
natively, cells can be fixed using ice-cold 100% methanol for 30 s at –20 °C when
the immunological detection of particular epitopes requires harsher extraction
conditions. The method described herein is adapted to PFA fixation.

2. Wash infected BMMs three times with room temperature PBS and then
rapidly transfer coverslips to another PBS-containing 24-well plate using high-
precision tweezers. Aspirate the PBS and immediately cover the coverslip with
300–400 μL of 2.5% PFA in PBS that has been preheated to 37ºC. Incubate
coverslips at 37ºC for 20 min (see Note 7).

3. Wash fixed samples in wells three times with PBS and leave coverslips for at
least 10 min in 50 mM NH4Cl-PBS to quench free aldehyde groups. This step
diminishes the fluorescence background of the samples. Coverslips can be kept
for up to 24 h at 4 °C in quenching buffer before immunostaining although it is
preferable to perform the procedure immediately after fixation.

4. Perform all subsequent steps in a humidified, lightproof chamber such as a black
shallow box containing a sheet of parafilm on top of wet 3M Whatman paper.

5. To allow antibody access to intracellular structures and simultaneously saturate
antibody non-specific binding sites, retrieve each coverslip from its well, drain
excess liquid onto a Kimwipe, and invert it (cells facing down) on top of a
50 μL drop of permeabilization/blocking buffer. Incubate for 30 min to 1 h at
room temperature. Saponin is the mildest detergent for sample permeabilization
and is reversible. Hence, it is kept present in antibody dilutions subsequently
used. Alternatively, some antigens require extraction with 0.1% Triton X-100 in
PBS for 5 min at room temperature, which irreversibly permeabilizes the cells
(see Note 8).

6. Prepare primary antibodies dilutions in antibody dilution buffer and distribute
them as 50-μL drops. For antibodies available in limited amounts, the volume
of the drops can be decreased to 15 μL. Drain permeabilization/blocking buffer
from each coverslip onto a Kimwipe and invert it onto the corresponding drop of
primary antibody. Gently swirl the incubation box to homogenize the antibody
drop with the remaining liquid on the coverslip. Incubate for 20 to 40 min at
room temperature depending on the antibody affinity and antigen accessibility
(see Note 9 and Table 1).

7. Prepare secondary antibodies dilutions (1:500 dilutions for all Alexa Fluor™
and Cyanin 5-conjugated antibodies) in antibody dilution buffer and distribute
them as 50-μL drops. Prepare four beakers, two containing 50–100 mL of 0.1%
saponin-PBS, one containing PBS, and one containing bi-distilled water.

8. Wash each coverslip twice in 0.1% saponin-PBS and once in PBS. Each wash
consists of holding the coverslip with tweezers and stirring for few seconds in each
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beaker. Drain all liquid onto a Kimwipe and immediately invert it on a drop of the
appropriate secondary antibodies. Incubate for 40 min at room temperature.

9. Prepare glass microscopy slides to mount stained coverslips by cleaning them
with ethanol to remove any residue.

10. Wash each coverslip twice in 0.1% saponin-PBS, once in PBS, and finally once
in water to remove salts. Drain all liquid onto a Kimwipe and mount coverslips
on microscopy slides by inverting them (cells facing down) on 10-μL drops of
Mowiol mounting medium. Allow at least 2 h of polymerization before viewing
samples on an epifluorescence microscope.

3.4. Phagosomal Integrity Assay (12)

1. This assay is based on the differential labeling of intracellular bacteria depending
on whether they are contained within an intact phagosome or are accessible
to cytoplasmically delivered, specific antibodies due to the disruption of their
phagosome. It relies on a two-step permeabilization of infected cells consisting
of (1) permeabilization of the plasma membrane of live cells using digitonin,
which allows cytoplasmic delivery of antibodies and detection of accessible
bacteria and (2) a complete permeabilization of all eukaryotic membranes using
saponin after PFA fixation, which allows antibody access to all intracellular
bacteria, regardless of their location. The use of different fluorophore-conjugated
secondary antibodies generates a differential labeling of cytoplasmic (double
labeling) and phagosomal bacteria (single labeling), which allows direct analysis
of their intracellular location.

2. Prepare dilutions of mouse anti-F. tularensis LPS (1:2000) and rabbit anti-
calnexin CT (1:250) antibodies in KHM buffer to, respectively, detect cytoplas-
mically accessible bacteria and digitonin-permeabilized cells. Distribute as 30-μL
drops in a humidified immunostaining chamber and preheat to 37 °C.

3. Wash infected BMMs three times with room temperature KHM buffer. Immedi-
ately transfer coverslip(s) in another 24-well plate containing KHM buffer if
necessary.

4. Aspirate KHM buffer and add 500 μL of 50 μg/mL digitonin in KHM buffer
for 1 min at room temperature. Incubation time and digitonin concentration may
vary depending on the cells used, so it is recommended to run preliminary tests.

5. Rinse coverslips in wells with KHM buffer three to four times, carefully
retrieve each coverslip using high-precision tweezers and quickly drain it onto
a Kimwipe.

6. Invert coverslip(s) on pre-heated 30-μL antibody drops and incubate for 10 min
at 37ºC (see Note 10).

7. Put the coverslip(s) back in the 24-well plate and wash three to four times with
PBS.

8. Fix with 2.5% PFA in PBS as described in Subheading 3.3.
9. Permeabilize cells with permeabilization/blocking buffer for 30 min at room

temperature.
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10. Incubate coverslips on 50 μL-drops of Alexa Fluor™ 488-conjugated anti-mouse
secondary and Cyanin 5-conjugated anti-rabbit secondary antibody dilutions
(1:500) for 40 min at room temperature. This step allows the detection of
cytoplasmic bacteria and calnexin at the cytoplasmic face of the ER that have
been recognized following digitonin permeabilization.

11. Wash each coverslip twice in 0.1% saponin-PBS and once in PBS.
12. Incubate coverslips a second time with a mouse anti-Francisella LPS antibody

dilution for 40 min at room temperature in permeabilization/blocking buffer.
Because cells are fully permeabilized with saponin, this step allows the antibody
to reach all intracellular bacteria.

13. Wash each coverslip twice in 0.1% saponin-PBS and once in PBS.
14. Incubate coverslips with an Alexa Fluor™ 568-conjugated anti-mouse secondary

antibody dilutions or for 40 min at room temperature in permeabi-
lization/blocking buffer to detect all intracellular bacteria.

15. Wash each coverslip twice in 0.1% saponin-PBS, once in PBS, and finally once
in water to remove salts. Drain all liquid onto a Kimwipe and mount coverslips
on microscopy slides by inverting them (cells facing down) on 10-μL drops of
Mowiol mounting medium. Allow at least 2 h of polymerization before viewing
samples on a confocal fluorescence microscope equipped with 488-, 568-, and
643-nm laser lines.

16. Under such staining conditions, permeabilized cells are detectable with the
643-nm (or equivalent) laser line. Cytoplasmic bacteria are detectable using both
488- and 568-nm (or equivalent) laser lines while phagosomal bacteria are only
detected using the 568 nm (or equivalent) laser line. Alternate combinations of
secondary antibodies are possible.

4. Notes
1. All solutions should be prepared in bi-distilled sterile water, which is referred

to as “water” in the text.
2. Mowiol is extremely slow to dissolve and may require overnight stirring before

heating up to approcimately 50 °C to complete its dissolution.
3. Once thawed, aliquots can be kept at 4 °C for about 15 days. It is best to prepare

large batches from which many experiments can be performed using the same
conditioned medium. The preparation of L-929-conditioned medium is crucial
for the differentiation of bone marrow monocytes into macrophages. Batches
should be tested for their ability to differentiate monocytes into macrophages
and maintain macrophages with proper spindle-like morphology for about 10
days following differentiation.

4. The cultures must be homogeneous (i.e., only macrophages) and cells must be
more or less spindle shaped. The presence of cells with heterogenous shapes
indicates that the original bone marrow isolate contained too many already mature
macrophages that produced M-CSF or other such molecules involved in differen-
tiation of precursor cells into dendritic cells, granulocytes, and so on. If cells look
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flattened and contained many translucent vacuoles, they are probably activated
by residual endotoxins or other activating molecules in the FBS or the L-929-
conditioned medium. In this case, the percentage of L-929-conditoned medium can
be decreased and/or reagents with lower endotoxin levels should be used.

5. Theoretical MOIs refer to the number of bacteria added to the wells containing
the macrophages. Because the synchronized infection procedure (see point 3
of Subheading 3.2) allows bacterial uptake for a limited time, only a fraction
of the bacteria added to the well is phagocytosed. Consequently, the actual
MOI (number of bacteria internalized by macrophages) is lower and has to be
estimated by microscopy or counts of viable intracellular bacteria following
gentamicin treatment.

6. A rapid warm up of the chilled, infected BMMs is essential to induce an efficient
uptake of the bacteria in close contact to the BMMs and synchronize their
subsequent intracellular trafficking.

7. Shorter fixation times with PFA, such as 10 min, are possible, as they sufficiently
fix intracellular structures and can help preserve sensitive epitopes. However,
they might not be sufficient to kill all bacteria in the samples, which is a concern
for highly infectious (Biosafety Level 3) pathogens.

8. Triton X-100 permeabilization can help extract epitopes from intracellular
membranes or cytoskeletal structures and yield to better staining. Because the
Triton X-100 effect on cell membranes is irreversible, it is not required to keep
it in the antibody dilutions buffers.

9. Optimal dilutions and incubation times that generate strong labeling and specific
detection of the epitope have to be determined for each antibody. It is essential
to the quality of the immunostaining to drain all liquid from the coverslip before
incubation with primary and secondary antibodies, as remaining liquid will dilute
the applied antibodies further.

10. The short incubation time (10 min) required at this stage relates to the relative
fragility of digitonin-permeabilized primary macrophages. Other cells might be
more resistant to digitonin treatment and allow for a longer incubation with
antibodies. It is nonetheless important to pre-establish and use antibody dilutions
that ensure detectable signals for both bacteria and calnexin.
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Rate and Extent of Helicobacter pylori Phagocytosis

Lee-Ann H. Allen

Summary

Helicobacter pylori is a Gram-negative bacterium that colonizes the gastric epithelium
and plays a causative role in the development of peptic ulcers and gastric cancer. Phago-
cytosis is an element of innate defense used by macrophages and neutrophils to engulf
microorganisms. We and others have shown that strains of H. pylori that contain the cag
pathogenicity island actively retard their entry into phagocytes. Consequently, there is a
lag of several minutes between bacterial binding and the onset of engulfment, and relative
to other particles and microbes, the rate of internalization is slow. Herein, we describe in
detail the use of synchronized phagocytosis and indirect immunofluorescence microscopy
to quantify the rate and extent of H. pylori phagocytosis. This method is appropriate for
primary phagocytes as well as transformed cell lines. More importantly, the effects of
opsonins, virulence factors, and other agents on infection can be measured independent
of bacterial viability or intracellular locale.

Key Words: Macrophage; neutrophil; phagocytosis; immunofluorescence micros-
copy; antibody; opsonin.

1. Introduction
The ability of phagocytes to rapidly ingest and kill large numbers of microor-

ganisms is an essential element of innate defense. Ligation of specific receptors
on macrophages, monocytes and neutrophils activates signaling cascades that
drive local actin polymerization and plasma membrane expansion during phago-
cytosis (1,2). The morphology of the forming phagosome is dictated by the
receptor engaged and can be modulated further by virulence factors of certain
pathogens (1,2). Typically, ingestion is very rapid; actin polymerization is
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apparent within 30 s of microbe binding and engulfment is complete within
2–5 min (depending on particle size) (3,4,5). Indeed, the speed and efficiency
of phagocytosis distinguish this process from pathogen-driven invasion of other
cell types.

We have shown that Helicobacter pylori has the unusual ability to actively
retard its entry into phagocytes (4,6). Delayed phagocytosis requires bacterial
protein synthesis, and genes within the cag pathogenicity island have been
implicated in this process (4,6,7,8). Herein, we describe methods used in
our laboratory to measure the rate and extent of H. pylori phagocytosis that
utilize synchronized phagocytosis, differential staining, and immunofluores-
cence microscopy. Advantages of this assay are the fact that very short infection
times can be evaluated, large numbers of samples can be analyzed relatively
quickly, and measurement of uptake is not coupled to intracellular survival or
residence of bacteria in a specific compartment.

2. Materials
2.1. Macrophage Cultivation

1. The method described here is suitable for primary murine bone marrow-derived
macrophages, resident or elicited peritoneal macrophages, or any other adherent
macrophage or macrophage-like cell line such as J774A.1 and RAW264.7.

2. Tissue-culture media: endotoxin-free Dulbecco’s modified Eagles medium
(DMEM), minimal essential medium-alpha (MEM�) or Hepes-buffered RPMI-
1640 supplemented with 2 mM l-glutamine, and heat-inactivated fetal bovine
serum (FBS, to 10% final concentration) (see Note 1). Store at 4 °C.

2.2. Growth of Helicobacter pylori

1. Blood agar plates: Adjust trypticase soy agar base to pH 6.0 and then autoclave.
Cool sterilized agar in a 50 °C water bath. Add defibrinated sheep blood to 5%
final concentration immediately prior to pouring plates. Store at 4 °C.

2. Purchase Helicobacter pylori from the American Type Culture Collection
(Manassas, VA). Methods described here were optimized using strains NCTC
11637, 60190, and Tx30a (6). Clinical isolates of H. pylori can also be used.

3. CampyPak bags (Becton-Dickinson, Sparks, MD, USA) or an incubator that can
achieve a microaerophilic (5% O2, 10% CO2, 85% N2) atmosphere such as an
Heraeus Trigas (Sorvall Instruments, Thermo Scientific, Wlatham, MA, USA)
equipped with an oxygen electrode.

2.3. Microscopy Supplies

1. Round glass coverslips (12 mm diameter, 1.0 μm thick).
2. Straight needle-point stainless steel forceps (from a surgical supply company).
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3. Lids from 24-well tissue-culture cluster plates. These do not need to be sterile
and can be saved after use in other experiments.

4. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.68 mM KCl, 8.1 mM
Na2HPO4, and 1.47 mM KH2PO4 (pH 7.4) in tissue-culture grade deionized water.
Also, PBS supplemented with 10 mM glucose. Sterile filter (0.2 μm) and store at
room temperature and 4 °C.

5. “PAB” washing/blocking buffer: PBS supplemented with 0.5 mg/mL NaN3 and
5 mg/mL bovine serum albumin. Sterile filter and store at 4 °C.

6. Anti-H. pylori antibody (Ab): Rabbit anti-H. pylori polyclonal Ab (#YVS6601)
from Accurate Chemical and Scientific Corp. (Westbury, NY) (see Note 2).

7. Secondary Ab: Fluorescein isothiocyanate (FITC)- and rhodamine-conjugated
F(ab´)2 secondary Abs (Jackson ImmunoResearch Laboratories, West Grove, PA).
Rehydrate with sterile deionized water according to the manufacture’s directions
and store at 4 °C.

8. Gelvatol mounting medium (see Note 3): Mix 2.4 g of polyvinyl alcohol with 6 g
of glycerol, 6 mL of deionized water, and 12 mL of 200 mM Tris–HCl (pH 8.0)
in a beaker on a stir plate for several hours until dissolved. Transfer the solution
into a 50-mL polypropylene tube, heat the solution to 50 °C for 10 min, and then
clarify by centrifugation at 5000 × g for 15 min. Decant the supernatant into a new
50-mL polypropylene tube and add 625 mg of 1,4-diazobicyclo-[2.2.2]-octane
(DABCO). Invert the tube to dissolve DABCO. Store 1 mL aliquots of mounting
medium in a frost-free freezer at –20 or –80 °C. DABCO is essential as it reduces
photobleaching of fluorescence.

9. Fluorescence microscope: Upright fluorescence microscope with 40×, 63×, and
100× phase contrast objectives and filters for detection of both FITC and
rhodamine fluorescence.

3. Methods
3.1. Preparation of Acid-Washed Coverslips

Acid washing removes manufacturing residue, oils, and other contaminants
such as lipopolysaccharide (LPS) that may inadvertently activate macrophages
or cause high non-specific background fluorescence. Transfer one package
(1 ounce) of 12-mm round glass coverslips into a small glass bottle. Pour nitric
acid over the coverslips making sure they are all submerged. Cap the bottle
and incubate in the fume hood for at least 48 h. Carefully decant the acid and
then rinse the coverslips with 15–20 changes of sterile deionized tissue-culture
grade water (pour water over the coverslips, cap bottle, rotate gently, decant
water, and repeat). Rinse the coverslips with two changes of 95% ethanol to
remove residual water. Store coverslips in 70% ethanol at room temperature.
Use after ≥16 h in ethanol.
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3.2. Plating Macrophages on Coverslips

Helicobacter pylori will infect different types of macrophages including
primary human and murine macrophages and murine macrophage-like cell lines
and human neutrophils isolated from peripheral blood (4,6,8,9,10,11,12,13).
As noted above, endotoxin-free reagents are required to prevent unintended
cell activation. In addition, tissue-culture medium must not contain penicillin
or streptomycin, as these drugs compromise H. pylori viability. Thus, all
phagocytes should be maintained in antibiotic-free medium or, at a minimum,
transferred to antibiotic-free medium 48 h prior to infection.

1. Flaming of coverslips and dispersal in 35-mm dishes. One 35-mm tissue-
culture dish is needed per sample. Each dish will hold three coverslips that
provide triplicate samples for each experimental condition or time point. Using
forceps, remove a few coverslips from their ethanol storage bottle and place
onto a pile of Kimwipes. Fill one small microbeaker with 70% ethanol and
light a Bunsen burner. Working with one coverslip at a time, grasp with
forceps, dunk into ethanol, and drain off excess ethanol by touching edge of
the coverslip to the pile of Kimwipes. Pass the coverslip through the flame
and then place it into a 35-mm dish. Because the 35-mm dishes are opened
only briefly, this procedure can be performed on the bench top. Failure to drain
off excess ethanol will cause coverslips to shatter when passed through the
flame.

2. Plating macrophages: Harvest BMM, J774A.1, or RAW264.7 cells using a cell
scraper. Harvest peritoneal macrophages from anaesthetized mice by lavage with
4 °C PBS. Centrifuge all cells at 400 × g for 15 min at 4 °C. Resuspend the cell
pellets in tissue-culture medium (DMEM for J774A.1 and RAW264.7, MEM�
for peritoneal macrophages, DMEM or MEM� supplemented with CSF-1 for
bone marrow-derived macrophages, and RPMI-1640 for human macrophages) to
achieve ∼5–7 × 105cells/mL. A moderate cell density is optimal for microscopy.
Working in the tissue-culture hood, remove lids from the 35-mm dishes. Be sure
that coverslips in each dish are not touching one another or the edge of the
dish. If necessary, reposition coverslips using a sterile probe (a yellow Pipetman
tip or forceps can be used to push coverslips into position). Plate 50 μL of
the macrophage suspension directly onto each coverslip (see Note 4). Liquid
should spread evenly over the acid-washed glass, and surface tension will hold
the domes of liquid in place (see Note 5). Close dishes and transfer into a
37 °C tissue-culture incubator for 90–120 min to let cells attach. Dishes can
be placed in a small pan or on a tray to facilitate transport. Thereafter, add
1.5–2 mL of additional medium to each dish and leave in the tissue-culture
incubator overnight. For peritoneal macrophages, remove non-adherent lympho-
cytes using three changes of medium or PBS before addition of 1.5–2 mL of fresh
medium.
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3.3. Cultivation of Helicobacter pylori

Because H. pylori is a biosafety level 2 pathogen, all manipulations of
live bacteria should be performed in a tissue-culture hood. Streak bacteria
from a frozen glycerol stock onto a blood agar plate using a sterile inocu-
lation loop. A heated and humidified microaerophilic environment (5%
O2, 10% CO2, 85% N2; 37 °C; 98% humidity) is required for optimal
H. pylori growth. These conditions can be achieved using a special incubator.
Alternatively, a microaerophilic atmosphere can be generated using CampyPak
pouches that can then be placed in a 37 °C tissue-culture incubator. Depending
on the H. pylori strain employed, growth will be apparent after 1 or 2 days.

Harvest bacteria from agar plates by scraping into 1 mL of sterile PBS
supplemented with 10 mM glucose. Pellet bacteria in a microfuge (7000 × g,
2 min, 4 °C). Discard the supernatant and resuspend the pellet in 1 mL of
PBS/glucose (pipette gently, do not vortex). Pellet the bacteria once again and
resuspend organisms in PBS/glucose. Repeat for a total of three or four washes.
If desired, bacteria can be opsonized with specific antibody or complement (see
Note 6). Determine bacterial concentration by measuring the absorbance of a
1:10 dilution of the stock at 600 nm. Store washed H. pylori on ice until use.

We routinely check all H. pylori preparations for motility and viability before
infection of macrophages. To assess motility, place a drop of washed bacteria
onto a microscope slide. Overlay bacteria with a coverslip and view using a
phase-contrast microscope. Molecular Probes BacLight Live/Dead reagents are
used to quantify viability of washed bacteria. Dilute 0.1 mL of H. pylori in 1
mL of PBS containing 3 μL of a 1:1 mixture of the live-dead stains (3.34 mM
Styo9 and 20 mM propidium iodide). After 15 min at room temperature, place
an aliquot of stained bacteria onto a microscope slide, overlay with a large
coverslip, and examine the sample using an immunofluorescence microscope
equipped with a ×40 dry objective and filters for FITC and rhodamine fluores-
cence. By this assay, live bacteria fluoresce bright green, dead bacteria are
bright red, and damaged organisms may appear orange. Typically, more than
95% of H. pylori are viable, motile, and spiral shaped. Overgrown or spent
cultures will accumulate clumps of non-viable cocci. Discard samples if fewer
than 90% of bacteria are viable.

3.4. Synchronized Phagocytosis

Centrifugation of H. pylori onto macrophages at low temperature allows
particle binding but not phagocytosis, and rapid transfer of samples to 37 °C
supports synchronized ingestion. Aspirate medium from dishes of macrophages.
Place 1 mL of fresh 37 °C medium into each dish and return dishes to the
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incubator. Dilute H. pylori in cold tissue-culture medium to achieve a moderate
multiplicity of infection (MOI). From an MOI of 15:1, we obtain ∼8 bacteria
per cell. Add 1 mL of cold, diluted H. pylori to each dish of macrophages
(already containing 1 mL of warm medium). Mixing warm and cold medium
reduces the overall temperature below the threshold for phagocytosis (16 °C).

Rapidly and carefully transfer the dishes onto microplate carriers in a refrig-
erated tissue-culture centrifuge pre-cooled to 10–12 °C. Centrifuge for 3–4 min
at 600 × g with maximum braking. Carefully transfer dishes to 37 °C incubator
to allow phagocytosis or transfer immediately to ice (t = 0 min sample). If
dishes remain cold during centrifugation, bacteria in the 0-min samples should
be cell associated but not internalized.

3.5. Differential Staining of Bound and Ingested Bacteria

The method described here stains sequentially extracellular and intracellular
bacteria and as such allows the rate and extent of phagocytosis to be quantified.

1. At the desired time points (e.g., 0, 1, 3, 5, 7, 10, 20, 30 min; determine empirically
for each strain and cell type) move samples from 37 °C into a metal pan placed
over a bed of ice. Working quickly, aspirate medium and wash samples with three
changes of 4 °C PBS to remove unbound organisms and stop further uptake of
any uningested, surface-associated bacteria.

2. Dilute anti-H. pylori Ab in PBS/glucose: We use pAb YVS6601 at 1:2000 for
strains 11637 and 60190 and 1:750 for strain Tx30a. Aspirate cold PBS from each
dish and replace with 1 mL of antibody solution. Leave dishes on a bed of ice
and incubate in a refrigerator or cold room for 30–60 min (see Note 7). Because
the macrophages are intact, the Ab has access only to extracellular organisms.

3. Aspirate the primary Ab solution from each dish and wash samples gently
with three changes of ice-cold PBS/glucose. Fix and permeabilize samples using
methanol: Pour ∼3 mL of methanol into each dish and let sit for 10 min. From
this point on, samples can be manipulated at room temperature. Aspirate off the
methanol, rinse samples once with PBS to rehydrate and then block in PAB for
15–30 min.

4. While samples are blocking, dilute the rhodamine-conjugated secondary Ab 1:200
in PAB. Thirty microliters is needed per coverslip. Also, set up a pile of Kimwipes
and label a 24-well dish lid that will be used to hold coverslips during remaining
incubations (see Fig. 1).

5. Working with one dish at a time, pick up a coverslip using forceps and drain
off PAB by touching the edge of the coverslip to the pile of Kimwipes. Dry
the back of each coverslip and place cell-side up on the 24-well dish lid (see
Fig. 1). Overlay with 30 μL of secondary Ab. Repeat for the other samples. Place
coverslips inside a Tupperware type box lined with damp paper towels to prevent
evaporation of liquid. Incubate for 30–60 min at room temperature. At the end of
this incubation, extracellular H. pylori will be stained red. Meanwhile, prepare a
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Fig. 1. Set up for sample staining and washing. Materials for cell staining, washing,
and mounting coverslips are shown.

second stock of anti-H. pylori Ab. You will need 30 μL of Ab diluted in PAB for
each coverslip.

6. Using forceps, lift a coverslip off of the dish lid and drain Ab by touching the
edge of the coverslip to the pile of Kimwipes. Wash coverslips sequentially in
four microbeakers of PAB, draining thoroughly between each wash. Dry the
back of the coverslip and return it to the 24-well dish lid. Overlay with 30 μL
of anti-H. pylori pAb and incubate for 30–60 min. Because macrophages are
permeabilized, the anti-H. pylori Ab now has access to both intracellular and
extracellular bacteria.

7. Prepare FITC-conjugated secondary Ab diluted 1:200 in PAB. Wash coverslips
in microbeakers of PAB as described above and return to the dish lid. Overlay
with 30 μL of secondary Ab and incubate for 30–60 min.

3.6. Mounting Stained Coverslips onto Slides

Up to six coverslips will fit onto one slide. It is important to place the
coverslips as close as possible to the marking area of the slide (see Fig. 1).
Samples mounted near the far right edge of the slide cannot be viewed because
this part of the slide rests on the microscope stage.

Thaw one tube of mounting medium. Working with coverslips for one slide at a
time, place six small drops (∼15 μL) of gelvatol mounting medium onto the glass
slide. Wash each coverslip sequentially in four beakers of PAB as described above
followed by a final rinse in deionized water. The water rinse prevents a dried salt
crust from forming on mounted coverslips. Blot excess water off the back of the
coverslip and then invert it (cell side down) onto a bead of mounting medium (start
from one edge of the coverslip and lower it slowly to avoid trapping air bubbles).
Repeat for the other coverslips on this slide. Gently press down on the top of each
coverslip to ensure that their edges are not overlapping (this will also push out
small air bubbles). Remove any excess mounting medium using an aspirator. Place
slides in a cardboard slide folder; this keeps the slides flat and protected from light.
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Let the mounting medium set overnight at 4 °C. Leftover mounting medium can
be refrozen for future use.

3.7. Microscopy and Data Analysis

Combining synchronized phagocytosis with differential staining allows
precise quantification of total macrophage-associated bacteria as well as the
fraction of intracellular and extracellular H. pylori at each time point. For
each sample, analyze random fields of macrophages using immunofluores-
cence and phase-contrast microscopy. At least 50 infected macrophages should
be examined per sample and the number of green (FITC stained) and red
(rhodamine stained) H. pylori recorded. As all bacteria are stained green and
only uningested (extracellular) H. pylori are also stained red, the rate and extent
of phagocytosis at each time point can be calculated:

% intracellular H�pylori = no� green bacteria–no� red bacteria
no� green bacteria

×100

Other infection parameters can be measured, including infection efficiency
(fraction of infected cells), association index (total number of H. pylori per 100
macrophages), and phagocytic index (number of intracellular H. pylori per 100

Fig. 2. Effect of cell type and opsonins on Helicobacter pylori phagocytosis.
H. pylori strain 11637 (Hp) is ingested by resident peritoneal macrophages (RPM) after
a lag of several min. By contrast, uptake of IgG-opsonized Hp is rapid. Compared with
primary macrophages, infection of J774A.1 cells with Hp is less efficient. Data are the
mean ± SEM of three independent experiments performed in triplicate.
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macrophages). It is important to note that “0-min” samples should contain <3%
ingested bacteria (see Fig. 2), and the number of total cell-associated bacteria
should remain constant over the course of the experiment as the fraction of intra-
cellular H. pylori increases. If large numbers of “green-only” bacteria are apparent
at 0 min, either samples did not remain cool (<16 °C) during the centrifugation
or an artifact occurred because the anti-H. pylori antibody used in the first round
of staining did not react efficiently with surface exposed epitopes. These caveats
aside, this assay is rapid and efficient and can be adapted easily to assess the effects
of opsonins or signaling pathway inhibitors on bacterial binding and phagocy-
tosis (see Note 8) to compare phagocytosis of different strains of bacteria or to
compare H. pylori entry into different types of phagocytes (see Fig. 2) (6,14).
Finally, the fact that this assay is independent of phagosome composition is signif-
icant as some, but not all, strains of H. pylori inhibit phagosome maturation and
because phagosome composition varies somewhat in primary macrophages and
macrophage-like cell lines (10,11).

4. Notes
1. To prevent macrophage priming or activation, it is essential to ensure that all

tissue-culture media, serum, and other reagents are endotoxin free.
2. The anti-H. pylori Ab we prefer works well with many H. pylori strains and is cost

effective. However, any Ab that reacts with both surface and cytoplamic (internal)
bacterial epitopes would be suitable. Alternatively, two different Ab may be used
to detect intracellular and extracellular organisms. In all cases, each Ab should
be tested for reactivity with intact and methanol-permeabilized bacteria and the
appropriate concentrations determined prior to use with infected macrophages.

3. We prefer the polyvinyl alcohol base of gelvatol mounting medium because
it hardens rapidly and completely. The mounting medium we prepare gives
consistent results, but, in our hands, this is not true for similar products obtained
from commercial vendors. A common alternative to gelvatol is buffered glycerol
(with or without an anti-fading agent). Because glycerol mounting solutions do
not harden, coverslips must be attached to microscope slides using several layers
of nail polish (which is time consuming to apply and apt to leak).

4. To use this assay with phagocytes that do not adhere strongly to uncoated glass,
coverslips should be precoated with extracellular matrix proteins. For example,
plate human monocyte-derived macrophages on coverslips coated with 0.1 mg/mL
collagen and plate human neutrophils on coverslips coated with 0.1 mg/mL
fibrinogen.

5. This plating method conserves macrophages, ensures that each sample contains a
similar number of cells and (most importantly) is compatible with synchronized
phagocytosis.

6. Helicobacter pylori are not opsonized in vivo (15,16). Nevertheless, bacteria can
be opsonized with specific IgG or complement factors in vitro (6,13,17). To
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opsonize with IgG, incubate washed organisms with a sub-agglutinating concen-
tration Ab directed against H. pylori LPS (or another surface antigen) for 30 min
at 37 °C. To opsonize bacteria with complement factors, incubate washed bacteria
in 50% fresh human serum for 20–30 min at 37 °C. Relatively high concen-
trations of serum are required to fix complement on this organism (17). Wash
all opsonized bacteria prior to measurement of optical density and macrophage
infection.

7. Human monocyte-derived macrophages tend to lift off coverslips when incubated
at 4 °C. Thus, human macrophages (or other cells that do not adhere strongly
such as neutrophils) should be fixed in 2% paraformaldehyde for 15 min at room
temperature and then washed with PBS. Incubation with primary Ab can then be
performed at room temperature. Subsequent steps of the protocol are unchanged.

8. When using pharmacological inhibitors of macrophage signaling pathways, it is
important to note that many of these agents are inactivated by components in
tissue-culture medium and/or FBS. Thus, for these types of studies, it is necessary
to use serum-free medium or Hank’s-buffered saline solution supplemented with
1 mM Hepes and 10 mM glucose. Washed macrophages should be serum-starved
or incubated in Hank’s buffer for at least 2 h prior to inhibitor treatment and
infection. In general, macrophages are pretreated with inhibitor (or vehicle) for
30–60 min at 37 °C and then infected in inhibitor-containing medium. Incubate
samples at 37 °C for 30 min prior to differential staining.
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Culture, Isolation, and Labeling of Anaplasma
phagocytophilum for Subsequent Infection
of Human Neutrophils

Dori L. Borjesson

Summary

Anaplasma phagocytophilum is the etiologic agent of granulocytic anaplasmosis, a tick-
borne, zoonotic, emerging infectious disease. A. phagocytophilum is an obligate intracel-
lular pathogen that primarily resides within membrane-bound, cytoplasmic vacuoles of host
neutrophils. Closely related to Ehrlichial and Rickettsial organisms, A. phagocytophilum
is a small, fragile, Gram-negative bacterium that presents unique challenges for culture,
isolation, enumeration, and labeling. This chapter delineates pathogen-specific consider-
ations for culture and labeling of this organism for subsequent use in assays to examine
mechanisms of host cell–pathogen interactions.

Key Words: Anaplasma phagocytophilum; granulocytic anaplasmosis; cell culture;
fluorescent labeling; neutrophils.

1. Introduction
Anaplasma phagocytophilum is the etiologic agent of granulocytic anaplas-

mosis, an emerging, zoonotic, tick-borne, infectious disease (1,2). A. phago-
cytophilum is an obligate intracellular bacterium that principally inhabits
the cytoplasm of host neutrophils. This intracellular niche is particularly
noteworthy, as neutrophils are powerful cells that function as a first line of
defense against bacterial pathogens. Understanding the mechanisms by which
A. phagocytophilum circumvents neutrophil defense systems is facilitated by
optimum pathogen culture, isolation, and labeling techniques.
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Successful culture of A. phagocytophilum was first described in 1996 (3).
Since that time, pathogen culture, isolation, and labeling techniques have rapidly
been developed to facilitate the study of pathogen–host cell interactions. The
techniques described in this chapter highlight standard and pathogen-specific
culture and isolation techniques. Options for labeling A. phagocytophilum for
use in flow cytometric and immunofluorescence protocols are described with
an emphasis on a labeling technique that facilitates the distinction between
intra- and extracellular organisms. This technique permits ready dissection of
pathogen binding, entry, and infection of human neutrophils. In addition, the
techniques described could be readily modified for study of pathogen interaction
with a broad array of host cells.

2. Materials
2.1. Anaplasma phagocytophilum Culture and Propagation
in HL60 Cells

1. Human myeloid leukemia cell line (HL60 cells, ATCC 240-CCL; American
Type Culture Collection, Rockville, MD). Upon receipt, HL60 cells should be
stored in liquid nitrogen (see Note 1).

2. RPMI-1640 media supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and 2 mM l-glutamine (see Note 2).

3. Nunc cryovials.
4. Standard cell-culture flasks (25 cm2and 75 cm2flasks, canted-neck polystyrene,

non-pyrogenic; BD Biosciences, San Jose, CA, USA).
5. 0.2 μm vented blue plug seal cap (see Note 3).
6. Sterile 1–25-mL pipettes.
7. 15- and 50-mL polystyrene conical tubes.
8. 500-mL top filter with 45-mm neck.
9. 0.22-μm cellulose acetate, sterilizing, low protein binding membrane non-

pyrogenic (Corning, NY, USA).
10. Freezing media: 90% cell-culture media (RPMI-1640 media containing 10%

FBS) and 10% dimethysulfoxide (DMSO).
11. Infected, EDTA-anticoagulated patient blood. Sources of infected blood may

include infected human beings, mice, horses, dogs, or ruminants. Blood must be
sterile.

12. All-trans-retinoic acid (1 μM retinoic acid made from a 1 mM stock solution
prepared in 95% (v/v) ethanol and stored at –80 degrees; Sigma) or 1.25%
DMSO (Sigma-Aldrich, St.Louis, MO, USA).

13. 1,25-dihydroxyvitamin D3 (2 μM Vitamin D3; Calbiochem, San Diego, CA)
prepared as a 104 M stock solution by dissolving in 95% ethanol and stored
at –20 °C.
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14. 12-O-tetradecanoylphorbol-13-acetate (TPA; Sigma) prepared as a 1.6 × 10−4

M stock in DMSO and stored at –80 °C for ≤ 6 months.

2.2. Isolation of Cell-Free Anaplasma phagocytophilum

1. Hematocytometer, 1.5-mL microfuge tubes, 1–500-μL pipettor, trypan blue,
microscope slides, modified Romanosky stain set (i.e., Hemaquick), and glass
microfiber filters (25-nm GD/X filter).

2. 3–9-mL sterile syringes and 25–27.5 gauge needles, or sonic dismembranator.
3. Cytofuge (Shandon Cytospin; ThermoShandon, Pittsburgh, PA, USA).
4. SPGN buffer: 7.5% sucrose, 3.7 mM KH2PO4, 7 mM K2HPO4, and 5 mM

glutamine, pH 7.4) (see Note 4).
5. Diatrizoate meglumine (66% diatrizoate meglumine and 10% diatrizoate sodium

in 0.32% sodium citrate and 0.04% edentate disodium) should be obtained as
a 76% solution. Diatrizoate meglumine is an ionic radiopaque contrast agent.
Brand names include Renografin 76, Hypaque 76, and Angiovist 370. Dilutions
of diatrizoate meglumine can be made in PBS buffer.

2.3. Determining Bacterial Infectious Dose

1. Hematocytometer, microscope slides, and modified Romanosky stain set (i.e.,
Hemaquick).

2.4. Bacteria Labeling and Modifications

1. Specific purified monoclonal antibodies that label outer membrane proteins of
A. phagocytophilum may be obtained from non-commercial sources (e.g., R1B10,
R5E4, and R5A9) (4).

2. Zenon Mouse IgG Labeling Kit (Invitrogen Corp., Carlsbad, CA, USA) to label
unconjugated antibodies.

3. Serum-free protein block (DAKO, Carpinteira, CA, USA).
4. Methanol, PBS, coverslips, and bovine serum albumin (BSA).
5. Fluorescent dyes including the lipophilic fluorescent compound PKH-67 (Sigma)

and Cell Tracker Green (CMFDA; Invitrogen) can be used to label A. phagocy-
tophilum for immunofluorescent assays or flow cytometry (5).

6. Doxycycline (10 μg/mL; Sigma) or oxytetracycline hydrochloride (10 mg/mL;
Sigma).

7. Paraformaldehyde (2% solution dissolved in PBS).

2.5. Incubation of Bacteria with Neutrophils

1. RPMI-1640 media buffered with 10 mM HEPES, pH 7.4.
2. 24-well tissue-culture plates.
3. AlexaFluor 488, anti-AlexaFlour 488 conjugated to AlexaFlour 594 (Invitrogen,

Carlsbad, CA, USA).
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4. No. 1, 12-mm round glass coverslips.
5. Microscope slides, mounting media.

3. Methods
3.1. Anaplasma phagocytophilum Culture and Propagation
in HL60 Cells

1. Prepare 1 L of RPMI-1640 containing 10% FBS cell-culture media (RPMI/10%
FBS) by placing 100 mL of heat-inactivated FBS into 900 mL RPMI-1640 media.
Filter-sterilize using a 0.22-μm pore size bottle top filter. Store at 4 °C for up to
6 months.

2. To initiate HL60 culture, pipette 9 mL of RPMI/10% FBS media into a 15-mL
conical tube. Thaw one vial of HL60 cells in a 37 °C water bath for 2–3 min. Pipette
thawed cells into the 9 mL of media. Spin at 450 × g for 5 min to pellet cells.
Pour off freezing media supernatant. Resuspend cells in 5 mL of fresh media and
place in 25-cm2flask. Cells should be maintained at 37 °C and 5% CO2/ 95% air.

3. The initiation of infected HL60 cell culture is identical to that described above
(#2); however, 5 mL of uninfected HL60 cells in fresh media should be added
to the 1 mL of 90% thawed/infected cells to a final concentration of ∼5 × 105

cells/mL in a 25-cm2flask.
4. To maintain uninfected cells in culture, keep cell density from 5 × 105 to 2 × 106

cells/mL by feeding the cells with fresh media twice a week. Uninfected cells grow
slower than infected cells, so uninfected cells should be thawed and propagation
initiated before infected cells. In addition, maintain at least one additional flask
of uninfected HL60 cells to feed infected cell cultures. Uninfected cells can be
expanded to a 75-cm2 flask by taking 10 mL of uninfected cells and adding 10
mL of fresh media.

5. To maintain infected cells in culture, check infection level every 2–3 days (see
Section 3.2.1). Initial infection is often noted by day 3 with peak infection by
day 5–10. Culture will be > 90% infected by day 5 (see Note 5; Fig. 1A and
Color Plate 5, following p. 46). Cell lysis will be noted by day 12–14. Add 1:1
fresh uninfected to infected HL60 cells twice weekly. A. phagocytophilum has a
cytotoxic effect on HL60 cells and will induce cell lysis and apoptosis if they
become too infected (6). Infected cells can also be expanded to a 75-cm2 flask by
adding 2 mL of highly infected HL60 cells diluted with 8 mL uninfected HL60
cells and 10–15 mL fresh media. Harvest pathogen from infected cell cultures at
peak infection (>90% infected HL60 cells (see Note 6).

6. To freeze uninfected and infected HL60 cells, transfer media and cells from
tissue-culture flask into 50 mL conical tubes. Centrifuge at 450 × g for 5 min
to pellet cells. Decant or aspirate supernatant and discard. Resuspend 1 mL of
cells at a final concentration of 5 × 106cells/mL in freezing medium. Transfer
contents (∼0.5 mL per tube) into NUNC cryovials. Freeze at –80 °C overnight,
then transfer vials to liquid nitrogen the next day. Freeze infected HL60 cells
at ∼90% infection level.
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Fig. 1. Images of Anaplasma phagocytophilum-infected HL60 cells. (A) Cytofuge
smear of highly infected HL60 cells. Arrow indicates intact, multiple pathogen
morulae within the HL60 cell cytoplasm (6). Arrowhead indicates HL60 cell lysis
with abundant extracellular bacteria (1000× magnification; Hema-Quik stain). (B)
Electron micrograph of a highly infected HL60 cell with abundant intracellular
bacteria found within cytoplasmic vacuoles (morula). The N labels the cell nucleus.
Arrows indicate the “reticulate,” possibly replicative, stage of organism development.
The arrowhead indicates the “dense cored,” possibly infective, stage of organism
development. (See Color Plate 5, following p. 46.)

3.1.1. Initiation of Infected HL60 Cells Through Cultivation of Patient
Blood Samples in HL60 Cells

1. Sterile-inoculate 100 μL of patient EDTA-anticoagulated whole blood into 5 mL
of 5 × 105 cells/mL HL60 cells in a 25-cm2 cell-culture flask. Infection will
typically be noted by day 5 post-inoculation; however, up to 15 days can be
needed for cultures to be 90% infected. Variation in infectivity is noted with some
patient samples resulting in <5% infection even after 2 weeks. Blood samples
may be stored at 4 °C for up to 48 h before inoculation into culture. Diagnostic
culture of organisms from patient blood may be enhanced by addition of retinoic
acid to HL60 cells (see Subheading 2.1.2.). Cultures may be negative after only
24 h of appropriate antibiotic therapy.

3.1.2. Induction of Granulocytic or Monocytic Differentiation

1. Incubate 5 × 105–1 × 106 cells/mL HL60 cells for 3–6 days with 1 μM all-trans-
retinoic acid (7) or 1.25% DMSO (8). After 6 days of exposure, approximately
half of the cells will appear granulocytic and show myeloperoxidase staining (see
Note 7).

2. Incubate 5 × 105–1 × 106 cells/mL HL60 for 3–6 days with 2 μM 25-OH vitamin
D3 or with the protein kinase C activator, TPA, at 1.6 × 10−7–10−10 M final
concentration to induce macrophage differentiation (8) (see Note 7).
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3.2. Isolation of Cell-Free Anaplasma phagocytophilum

3.2.1. Routine Infection Studies

1. Count infected HL60 cells by removing ∼150 μL of cells from culture flask.
Dilute 10 μL of well-mixed cells into 90 μL of trypan blue and count cells using
a hematocytometer. The use of trypan blue permits concurrent assessment of cell
viability.

2. Estimate percent infection. Take remaining undiluted cells and make a cytofuge
smear (use a Shandon Cytospin at 70 × g for 5 min). Air-dry the smear, fix with
methanol and stain with any modified Romanosky stain (e.g., Hema-Quik, Dif-
Quick, and Wright-Giemsa). With a light microscope, determine the percent of
infected HL60 cells by counting 100 cells (see Fig. 1A). Alternatively, if a cytospin
is unavailable, centrifuge ∼300 μL of infected HL60 cells at 450 × g for 5 min
to sediment cells. Remove supernatant and resuspend cells in ∼50 μL of saline or
PBS. Place a large drop of sedimented cells unto a microscope slide and smear
the cells in a fashion similar to that of a blood smear. Stain and count as described.

3. Disrupt HL60 cells for pathogen isolation by cell sonication or needle lysis. To
sonicate, resuspend desired number of cells in ∼ 5 mL of media and place in
a 50-mL conical tube. Place tubes on ice. Sonicate cells gently with 3–5 quick
pulses. Alternatively, cells can be lysed by 3–6 passages through a 25–27.5 gauge
needle (see Note 8).

4. Centrifuge sonicate or lysate to pellet unwanted cellular debris (450 × g for 5 min;
A. phagocytophilum is in supernatant). Filter supernatant with glass microfiber
filter to remove remnant HL60 debris and further clarify the lysate. Pellet the
pathogen by centrifugation of supernatant (5000 × g for 10–15 min). Discard
supernatant and resuspend pelleted A. phagocytophilum in working media/buffer.
Wash one time by pelleting pathogen as above (5000 × g for 10–15 min).

3.2.2. Purification Process

To obtain a more pure population of A. phagocytophilum, organisms can be
isolated from host cell debris using a number of techniques (see Note 9). The
most common protocol uses diatrizoate meglumine. This technique was first
described for the Rickettsiae in 1981 and has been modified over time by a
number of investigators (9,10,11,12) (see Note 10).

1. Follow steps 1–3 in Subheading 3.2.1. High numbers of infected HL60 cells
(i.e., 2–6 × 108 cells) are needed for this process.

2. Centrifuge sonicate or lysate to pellet unwanted cellular debris (450 × g for 5–10
min; A. phagocytophilum is in supernatant). Pellet pathogen by centrifugation of
supernatant (5000 × g for 10–15 min). Discard supernatant and resuspend pelleted
A. phagocytophilum in SPGN buffer.

3. Layer resuspend A. phagocytophilum onto a discontinuous gradient of 6–8 mL of
42% and 10–12 mL of 30% diatrizoate meglumine (see Note 11). Ultracentrifuge
gradients to equilibrium at 50,000 × g for 60–75 min at 4 °C. Bacterial fractions
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can be collected with a sterile pipette or through punctures in the bottom or
middle of the tube in the band at the 30 and 42% interface. Resuspend collected
bands in 20 mL of SPGN and pellet at 20,200 × g for 30 min. Resuspend pellet
in SPGN buffer to desired concentration.

3.3. Determining Bacterial Infectious Inoculum

Because of their small size and intracellular location, routine methods
of bacterial enumeration (i.e., Petroff-Hauser chambers) are not possible or
accurate. Two acceptable methods of approximating multiplicity of infection
are as follows:

1. The most common method is to enumerate the number of infected HL60 cells
used to obtain the infectious inoculum and state it as a ratio of number of infected
HL60 cells: number of neutrophils (e.g., to inoculate A. phagocytophilum into
neutrophils for a study, state “bacteria liberated from 1 × 106 infected HL60 cells
were incubated with 2.5 × 105 target cells (5).” Immunofluorescence has been
used to confirm that a ratio of 1 infected HL60 cell : 2 neutrophils is ∼5–20 A.
phagocytophilum per neutrophil (13).

2. Alternatively, a formula to estimate multiplicity of infection has been developed:
Estimated number of A. phagocytophilum = total infected cell number × average
number of morula in an infected cell (typically 5) × average number of A.
phagocytophilum in a morula (typically 19) × percentage of A. phagocytophilum
recovered as host-cell free [typically 50% as determined by using metabolically
[35S] methionine-labeled A. phagocytophilum (14)].

3.4. Bacteria Labeling and Modifications

3.4.1. Labeling with Monoclonal Antibody to Anaplasma
phagocytophilum Conjugated to a Fluorochrome

1. Make a direct or cytofuge smear of the infected cells of interest (e.g., infected
neutrophils or HL60 cells). Air dry.

2. Permeabilize cells with 2 drops of 100% methanol. Air dry.
3. Place several drops of protein block onto slide preparation. Let sit for 10 min.

Remove (dab) excess solution.
4. To conjugate monoclonal antibody: Take 25 μL of R5E4 antibody and add 5 μL of

fluorochrome (reagent A from the Zenon conjugation system). Incubate at room
temperature in the dark for 5 min. Add 5 μL of the blocking antibody (reagent
B from the Zenon conjugation system). Incubate for 5 min. Dilute conjugated
antibody 1:200 in 5% BSA in PBS.

5. Add several drops of conjugated antibody to slide. Incubate the slide for 1 h in
the dark.

6. Wash with PBS three times for 5 min each time.
7. Fix with 4% PFA in PBS for 20 min.
8. Wash with PBS three times for 5 min each time.
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3.4.2. Labeling with Fluorescent Dyes

1. Dilute stock CMFDA (CellTracker Green at 10 mM) to 15 μM final concentration
in pre-warmed media with no FBS.

2. Add 500 μL of 15 μM CMFDA to a 500 μL aliquot of bacteria (isolated as
described in Subheading 3.2.1.).

3. Mix well. Incubate at 37 °C for 45 min.
4. Centrifuge at 5000 × g for 10 min to pellet bacteria.
5. Wash by resuspending in 500 μL of prewarmed media and centrifuging at 5000 × g

for 10 min to pellet bacteria.
6. Resupend in 500 μL of working media (see Note 12).

3.4.3. Treatments Before Incubation with Neutrophils

Anaplasma phagocytophilum can be modified to assess the role of viability
in measured outcomes.

1. To heat kill A. phagocytophilum, take isolated pathogen suspended in working
buffer and heat in a water bath or heating block at 60–100 °C for 10 min (13).

2. Exposure to doxycycline or oxytetracycline hydrochloride for 30 min at room
temperature also inactivates A. phagocytophilum and renders the organism non-
infective for HL60 cell culture.

3. To fix A. phagocytophilum, suspend isolated pathogen in 2% paraformaldehyde
in working buffer for 30 min at room temperature.

3.5. Incubation of Bacteria with Neutrophils

1. Isolate human neutrophils according to standard protocols (13). Resuspend
neutrophils in RPMI/HEPES to 2 × 106 cells/mL. Keep cells at room temperature
until they are added to the tissue-culture plate (see Note 13).

2. Resuspend isolated A. phagocytophilum in 1 mL PBS containing 7.5 μg/mL
Alexa Fluor 488 (Invitrogen-Molecular Probes). Incubate for 15 min at room
temperature. Wash twice in 1 mL PBS to remove unbound AlexaFluor 488.
Resuspend bacteria in RPMI/HEPES at desired concentration to add a volume
of 250 μL of suspended bacteria to each well.

3. Immerse #1, 12-mm round glass coverslips in ethanol and flame. Place one
clean coverslip in each well of a 24-well tissue-culture plate and let sit under
UV light in a tissue-culture hood.

4. Coat each coverslip with 30 μL of 100% autologous human serum. Incubate for
at least 1 h at 37 °C. Wash twice with PBS.

5. Add 250 μL of human neutrophils to each well and let cells settle and adhere for
15 min at room temperature. Chill culture plates with neutrophils on ice until
addition of bacteria.

6. Add 250 μL of AlexaFluor 488-labeled A. phagocytophilum to each well and
centrifuge at 900 × g for 8 min at 4 °C to synchronize phagocytosis. Transfer
all plates except 0 min time point to 37 °C.
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Fig. 2. Interaction of Anaplasma phagocytophilum with human neutrophils. (A)
Ingestion of A. phagocytophilum by human neutrophils. Neutrophils were incubated
with ∼5–20 A. phagocytophilum/neutrophil for the indicated times, and percent
ingestion (number of neutrophils containing internalized A. phagocytophilum) was
determined by fluorescence microscopy. (B) Micrographs illustrating ingestion of A.
phagocytophilum by human neutrophils. Green, intracellular bacteria. Red or red-
green (yellow), extracellular bacteria. Reprinted with permission from reference (13).
Copyright 2005 The American Association of Immunologists, Inc. (See Color Plate 6,
following p. 46.)

7. At desired time points, gently aspirate/remove supernatant and wash cells once
with 500 μL of cold PBS, aspirate wash. Add 300 μL of 4% paraformaldehyde
and fix cells on ice for 30 min.

8. To counterstain uningested A. phagocytophilum, aspirate fixative, wash once
with 500 μL of PBS, and add 500 μL of PBS containing 7.5 μg/mL anti-
AlexaFluor 488 (conjugated to AlexaFlour 594). Incubate for 15 min at room
temperature. Aspirate stain and wash twice in 500 μL of PBS.

9. Mount coverslips onto microscope slides. Drain off excess PBS by wicking the
edge on a paper towel and then dry the back with a tissue. Apply coverslip
facedown onto a slide with one drop of mounting media. Incubate in the dark
at 4 °C overnight to permit mounting media to fully harden.

10. Score phagocytosis on a fluorescence microscope. Count all bacteria associated
with 100 cells per time point per treatment from random fields of view. Bacteria
associated with neutrophils that are both red and green are uningested; bacteria
staining green only are ingested (see Note 14; Fig. 2A and B and Color Plate 6,
following p. 46).

4. Notes
1. Anaplasma phagocytophilum has also been successfully propagated in a tick cell

line (ISE6 developed from Ixodes scapularis) grown at 34 °C (15), microvascular
endothelial cell lines developed from human and rhesus origins (16), and a
human immortalized megakaryocytic cell line (17).
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2. Anaplasma phagocytophilum grown in HL60 cells may also be cultured in
Iscove’s modified Dulbecco’s medium (IMDM) or Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 20% FBS. Differences in pathogen
kinetics and growth in these different media have not been appreciated or
reported. Different investigators have varied the percent of FBS in the media
from 1–20%.

3. Top vented cell-culture flasks are highly recommended, as antibiotics are not
used in cell-culture systems for A. phagocytophilum. The use of these flasks
decreases the risk of secondary bacterial contamination.

4. Monocytic Ehrlichia metabolize best in alkaline pH (7.2–8.0; adjust with 2 M
NaOH), the use of slightly alkaline pH has been maintained for the related
A. phagocytophilum. Sucrose phosphate buffer provides osmotic protection for
these fragile organisms. Membrane active agents (phospholipase, detergent) and
low-osmolarity buffers or osmotic shock are all deleterious to Ehrlichial viability
(10). Glutamine is the preferred metabolic substrate for organisms (18).

5. Keep track of pathogen passage number. Organisms passaged a high number
of times may have different virulence characteristics than low-passaged
pathogens. In addition, highly passaged HL60 cells shed P-selectin glyco-
protein ligand-1 (PSGL-1). PSGL-1 serves as a pathogen receptor (5). If poor
growth or propagation of organisms is noted (suspect this when cells fail to
increase infectivity >50–60% in spite of high numbers of intact, uninfected
HL60 cells), assess PSGL-1 expression on the surface of feeder uninfected
HL60 cells.

6. Harvest pathogen when HL60 cells are at peak infection, when both intracellular
and extracellular organisms are noted (see Fig. 1A). Ultrastructural evaluation
of A. phagocytophilum reveals both reticulate and dense morphologic forms,
the biologic significance of which is unknown (see Fig. 1B) (19). Recent work
with the related E. chaffeensis suggests that the dense-cored form may be the
infective stage and the reticulate form may be the replicative stage (see Fig. 1B)
(20). Empirically, pathogen isolated from HL60 cell cultures that are only ≤50%
infected (early in infection) may function differently in assay systems.

7. Pathogen growth can be sustained in both granulocyte-induced and uninduced
HL60 cell cultures; however, growth of A. phagocytophilum will not be sustained
in monocyte-differentiated HL60 cells (8,21). Preferential growth of organism
occurs in HL60 cells differentiated toward granulocytes, especially when differ-
entiated with DMSO. DMSO differentiation results in heterogeneity of CD15
surface expression. However, cells with high levels of expression show greatest
binding and infection of organism (21).

8. Sonication conditions will vary depending on sonicator used. Cell lysis is readily
evident when foaming of media occurs. The organism is fragile, and thus minimal
and gentle sonication is recommended. Empirically, we have lysed cells for



Anaplasma phagocytophilum Infection of Neutrophils 169

up to 30–45 s beyond foaming, at high power, and recultured the sonicate
successfully. If pathogen is to be used in an experiment where sterility is
mandatory, the sonicator can be moved into the hood and all steps treated
aseptically.

9. Anaplasma phagocytophilum has also been purified using a packed sterile
Sephacryl S-1000 (Pharmacia, Uppsala, Sweden) chromatography column (22)
or Percoll (18,23).

10. The use of Renografin gradients permits the isolation of an enriched suspension
of organisms. These purification techniques are principally applied when
organisms are needed for molecular analysis (e.g., cloning, preparation of
genomic DNA, monoclonal antibody production, and immunodiagnostics). For
assays where viable, fully infectious organisms are needed, extensive purifi-
cation may alter viability and virulence. Extracellular organisms rapidly become
inactivated. Metabolism of the related monocytic Ehrlichial organisms is only
maintained for approximately 3 h post-isolation (10,18). Electron microscopy
has revealed that gradient purification does not completely remove host cell
material from Ehrlichia, and purified organisms may still be enclosed in an
host-derived phagosomal membrane. Attempts to completely remove host cell
membranes by DNAase or trypsin have been minimally successful (10).

11. Initially, this technique was described for Rickettsiae and monocytic Ehrlichia
using discontinuous Renografin gradients of 42, 36, and 30%. Heavy-banding
Rickettsiae sedimented on the 42% cushion and light-banding Rickettsiae were
collected at the 36–30% interface. Light-banding organisms were much more
infective. Heavy bands included defective or damaged Rickettsiae that had no
functional integrity of cytoplasmic membranes and “took on” gradient sucrose
(and were thus heavier) (9). Modifications to collect the entire bacterial band
between 30 and 42% are now most commonly used.

12. Anaplasma phagocytophilum has been labeled with an array of fluorescent dyes.
To the author’s knowledge, no alterations in bacterial function, including binding
or entry into host cells, has been noted. In addition, bacteria can be fixed with
paraformaldehyde after labeling.

13. Anaplasma phagocytophilum delays neutrophil apoptosis (13,14). As such,
neutrophils can be successfully cultured for up to 96 h in RPMI-1640/HEPES
media supplemented with 10% FBS and 2 mM l-glutamine.

14. Pathogen uptake can be visualized and quantified by fluorescence microscopy.
Neutrophil uptake of A. phagocytophilum is relatively slow (see Fig. 2A).
However, approximately 75% of neutrophils will ingest bacteria within 6 h after
initiation of neutrophil-A. phagocytophilum interaction (see Fig. 2A and B)
(13,24).
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Ultrastructural Analysis of Bacteria–Host
Cell Interactions

David W. Dorward

Summary

Electron microscopy of bacterial pathogens and interactions between bacteria and host
cells and tissues provides valuable insights into structural and molecular properties and
processes involved in pathogenesis. Applications for electron microscopy in bacterial
pathogenesis range from discovering etiologic agents and following chronological events
during infections by conventional examination of clinical samples to assessing molecular
host–cell responses to infection and in situ interactions between receptors and ligands using
specific immune-labeling techniques. This chapter focuses on techniques for preparing
samples of bacteria and host cells for conventional transmission (TEM) and scanning
electron microscopy (SEM) and use of luminescent nanocrystals or “quantum dots” as
specific probes for correlative light and electron microscopy. Conventional TEM and SEM
are well established tools for high resolution examination of structural effects and chrono-
logical events associated with bacterial infections. The recent development of quantum
dots as physiological and immunological probes in biology has provided a powerful
technique for bridging fluorescent analyses of fixed and live material with preparation and
examination by TEM and SEM.

Key Words: Transmission electron microscopy; scanning electron microscopy;
Gram-positive; Gram-negative; immune labeling; histochemistry; colloidal gold; quantum
dots; correlative microscopy; fluorescence.

1. Introduction
Ultrastructural analyses by TEM and SEM are versatile and integral

tools for examining and characterizing infectious cycles and host responses
to bacterial pathogens at the tissue, cellular, sub-cellular, and molecular
levels. Utilizing focused electron beams with wavelengths less than 100 pm,
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electron probe microimaging augments biochemical analyses by providing
structural and spatial information at resolution 2–3 orders of magnitude
greater than that achievable by standard far-field optical microscopy. Together
with optical imaging of fixed and live preparations, TEM and SEM provide
numerous techniques for investigating and analyzing chronological and struc-
tural relationships of interactions between bacteria and their hosts and
environments.

Protocols for conducting such investigations vary considerably according to
particular aspects of experimental design and desired outcome (1,2,3,4,5,6,7).
Examples include imaging techniques, such as negative staining for struc-
tural or immunological analyses of bacteria, rapid freezing and freeze-
substitution for preservation and immobilization of fine structures and aqueous
solutes, microwave processing for rapid diffusion and infiltration of fixatives
and embedding resins, variable pressure SEM and containment chambers
for examining hydrated samples, and enzymatic or immunological labeling
for locating and identifying specific target molecules. Such techniques are
commonly used to assess bacterial morphology and phenotypic expression
of surface and extracellular components such as flagella, pili, fimbrae,
and capsules. Furthermore, TEM and SEM can reveal the chronology of
microbial cell cycles, phase changes, sporulation, and cytopathic effects on
host cells and tissues, such as cytoplasmic and cytoskeletal rearrangements,
plasma membrane ruffling and pedestal formation, organelle trafficking and
vesicle fusion, and cell lysis, necrosis, apoptosis, and autophagy (1,2,3,4).
Despite the diversity of TEM and SEM applications and approaches to
microbial investigations, most protocols share common processes to address
properties and requirements inherent with electron probe analyses of biological
material, such as a high vacuum environment and both the damaging
effects and exploitable attributes of focused cathode-ray irradiation. This
chapter provides descriptions of conventional preparative and immunological-
labeling techniques with which many questions can be addressed and
modifications adapted. For in-depth review of theoretical and practical appli-
cations of electron microscopy, readers are directed to any of several excellent
volumes (1,2,3,4).

Because of the broad nature of microbial samples prepared for EM, this
chapter cannot describe methods to address all types of ultrastructural studies.
Rather, this chapter provides methods for preparing samples that are either
cultured on or subsequently attached to a rigid or semi-rigid substrate. Examples
of such substrates are silicon chips, Thermanox® cover slips, Aclar® film,
filter membranes, or agar-based culture medium. Adherence to a firm substrate
is advantageous for positioning TEM samples for sectioning along planes
of interest, for maintaining the integrity of biofilms and host cell layers,
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and for interpreting structures and events that may be polarized with respect
to basal, lateral, or apical cell surfaces. In many instances, such layers
are appropriate and useful in vitro models for the native associations of
bacteria and host cells. Microbial and cell adherence to such substrates can
be promoted, if necessary, by pre-coating the substrate with a biologically
relevant substance, such as fibronectin, vitronectin, collagen, or poly-l-lysine.
It should be noted, however, that many situations exist in which adherence to a
surface is not advantageous and use of centrifugal pellets, for example, may be
preferable.

During all steps of sample preparation, care should be taken to assure
that the samples, reagents, containers, and tools are kept clean and free
of particulates and volatile contaminants. Dust, fingerprints, trace salts, and
other materials in solution degrade image quality and can damage or destroy
samples and instrumentation. To minimize problems with contamination,
several preventative steps are advisable, including (1) acquiring high quality
water and reagents, (2) using pre-cleaned or sterile plasticware and thoroughly
cleaning and rinsing all glassware, (3) filtering buffers, stains, and sample
rinse water with 20–200 nm filters prior to use, (4) handling samples, tools,
and sample holders with protective gloves, and (5) reducing dust by filtering
incoming ventilation and controlling foot traffic into preparative and instrument
areas. Furthermore, several reagents and resins used in sample preparation
are highly toxic, carcinogenic, and/or radioactive. Therefore, material safety
data and recommendations from the suppliers should be obtained, under-
stood, and followed for safe handling and disposal of all potentially hazardous
reagents.

1.1. Conventional TEM

This section provides preparative methods for examining thin sections of
microbial material. The examples shown in Fig. 1 depict mixtures of bacteria
with human host cells prepared by these methods. These techniques are
suitable for samples that may or may not include specific staining or labeling
steps for identifying or highlighting structures or molecules of interest (see
Subheading 1.3). It is presumed that certain equipment including a fume hood,
ultramicrotome and diamond or glass knife, and transmission electron micro-
scope are available for use.

Preparative steps involve fixing with cross-linking agents, contrasting with
electron-dense compounds, dehydrating, embedding, and sectioning. Typically,
primary fixation involves immersion in buffered glutaraldehyde or a mixture
of glutaraldehyde and paraformaldehyde. These reagents react with and can
cross-link free amino groups. If needed, the primary fixative can also be used
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Fig. 1. Transmission electron micrographs showing sections of bacteria and host
cells. (A) Digital image of methicillin-resistant Staphylococcus aureus within a primary
human neutrophil. Bacterial capsular material (c) is preserved within the endosome.
Cytoplasmic vesicles are evident in association with the endosomal membrane. (B)
Photographic image of Borrelia burgdorferi and lymphocytes. In cross-section, two
layers of extra membrane (arrows) are evident surrounding the spirochete (s) (unpub-
lished data). Bars, 500 nm.

for perfusion of tissues. As the rate of diffusion and thus fixation is dependent
on the biochemical nature of the material and physical properties such as
temperature and sample thickness, the length of time required is variable and
largely unpredictable. Organisms with thickened, resistant, and/or hydrophobic
cell walls such as Gram-positive bacteria, spores, or mycobacteria require
extended fixation or enhanced processing, such as microwave irradiation (4)
or both. Experimental assessment of viability during fixation can be useful for
determining the necessary length of treatment. Membranes and storage lipids are
stabilized by cross-linking with oxidative osmium species. Osmium treatment
both reduces the quantity of lipids extracted during preparation and provides
contrast for lipophillic structures. Contrast is often enhanced by subsequent
staining with metallic salt solutions, such as uranyl acetate and lead citrate.
To enable thin sectioning, the samples are dehydrated in organic solvents
and infiltrated with epoxy or acrylic resins, which are then polymerized to
provide support and minimize compression artifacts during sectioning. As with
fixation steps, the duration period and processing techniques for dehydration
and embedment may require adjustment depending on types of samples and
viscosity of the resin.



Ultrastructural Analysis of Bacteria–Host Cell Interactions 177

1.2. Conventional SEM

For conventional SEM, samples must also be cross-linked and dehydrated
during preparation. Treatments with aldehydes and osmium oxides and solvent
dehydration can often be performed identically for both TEM and SEM. Once
fully dehydrated in 100% organic solvent, the SEM samples are dried and
mounted. To minimize shrinkage during drying, intermediate drying agents
are used. This can be an organic compound, such as hexamethyldisilazane
(4,5), or more typically the agent is liquid carbon dioxide exchanged within a
critical point dryer. Once dried, the samples are coated with a conductive metal
or carbon before examination or examined without coating. Coating, usually
performed in a magnetron or ion beam sputterer, can provide enhanced conduc-
tivity, some degree of protection against beam damage, and perhaps most
importantly, increased production of secondary electrons for imaging. Although
SEM offers several modes of imaging for biological samples, typically samples
are examined using secondary electrons for cell and microbial surface topog-
raphy and backscattered electrons for compositional contrast of immune probes
and labels.

1.3. Immune Labeling with Quantum Dots

Immune labeling of biological material for electron microscopy is a well-
established and powerful tool for localizing and visualizing macromolecules
and molecular complexes with nanometer scale resolution. In recent years,
considerable efforts have been undertaken to develop and utilize techniques
for correlative microscopy involving assessment of equivalent samples by
fluorescent (including single and multi-photon confocal microscopy) and
electron microscopy (1,2,6,7). Because of the inherent differences between light
and electron beam imaging, relatively few techniques have been developed
that can utilize the same specific labeling reagents. These include (1) use
of fluorescein-conjugated probes for fluorescence microscopy, which can be
subsequently labeled with anti-fluorescein antibodies and electron-dense metals
(8), (2) use of the green fluorescent protein family of expressed markers
that can also be labeled with antibodies and electron-dense metals (9), the
ReASH® system, which utilizes a genetically engineered tetracysteine motif
and a bi-arsenical fluorescent dye that can photoactively deposit diaminoben-
zidine for TEM detection of the expressed protein tag (10), and (4) the use of
fluorescent CdSe nanocrystals known as “quantum dots,” which are photolumi-
nescent, phosphorescent, and electron dense (11,12,13). Among these options,
the quantum dots are unique in that they enable fluorescent examination of
labeled live or fixed samples and subsequent preparation of the same samples
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for electron microscopy without further manipulation of the label. This was
recently described for simultaneous detection of several quantum dot probes
by fluorescence and TEM of sections by the wavelength of emission and size
class of particles, respectively (7). To date, there are no reports of SEM studies
using quantum dots as immune labels. However, phosphorescent emissions
similar in wavelength to photoluminescent emissions have been detected by
SEM with a cathodoluminescence spectrometer (13). Studies are underway
to determine whether cathodoluminescent properties of quantum dots will be
adaptable for immune labeling of biological material for SEM. In the meantime,
the CdSe core and ZnS coating of quantum dots provide for compositional
contrast using backscattered electron detection. Labeling and imaging methods
described below enable direct detection of the quantum dots by TEM and
low-voltage SEM.

2. Materials
2.1. Conventional TEM

1. Hank’s-buffered salt solution (HBSS) (Cambrex BioSciences, Inc., Walkersville,
MD).

2. 25% aqueous glutaraldehyde, EM grade, in nitrogen-filled ampules (Ted Pella,
Inc., Redding, CA).

3. 16% aqueous paraformaldehyde, EM grade, in nitrogen-filled ampules (Electron
Microscopy Sciences, Hatfield, PA).

4. Sodium cacodylate (dimethyl arsenate) (Ted Pella, Inc).
5. 4% aqueous osmium tetroxide, EM grade (Ted Pella, Inc).
6. Potassium ferrocyanide.
7. 70 and 100% (dehydrated) ethanol.
8. Spurr’s embedding medium (Ted Pella, Inc).
9. Uranyl acetate (Ted Pella, Inc).

10. Lead citrate (Ted Pella, Inc).
11. 10 N sodium hydroxide.
12. Disposable serological pipets.
13. Disposable transfer pipets.
14. Powder-free nitrile or other appropriate gloves.
15. Thermanox® cover slips, 13 mm (Nalge Nunc International, Rochester, NY).
16. Embedding capsules or molds (Ted Pella, Inc).
17. Copper EM grids, 200–300 mesh (Ted Pella, Inc).
18. Grid box(es) (Ted Pella, Inc).
19. Laboratory film such as Parafilm®.
20. Syringe filters, 20 nm Anotop® (Whatman International, Ltd., Maidstone, UK).
21. Disposable Leur-Lock syringes, 10 mL.
22. Fine tweezers, such as anti-capillary tweezers.
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2.2. Conventional SEM

1. Same as items 1–7 and 12–14 in Subheading 2.1 (TEM).
2. Silicon chip specimen mounts (Ted Pella, Inc).
3. 24-Well tissue culture plates.
4. SEM sample stubs compatible with the microscope (Ted Pella, Inc).
5. Chromium, iridium, or other appropriate sputtering target (Refining Systems, Inc.,

Las Vegas, NV).
6. Carbon sputtering target (South Bay Technology, San Clemente, CA).

2.3. Immune Labeling with Quantum Dots

1. Phosphate-buffered saline (PBS).
2. Immunoglobulin-free bovine serum albumin (BSA).
3. Primary antibodies or anti-serum, for example, rabbit anti-serum.
4. Secondary antibody conjugate, for example, goat anti-rabbit 655 nm quantum

dots (Invitrogen, Inc., Carlsbad, CA).
5. Parafilm® or similar laboratory film.
6. Anti-capillary tweezers (Ted Pella, Inc).

3. Methods
3.1. Conventional TEM

This section describes steps for fixating and contrasting, dehydrating,
embedding, sectioning, and mounting samples for TEM. Many variations on
these steps have been described depending on types of samples used, experi-
mental goals, and personal preference (1,2,3,4). This set of methods was used
successfully to demonstrate stages of infection of primary human neutrophils
with clinical isolates of group A Streptococcus, and methicillin-resistant Staphy-
lococcus aureus (MRSA), and lymphocytes by Borrelia burgdorferi. The
samples of neutrophils were allowed to adhere to 13-mm Thermanox® cover
slips in the wells of a 24-well tissue-culture plate prior to exposure to bacteria.
In contrast, 105 B cells and 106 spirochetes were co-incubated within liquid
growth medium suspensions and then processed for TEM as pellets. In these
examples, the time periods for each step are relatively long and reflect allowance
for slow diffusion of reagents through Gram-positive cell walls, and pellets
of cells and spirochetes, respectively. In all processing steps, care must be
taken to avoid unintentional drying of samples (see Note 1). When necessary,
centrifugation and resuspension should be conducted as gently as possible to
minimize mechanical damage (see Note 2). Furthermore, TEM grids must be
kept clean and handled very carefully, grasping only at the edges with very
fine tweezers.
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3.1.1. Fixation

1. Immerse samples in at least 10 volumes of Karnovsky’s fixative containing 2.5%
glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH
7.2 for 2 h (see Note 3).

2. Wash the samples twice for 30 min each time by replacing the fixative with
cacodylate buffer.

3. Post-fix the samples by replacing the wash buffer with a mixture containing 1%
osmium tetroxide and 0.8% potassium ferrocyanide in 0.1 M cacodylate for 2 h.

4. Wash the samples once for 30 min in cacodylate and twice in deionized or distilled
water.

3.1.2. In-Block Staining (Optional)

1. Stain the samples by immersion in 1% uranyl acetate in water for 2 h at room
temperature.

2. Wash the samples twice for 30 min each in water.

3.1.3. Dehydration and Embedment

1. Dehydrate the samples by immersion for 1 h each in 70, 100, and 100% ethanol.
2. Prepare embedding resin according to the manufacturer’s instructions and mix

thoroughly.
3. Infiltrate samples with embedding resin by immersing in 1/3 resin and 2/3 ethanol

for 4 h, 2/3 resin and 1/3 ethanol for 4 h, and 100% resin for 8–16 h twice.
4. After two cycles in 100% resin, transfer the samples to resin-filled embedding

capsules or other suitable molds designed for curing at elevated temperature.
Orient the samples for the optimal position and angle of sectioning. For centrifuged
material, this is typically not an issue due to the random orientation of cells
and bacteria within the pellets. For adherent cells on Thermanox® cover slips,
Aclar®, or silicon chips, orient the substrates such that the cells face toward the
resin at the preferred angle for sectioning, usually either parallel or perpendicular
to the cell layer. It is helpful to place a small paper label within the resin block
with identifying information written in pencil or printed in a small font (e.g.,
5 point font) for later reference.

5. Carefully place the samples into an oven for curing at 65 °C or as recommended
by the resin supplier (see Note 4). Curing is temperature dependent. At 65 °C,
blocks are usually hardened within 24–48 h.

3.1.4. Block Face Preparation and Sectioning

1. Remove the cover slip or any other substrate from the block (see Note 5). The
cells should remain in the block, and exposed on the surface.

2. Secure the block in a microtome chuck or small vice. Using single-edge razor
blades, carefully trim the block down to a suitable block face for sectioning. This
is typically a trapezoid ranging in size from about 0.2–1.0 mm on each side.
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3. Using an ultramicrotome and glass or diamond knife, cut sections of suitable
thickness (see Note 6).

4. Pick up the sections on clean EM grids. The grids can either be coated with thin
films such as carbon, Parlodion® or Formvar®, or left uncoated. Wick off excess
water by gently touching absorbant filter paper to the edge of the grid. Place the
grid into a grid storage box and record any necessary identifying information.

3.1.5. Post-Section Staining (Optional).

Specialized devices are available for post-section staining that facilitate
handling of multiple samples and help provide consistency and reproducibility,
for example, Ted Pella, Inc., item number 22510. Traditionally, grids have been
stained with droplets as follows.

1. On a freshly uncovered surface of ParaFilm® or other laboratory film, pipette
30-μL droplets of Anotop®-filtered 1% uranyl acetate in water.

2. Carefully place one grid on each droplet, with the sections facing the droplet.
The grids will normally float on the droplet unless a surfactant is present. Cover
the droplets and samples to protect against dust and drying. Plastic lids from
pipette tip racks work well for this purpose. Allow 10 min for staining. In
low-humidity environments, it is prudent to supply a source of hydration, such
as a wet gauze sponge or laboratory wipe within the covered space to reduce
evaporation.

3. Transfer the grids to 100-μL droplets of filtered deionized or distilled water.
Thoroughly wash each grid with water by passing 5–10 mL of filtered water over
both grid surfaces dropwise. Carefully wick excess water from each grid using
filter paper as above. Allow to dry.

4. Prepare fresh 1% lead citrate stain by adding 0.1 g of lead citrate to a mixture
of 9.5 mL of water and 0.5 mL of 10 N sodium hydroxide. Vortex the mixture
until dissolved. Pass through Anotop® filters before use. Alternative preparative
methods are also available.

5. Repeat steps 1–3 above using 1% filtered lead citrate instead of uranyl acetate.
The grids are then ready to examine.

3.2. Conventional SEM

The methods described in this section are applicable to a wide variety of
samples.

As with the TEM methods in Subheading 3.1, the time periods for each step
are sufficient for most samples of individual cells or cell layers with associated
Gram-negative or non-spore-forming Gram-positive bacteria. For bulk samples
such as biopsied tissues or bacterial colonies on solid medium, incubation
periods should be adjusted to ensure thorough diffusion of reagents into the
samples.
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Samples for SEM examination are often cells, cell layers, or bulk tissues
mounted on rigid or semi-rigid substrates (see Note 7). Several preparative steps
are similar to those listed above for TEM, in Subheading 3.1. The methods
diverge to prepare the samples for viewing exposed surfaces rather than internal
structures.

3.2.1. Fixation

1. Apply suspended cells to substrate if necessary. Place the desired number of
silicon chips into wells of a 24-well tissue-culture plate, shiny side up. Pipette
30 μL of cell and/or bacterial suspensions that have been washed and resus-
pended at 106 or 107/mL of HBSS, respectively, onto the shiny surface of
silicon chips. Cover and place in a hydrated CO2 incubator. Allow to settle for
10–15 min.

2. Gently add 1 mL of fixative containing 2.5% glutaraldehyde, 4%
paraformaldehyde, and 0.1 M sodium cacodylate buffer, pH 7.2, to each well.
Allow 30–60 min for primary fixation. Mammalian cells, cell monolayers, and
Gram-negative bacteria fix relatively rapidly. Bulk tissue samples, Gram-positive
bacteria (particularly spore-forming bacteria), and hydrophobic mycobacteria may
require extended fixation time periods.

3. Wash the samples twice for 15–30 min with 1–2 mL of cacodylate buffer.
4. Post-fix the samples with 1 mL of 1% OsO4 in cacodylate for 30–60 min.
5. Wash the samples once with cacodylate buffer and twice with water.

3.2.2. Dehydration, Coating, and Mounting

1. Dehydrate the samples by replacing the water with hour-long series of 70, 100,
and 100% ethanol.

2. Dry the samples using a critical point dryer and carbon dioxide.
3. Mount the samples, oriented with the material of interest facing upward, onto

sample stubs manufactured for the available scanning EM, using conductive
material such as silver, gold, or graphite paint, or double-adhesive carbon
disks.

4. (Optional) Sputter-coat the samples with suitable material such as chromium,
iridium, gold-palladium, or carbon. The samples are ready for examination.

3.3. Immune Labeling with Quantum Dots

The methods described in this section pertain to labeling antigens located on
the surface of cells or thin sections for examination by either transmission or
scanning electron microscopy (SEM). Despite being similar to colloidal gold
for detection by electron microscopy, quantum dots offer the ability to observe
labeling and associated biological processes by fluorescence microscopy prior
to fixation for electron microscopy. Although use of quantum dots for biological



Ultrastructural Analysis of Bacteria–Host Cell Interactions 183

studies is relatively new, a significant number of primary and secondary
conjugates of quantum dots with varying sizes and emission wavelengths are
commercially available. Furthermore, quantum dots with reactive linkers are
also available for producing direct conjugates of interest, making the dots
a convenient, adaptable, and flexible choice as probes for molecules and
molecular interactions. As above, the protocol described applies to bacteria and
cells adsorbed to a substrate such as silicon chips or Thermanox® cover slips.
If used with pellets or suspended material, the methods can be modified accord-
ingly. For some applications, it may be advantageous to pre-fix the samples
to prevent progression of biological processes during labeling. When labeling
live material, active processes such as internalization, intracellular trafficking,
and cell division can be controlled as needed with temperature or suitable
chemicals such as azide or other metabolic inhibitors. Using quantum dots,
common steps such as titrating antibodies, conjugates, and blocking reagents to
optimize labeling and detection of targets by fluorescence microscopy generally
provide optimal electron imaging as well. Thus, fluorescence microscopy is
useful for rapidly assessing the specificity and sensitivity of the labeling exper-
iment before the samples are processed for electron imaging. However, this
is not necessarily the case when detergents or solvents are used to perme-
abilize the cells or bacteria, as cellular ultrastructure can be affected adversely
and dramatically by such agents, without noticeable detriment in a light
microscope.

3.3.1. Pre-Fixation (Optional)

1. Wash samples twice with an appropriate physiological buffer such as PBS or
HBSS to remove residual medium components.

2. Immerse the samples into PBS containing 4% paraformaldehyde and 0.1%
glutaraldehyde. Incubate at room temperature for 15–30 min.

3. Wash sample twice for 15 min with buffer.

3.3.2. Immune Labeling

1. Block the samples by immersing in PBS containing 2% (w/v) globulin-free BSA.
Incubate at room temperature for 30 min.

2. Replace the blocking solution with primary antibody such as immune or pre-
immune mouse serum diluted to an appropriate concentration in blocking buffer.
Incubate the mixture for 30 min at room temperature or overnight at 4 °C. Deter-
mining the optimal concentration and length of incubation may require empirical
experimentation.

3. Wash the samples at least twice for 15 min in blocking buffer.
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4. Label the samples by immersion into 5 nM secondary quantum dot conjugate,
such as goat anti-mouse 655 nm quantum dots, in blocking buffer. Incubate for
30 min at room temperature.

5. Wash the samples at least twice for 15 min in blocking buffer. Wash the samples
two more times in PBS to remove residual protein from the blocking buffer. The
samples are now ready to examine by fluorescence microscopy and to proceed
with processing for TEM or SEM (see Subheadings 3.1 and 3.2).

3.3.3. Imaging by TEM

Quantum dots are readily detectable by TEM in thin section and negatively
stained preparations at voltages commonly used for biological material between
60 and 120 kV. No special requirements are needed for imaging.

3.3.4. Imaging by SEM

Quantum dots are detectable by SEM by topographical contrast with
secondary electron imaging (SEI), compositional contrast with backscattered
electron imaging (BEI), and scanning transmission electron imaging. By SEI,
the quantum dots appear as particles on exposed surfaces that can resemble
normal biological structures. However, the CdSe core and ZnS coating impart

Fig. 2. Scanning electron micrographs showing interactions between bacteria and
host cells. (A) Digital image of methicillin-resistant S. aureus enwrapped within lamel-
lapodia on the surface of a primary human neutrophil. (B) Photographic image of
B. burgdorferi and a human lymphocyte. The spirochete appears to simultaneously
penetrate and emerge from the B cell, lymphocyte (unpublished data). Bars, 500 nm.
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Fig. 3. Immune electron micrographs of quantum dot-labeled bacteria. Mixtures of
cultured HeLa cells and Chlamydia trachomatis elementary bodies (EB) were pre-
fixed, probed with anti-EB rabbit serum, and labeled with goat anti-rabbit IgG/655 nm
quantum dot conjugates. Thin sections examined by TEM (A) and cell layers examined
by SEM (B) showed numerous quantum dots on bacterial surfaces, but not on host
cells (unpublished data). Bars, 50 nm.

clear compositional contrast against carbon-rich biological material when
imaged by BEI or scanning transmitted electron detectors. Such contrast is
maximized using relatively low accelerating voltages and carbon sputter coating.

1. Follow steps 1–5 in Subheading 3.2.1 and steps 1–3 in Subheading 3.2.2.
2. Lightly sputter coat samples with carbon. The coating thickness should be deter-

mined empirically as the minimum thickness that enables viewing without static
charge artifact in the microscope. A thickness setting of 20 Å was used for the
image in Fig. 3B.

3. Choose an initial accelerating voltage of 1–3 kV (see Note 8). Check and adjust
beam alignment as necessary. Examine the sample in backscatter mode at ×25,000
or greater magnification. Quantum dots should be visible as relatively bright
particles on exposed surfaces.

4. Notes
1. Sample processing for EM involves multiple fluid exchanges. Such exchanges

must be sufficiently rapid to prevent samples from drying. For example, fluids
can be removed from and immediately replaced for each sample in an experiment
rather than removing fluids from all samples before replacement.

2. It is the practice in this laboratory to centrifuge suspended cells at 600–800 × g
for 1–5 min as necessary. After removing the supernatant, pellets are gently
disaggregated into the residual liquid by tapping the tube prior to adding the
next volume of liquid. Vortexing and rapid passage through pipette tips are not
recommended.
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3. Sodium phosphate provides excellent buffering for fixatives at 0.1 M and is
often used in place of cacodylate. Each buffer system has certain advantages
and limitations. Cacodylate is an organic arsenic compound, dimethylarsenate,
which is poisonous. Whereas it may provide additional TEM contrast in biological
samples, it is a relatively weak buffer at pH 7.2. Alternatively, phosphate requires
fewer safety precautions. However, our laboratory has observed precipitants in
some biological samples, such as avian erythrocytes, that were attributed to the
phosphate buffer.

4. Epoxy resins emit noxious and potentially carcinogenic fumes. Therefore, curing
ovens should be located within a fume hood or designed to be vented away from
occupied spaces as with vacuum ovens.

5. Removal of Thermanox® cover slips can be facilitated by immersing the cover
slip into liquid nitrogen for about 5 s. Prolonged exposure of the resin to liquid
nitrogen should be avoided, as cracks can develop within the block. Similarly,
silicon chips are removed cleanly after pressing the chip onto dry ice for
10–15 s.

6. The quality of sections are affected by many variables including personal ability,
type of microtome, type of knife, flaws in the knife, cutting speed, sample
and block integrity, ambient temperature, air circulation, humidity, and others.
Section thickness settings on ultramicrotomes are approximate values. Typically,
sections are cut between 50–70 nm in thickness. At this thickness, the sections
appear silver to light-gold in color and provide good characteristics of stability,
contrast, and resolution under typical biological imaging conditions of 80–100 kV.
Furthermore, compression artifact during sectioning can be minimized by
orienting the block face such that parallel edges of the block face are aligned
parallel with the knife blade, and that the wider edge advances across the knife
first.

7. In some cases, the SEM substrate can be a TEM grid. More typically, ideal
substrates are flat or relatively featureless or both. Pre-cleaned glass or plastic
cover slips are commonly used for cell layers and cells that can adhere. Use
of pre-cut silicon chips as a substrate is gaining popularity, as these are very
flat and featureless and sufficiently conductive to minimize charge buildup in
samples. In many cases, cells and bacteria adhere to cover slips and chips without
further treatment. If necessary, the substrates can be coated with polypeptides
or other agents such as collagen, fibronectin, serum, or polylysine to promote
adherence.

8. In our laboratory, backscatter detection of quantum dots has been achieved
at accelerating voltages ranging from 0.5 to 10 kV. However, during testing,
backscatter contrast decreased steadily as the accelerating voltage was increased
beyond 2 kV, presumably due to reduced scattering by the nanocrystal or increased
scattering by the substrate or both. If available on the SEM, mixing signals from
the secondary and backscattered electron detectors, or adjusting for detection
of optimum electron energy levels may enhance image quality with respect to
compositional contrast and sample topography.
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Infection of Human Monocyte-Derived Macrophages
With Coxiella burnetii

Jeffrey G. Shannon and Robert A. Heinzen

Summary

Coxiella burnetii, the agent of Q fever, is an obligate intracellular bacterium that
has a tropism for cells of the mononuclear phagocyte system. Following internalization,
C. burnetii remains in a phagosome that ultimately matures into a vacuole with lysosomal
characteristics that supports pathogen replication. Most in vitro investigations of Coxiella –
macrophage interactions have employed continuous cell lines. Although these studies
have been informative, genetic alterations of immortalized cells may result in atten-
uated biological responses to infection relative to primary cells. Consequently, primary
macrophages are preferred as in vitro model systems. Here, we describe procedures for
propagation and isolation of C. burnetii from cell culture and the use of these preparations
to infect primary macrophages derived from human peripheral blood monocytes. Both
virulent phase I and avirulent phase II C. burnetii productively infect human monocyte-
derived macrophages (MDMs) and replicate with approximately the same kinetics, thereby
providing a more physiologically relevant in vitro model system to study the infectious
process of this pathogen.

Key Words: Coxiella; macrophage; purification; quantitative PCR; Q fever;
phagolysosome; cell culture.

1. Introduction
Coxiella burnetii is a bacterial obligate intracellular pathogen and the etiologic

agentofhumanacuteandchronicQfever.Theorganismhasan impressivelybroad
host range that includes arthropods (primarily ticks), fish, birds, and a variety
of mammals (1). C. burnetii has a worldwide distribution with the exception of
Antarctic regions and New Zealand (2,3). In both wild and domestic animals,
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C. burnetii does not appear to cause overt disease with the exception of sheep
and goats, where it can cause abortions (4). Unlike other obligate intracellular
bacteria, C. burnetii is remarkably resistant to desiccation and therefore can
persist in contaminated soils for extended periods (2). Inhalation of contami-
nated aerosols is the primary route of human infection with C. burnetii (5), and
disease can be initiated in both humans and animals by less than 10 organisms
(6,7). Consequently, C. burnetii can represent an occupational hazard, partic-
ularly for individuals involved in animal husbandry operations where large
numbers of organisms can be shed into the environment during parturition (8).

As an obligate intracellular bacterium, C. burnetii requires a viable eucaryotic
host cell for propagation. Laboratory cultivation of C. burnetii has been accom-
plished in animals (primarily guinea pigs and mice), embryonated hen’s eggs,
and tissue culture cells (5). Regardless of the host and cell type, C. burnetii
replicates in a membrane-bound vacuole with lysosomal characteristics (9).
Cell culture is currently the method of choice for propagation of C. burnetii.
A variety of primary and continuous cell lines support vigorous growth of
the organism including primary chick and mouse embryo fibroblasts and
continuous cell lines, like Vero (African green monkey kidney epithelial), BHK-
21 (hamster kidney fibroblast), L-929 (murine fibroblast), J774.1 and P388D1
(murine macrophage-like), and THP-1 (human monocyte-like) (1,10,11,12).
Organisms are typically harvested when large vacuoles filled with C. burnetii
are observed throughout the cell culture (∼6–8 days post-infection). Cells are
scraped from culture flasks and mechanically disrupted to release intracellular
bacteria (13). Purification of C. burnetii from host cell lysates involves a series
of differential centrifugation steps followed by density gradient centrifugation
through sucrose or RenoCal-76 (13,14,15). The hydrophobic, truncated LPS
of phase II C. burnetii results in adherence of host material that consequently
results in lower yields of this strain when compared to yields of phase I
organisms producing full-length LPS (15).

In vivo, C. burnetii primarily targets cells of the mononuclear phagocyte
system such as alveolar macrophages of the lung and Kupffer cells of the liver
(16). Thus, primary human macrophages represent the most physiologically
relevant in vitro system to study Coxiella–host interactions. Here, we describe
protocols for quantifying infection of human peripheral blood monocyte-derived
macrophages (MDMs) by purified C. burnetii.

2. Materials
2.1. Coxiella burnetii Propagation and Purification

1. RPMI medium with Glutamax I (Invitrogen, Carlsbad, CA) supplemented with
10 or 2% fetal bovine serum (FBS) (Invitrogen). Store at 4 °C.
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2. African green monkey kidney epithelial (Vero) cells (CCL-81; American Type
Culture Collection, Manassas, VA).

3. Phosphate-buffered saline (PBS): Na2HPO4, 53.9 mM; KH2PO4, 12.8 mM; and
NaCl, 72.6 mM. Sterilize by autoclaving and store at room temperature.

4. PBS-sucrose (PBSS): PBS containing 0.25 M sucrose. Sterilize by passage
through a 0.22-μm Millipore filter and store at room temperature.

5. 30% (v/v) RenoCal-76 (Bracco Diagnostics Inc, Princeton, NJ) in PBSS. Store
at 4 °C.

6. 150-cm2 cell-culture flasks (Corning, Corning, NY).
7. Cell scrapers (39-cm handle, 3-cm blade) (Corning).
8. 50-mL disposable conical centrifuge tubes (Corning).
9. Sterile 50 mL O-ringed screw cap centrifuge tubes (Nalge Nunc International,

Rochester, NY).
10. Sterile 250-mL O-ringed screw cap centrifuge bottles (Nalge Nunc International).
11. Ultra-Clear centrifuge tubes (25 mm × 89 mm) (Beckman Coulter, Fullerton, CA).
12. Ethanol (70%).
13. 10-mL Luer-lock Tip disposable syringes (Becton Dickinson, Franklin Lakes, NJ).
14. 14-gauge, 4-inch metal cannulas (Popper and Sons, Inc., New Hyde Park, NY).
15. Sterile 8-ounce disposable plastic beakers (Daigger and Company, Vernon

Hills, IL).
16. Sterile 2-mL O-ring screw cap microfuge tubes (Sarstedt AG and Co.,

Numbrecht, Germany).

2.2. PBMC Isolation and MDM Culture

1. Ficoll-Paque Plus (Amersham Pharmacia, Piscataway, NJ). Store at room temper-
ature and protect from light.

2. PBS supplemented with 2% FBS.
3. RosetteSep Monocyte Enrichment Cocktail (StemCell Technologies, Vancouver,

Canada).
4. RPMI medium with Glutamax I, supplemented with 10% FBS (Invitrogen). Store

at 4 °C.
5. Macrophage colony-stimulating factor (M-CSF) (Peprotech, Rocky Hill, NJ)

dissolved in PBS plus 2% FBS to make a 50 μg/mL stock. Stable for weeks
at –20 °C or months at –80 °C.

6. 150-cm2 cell-culture flasks (Corning).
7. Cell scrapers (39-cm handle, 3-cm blade) (Corning).
8. 25-mL pipettes (BD Falcon, Balford, MA).

2.3. Quantitative PCR Coxiella burnetii Growth Assay

1. Ultraclean Microbial DNA isolation kit (MoBio, Carlsbad, CA).
2. TaqMan Master Mix solution (Applied Biosystems, Foster City, CA).
3. PCR primers and probe corresponding to C. burnetii dotA: dotA-F (5´-GCGCAA

TACGCTCAATCACA-3´), dotA-R (5´-CCATGGCCCCAATTCTCTT-3´), and
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dotA-Probe (5´-CCGGAGATACCGGCGGTGGG-3´ plus FAM/TAMRA) (App-
lied Biosystems).

4. Control template DNA consisting of C. burnetii dotA amplified by PCR using the
forward primer 5´-ATGAATAAATTAGTGTCATCGCTG-3´ and reverse primer
5´-AGGACCCAAGTGTAGTTGTTTCCC-3´ and cloned into the TA-cloning
vector pCR2.1-TOPO (Invitrogen).

5. Applied Biosystems Prism 7000 Sequence Detection System (Applied
Biosystems).

3. Methods
Vero cells, a widely used cell line for animal virus propagation (17), have also

been routinely employed as a host cell for amplification of C. burnetii (18) and
other obligate intracellular bacteria (19). Vero cells are highly permissive for
C. burnetii infection and support robust replication of the pathogen. Moreover,
they are a hardy, fast growing cell line that does not require special growth
conditions or media. We have recently established that the stationary phase
of the C. burnetii growth cycle begins approximately 6 days post-infection in
Vero cells following an approximately 100-fold increase in C. burnetii genome
equivalents (20). Therefore, optimal yields of the organism are obtained when
purification is conducted after this time point.

All protocols for purifying C. burnetii from host cells include a lysis step to
release intracellular organisms. Lysis methods include subjecting infected cells
to osmotic stress with distilled water (21), passing cells through a syringe needle
(22), and disrupting cells by sonication (23), tissue homogenization (24), or by
vortexing in the presence of glass beads (25). We find that gentle sonication
effectively breaks host cells without damaging the more fragile large cell
morphological form of C. burnetii (20). C. burnetii preparations reasonably free
of host cell material can be obtained simply by pelleting unbroken nuclei and
intact/partially lysed cells, followed by high-speed centrifugation of the post-
nuclear supernatant to pellet released bacteria. An additional step of pelleting
bacteria through a 30%-RenoCal-76 pad will lessen the amount of host cell
carryover, as most insoluble and buoyant host cell membrane material will
remain at the pad/buffer interface.

Coxiella burnetii infection is acquired through the aerosol route, and alveolar
macrophages are considered the initial target cell of the organism (16). While
macrophage or monocyte-like cell lines have been widely employed to study
Coxiella–host interactions (1,10,11), the biological response of these cells to
infection may not accurately reflect the in vivo situation. Indeed, included
among the deficiencies of cell lines is attenuated oxidative killing (11,26) and
cytokine production (26). To more closely mimic the in vivo growth conditions
of C. burnetii, we developed primary human MDMs as an in vitro model
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system. Treatment of monocytes with M-CSF results in their differentiation into
cells with typical macrophage morphology that efficiently ingest and support
the growth of C. burnetii.

3.1. Infection of Vero Cells with Coxiella burnetii

1. Passage confluent Vero cells in a single T-150 flask 1:12 into 12 T-150 flasks.
This split will provide confluent monolayers in new flasks for C. burnetii infection
in 24–48 h. Grow cells in RPMI medium with 10% FBS at 37 °C in 5% CO2.

2. Quick thaw a C. burnetii seed stock in a 37 °C water bath, then place on ice. In
a 50-mL conical tube, make 48 mL of inoculum consisting of a 1:50 dilution of
the seed stock in RPMI with 2% FBS. Discard the tissue culture media and add 4
mL of inoculum per T-150 flask. Incubate for 2 h at room temperature with slow
rocking (see Notes 1 and 2).

3. Add 40 mL of RPMI with 2% FBS directly to flasks without removing inoculum
(see Note 3). Incubate for approximately 7–10 days at 37 °C in 5% CO2. At
this time point, C. burnetii will be in its stationary growth phase, and the yield
of organisms will be maximized (20). Large, usually single replicative vacuoles
become apparent beginning at approximately 2 days post-infection (see Fig. 1).

Fig. 1. Vero cells infected with the Nine Mile phase I strain (RSA493) of Coxiella
burnetii. Vero cells in a 24-well plate were infected for 5 days, then viewed by phase
contrast light microscopy using a Nikon TE-2000E inverted microscope equipped with
a CoolSNAP HQ digital camera (Roper Scientific, Tuscon, AZ). Images were acquired
using Metamorph software (Universal Imaging, Dowingtown, PA) and processed using
Adobe Photoshop (Adobe Systems, San Jose, CA). Vero cells containing large and usually
singular replicative vacuoles harboring C. burnetii are evident (arrow). Bar, 25 μm.
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3.2. Purification of Coxiella burnetii from Vero Cells

1. Detach infected monolayer into culture medium by scraping with a cell scraper
Transfer equal amounts of medium containing detached cells into two sterile
250-mL centrifuge bottles. Serially, rinse flasks with 10 mL of PBSS and add an
equal amount of rinse to each centrifuge bottle. Centrifuge for 15 min at 21,000
× g at 4 °C. This centrifugation step pellets not only infected host cells but also
C. burnetii present in the culture medium (see Note 4).

2. Discard supernatant. Combine pellets in approximately 30 mL of cold PBSS. Use
a 10-mL syringe and sterile cannula to resuspend and disperse the pellet. Transfer
resuspended organisms to a sterile disposable plastic beaker and place on ice.

3. Sonicate for 15 s at medium setting to lyse infected Vero cells. Cool on ice for
30 s and then sonicate for an additional 15 s (see Note 5).

4. Transfer material to a 50-mL conical centrifuge tube. Centrifuge at 900 × g for 5
min at 4 °C to pellet unbroken cells and nuclei. Transfer post-nuclear supernatant
containing C. burnetii to a 50-mL O-ringed screw cap centrifuge tube.

5. Centrifuge sample for 15 min at 31,000 × g at 4 °C to pellet C. burnetii (see Note
6). Discard supernatant. Resuspend pellet in 20 mL of cold PBSS using a 10-mL
syringe and cannula.

6. Gently layer 10 mL of the C. burnetii suspension equally over two 8-mL 30%-
RenoCal-76 cushions in 25 × 89 Ultra-Clear centrifuge tubes (see Note 7). Fill
tubes with PBSS. Centrifuge for 30 min at 58,400 × g at 4 °C. C. burnetii will
move through the pad to form a whitish pellet while most host cell material will
remain at the RenoCal-76/PBSS interface (see Note 8).

7. Gently pour off the supernatant. Resuspend each pellet with 10 mL of cold PBSS
using a 10-mL syringe and cannula. Transfer each 10-mL resuspension to a 50-mL
O-ringed screw cap centrifuge tube. Fill tubes with PBSS. Centrifuge sample for
15 min at 31,000 × g at 4 °C to pellet C. burnetii (see Note 9).

8. Discard supernatant. Resuspend and combine pellets in 6 mL of PBSS using a
10-mL syringe and cannula. Aliquot purified C. burnetii in volumes of 0.1–1.0
mL in 2-mL microfuge tubes. Store at –80 °C (see Note 10).

3.3. PBMC Isolation and Culture of Monocyte-Derived Macrophages

1. Prior to starting, set aside at least 3 mL of whole blood from the donor for use in
the next step. Dilute whole blood or buffy coat (highly enriched for leukocytes but
still containing a large number of erythrocytes) 1:2 with PBS containing 2% FBS
(see Note 11). Carefully layer 25 mL of diluted blood onto 20 mL of Ficoll-Paque
Plus in a 50-mL conical tube. Centrifuge for 30 min at 500 × g with the brake off.
After centrifugation, a layer of PBMC will be found at the Ficoll-diluted blood
interface. Carefully remove this layer with a 25-mL pipette and transfer to a clean
50-mL conical tube (see Note 12). To remove platelets, wash PBMC twice with
PBS containing 2% FBS by centrifuging at 200 × g in between each wash step.

2. Resuspend PBMC pellet in PBS with 2% FBS, adjusting the cell concentration
to 2–5 ×107 cells/mL. For every 25 mL of PBMC solution, add 3.3 mL of
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whole blood from the same donor and 2 mL of RosetteSep Monocyte Enrichment
cocktail (see Note 13). Incubate on a tube rotator for 20 min at room temperature.

3. Dilute mixture 1:2 with PBS containing 2% FBS and carefully layer 25 mL onto
25 mL of Ficoll-Paque Plus in a 50-mL conical tube. Centrifuge for 20 min at
1200 × g with the brake off. After centrifugation, a layer of highly enriched
monocytes will be found at the Ficoll–PBS interface. Carefully remove this layer
with a pipette and transfer to a new 50-mL conical tube. Wash monocytes twice
with PBS containing 2% FBS, centrifuging at 500 × g in between each wash
step. Resuspend cells in RPMI plus 10% FBS and 50 ng/mL M-CSF to a final
concentration of 0.5–1.0 × 106 cells/mL (should require approximately 40 mL of
media). Transfer to a T-150 tissue culture flask and incubate at 37 °C in 5% CO2.
Add fresh M-CSF to the flask after 3 days of incubation.

4. Note the monocytes will differentiate into adherent macrophages by day 7 of
incubation. To harvest cells, discard the culture medium and wash once with 25
mL of cold PBS without Ca++ or Mg++. Add 20 mL of fresh cold PBS to the
flask and incubate on ice until cells begin to round-up and detach (usually 15–20
min) (see Note 14). Gently scrape cells into the PBS with a cell scraper and
transfer the cell suspension to a 50-mL conical centrifuge tube. Pellet the cells
by centrifugation at 500 × g for 5 min. Resuspend cells in 5–10 mL of RPMI
plus 10% FBS and 50 ng/mL M-CSF. Count cells, add medium to adjust to the
desired cell concentration, and re-plate in a tissue culture plate (see Note 15).
Incubate at 37 °C in 5% CO2 for at least 6 h to allow macrophages to adhere.

3.4. Infection of Monocyte-Derived Macrophages with Coxiella
burnetii

1. A good infection of macrophages can be achieved by direct addition of purified
C. burnetii to the culture medium. To achieve near 100% infection, multiplicities
of infection of approximately 10 and 100 are required for avirulent phase II and
virulent phase I strains, respectively (see Note 1). Add the appropriate amount of
bacteria to each well and mix by gently rocking and swirling the plate. Incubate
the plate at 37 °C in 5% CO2 4–24 h.

2. Gently wash the cells three times with PBS or culture medium to remove extra-
cellular bacteria.

3. Add fresh culture medium and incubate at 37 °C in 5% CO2 to allow C. burnetii
replication and vacuole development. Replication vacuoles should be visible
by phase contrast microscopy within 2–3 days post-infection. At 6 days post-
infection, growth of C. burnetii should have reached stationary phase and essen-
tially all cells will contain large bacteria-filled vacuoles (see Fig. 2).

3.5. Enumeration of Coxiella burnetii Replication

1. Conduct quantification of C. burnetii replication in macrophages by measuring
the number of bacterial genome equivalents by quantitative PCR. Total (host
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Fig. 2. Human monocyte-derived macrophages (MDMs) infected with the Nine Mile
phase I strain (RSA493) of Coxiella burnetii. MDMs in a 24-well plate were infected
for 2 days, then viewed by phase contrast light microscopy using a Nikon TE-2000E
inverted microscope equipped with a CoolSNAP HQ digital camera (Roper Scientific,
Tuscon, AZ). Images were acquired using Metamorph software (Universal Imaging,
Dowingtown, PA) and processed using Adobe Photoshop (Adobe Systems, San Jose,
CA). In macrophages, the replicative vacuole (arrow) enlarges to encompass nearly all
the intracellular space that causes the cells to round up and pushes the phase-bright
nucleus (arrow heads) to the cell periphery. Bar, 25 μm.

and bacterial) DNA is extracted from infected cells in a 24-well plate using an
Ultraclean Microbial DNA Isolation Kit.

2. Remove the culture medium to a 2-mL microfuge tube and centrifuge at 20,000 × g
for 15 min to pellet any extracellular bacteria or cells that have detached.

3. To retrieve adherent macrophages, add 300 and 50 μL of microbead and MD1
kit solutions, respectively, directly to well. Pipette up and down to lyse cells and
transfer the lysate to the tube containing the pellet from step 2 (see Note 16).

4. From this point, follow kit instructions verbatim to obtain purified DNA from
infected cells.

5. Set up reactions to determine the number of C. burnetii genome equivalents in
each DNA sample. For each unknown DNA sample, make 80 μL of TaqMan
Universal PCR Master Mix containing 10 μM of dotA-F and dotA-R primers, and
333 nM of dotA-probe, as per kit instructions. Mix 10 μL of purified DNA from
step 4 with Master Mix for a final volume of 90 μL. To generate a standard curve
of 103–108 dotA copies, add 10 μL of 10-fold dilutions of purified pCR2.1-TOPO
DNA containing the C. burnetii dotA gene to 80 μL of Master Mix (see Note 17).
To perform PCR reactions in triplicate, add 3–25 μL aliquots of the 90 μL Master
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Mix/DNA sample to the reaction plates. Perform real-time PCR detection of dotA
using an ABI Prism 7000 Sequence Detection System (Applied Biosystems) or
comparable instrument. Extrapolate the number of C. burnetii genomes present
in the DNA sample from the standard curve.

4. Notes
1. Assuming a stock of approximately 3 × 109 C. burnetii genome equivalents per

milliliter (see Subheading 3.5.), this will result in a multiplicity of infection of
approximately 10 if using phase II organisms. [Phase I organisms are roughly 10-
fold less infectious for cultured cells than phase II organisms (7).] The low ino-
culum volume with rocking facilitates adherence and internalization of C. burnetii.

2. The Nine Mile, phase II, clone 4 isolate (RSA439) can be worked with under
biosafety level 2 laboratory conditions (27). All other C. burnetii strains or
isolates are considered biosafety level 3 organisms. (See CDC/NIH Biosafety in
Microbiological and Biomedical Laboratories, 4th edition.)

3. Supplementation of culture medium with 2% FBS rather than 10% retards Vero
cell growth without significantly affecting yields of C. burnetii.

4. A centrifugal force of 21,000 × g is attained using a Beckman JA14 or JLA16.250
rotor at 12,000 rpm.

5. Sonication is conducted at approximately 45 w with a 0.5-inch horn. The sonicator
horn can be sterilized by spraying with 70% ethanol. Let air dry before use.

6. A centrifugal force of 31,000 × g is attained using a Beckman JA20 or JA25.15
rotor at 16,000 rpm.

7. RenoCal-76 is chemically similar to Renografin-76 that has been historically
used to purify obligate intracellular bacteria (15). Both contain 10% diatri-
zoate and 66% diatrizoate meglumine. Bacteria retain significant viability when
centrifuged through this medium which has a lower osmotic pressure than some
commonly used density gradient materials used to purify C. burnetii (28). We
have also found that the Ultra-Clear centrifuge tubes are sterile if carefully
handled when removed from the box.

8. A centrifugal force of 58,400 × g is attained using a Beckman SW28 rotor at
18,000 rpm.

9. This wash step will rid organisms of residual RenoCal-76.
10. Yields of approximately 1.5 × 1010 C. burnetii genome equivalents (see

Subheading 3.5.) per infected T-150 flask are common.
11. A buffy coat obtained from 450 mL of blood will typically yield between 0.7

and 1.2 × 108 monocytes.
12. After removing the PBMC layer to a new tube, dilute the cells at least 1:2 with

PBS containing 2% FBS before centrifugation.
13. Two milliliters of RosetteSep cocktail is typically sufficient to process PBMC

from 450 mL of blood.
14. Wait until the cells begin to take on a rounded appearance and detach before

scraping.



198 Shannon and Heinzen

15. Plate 1–2 × 105 cells/well in 24-well plates or 1 × 106 cells/well in 6-well plates.
The volume of the culture medium in each well should be kept low. Volumes
of 0.5 and 2 mL are sufficient for individual wells of 24- and 6-well plates,
respectively.

16. At this point, the cell lysate can be stored at –20 °C for months before continuing
on with the rest of the protocol.

17. The dotA/pCR2.1-TOPO plasmid is 6349 bp in size (2418 bp dotA PCR
product plus 3931 pCR2.1-TOPO vector). One microgram of this plasmid equals
0.24 pmoles which equals 1.44 × 1011 plasmid molecules (i.e., dotA copies).
Determine the concentration of a stock solution of plasmid spectrophotometri-
cally. Make a dilution series of the plasmid such that a 10 μL aliquot of each
diluted stock results in a range of 103–108 plasmid copies.
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Infection of Epithelial Cells With Salmonella enterica

Olivia Steele-Mortimer

Summary

Salmonella enterica serovars cause a variety of diseases ranging from self-limiting
gastroenteritis to severe systemic infections. Virulence of these facultative intracellular
pathogens is dependent on their ability to invade and replicate within non-phagocytic cells,
and cultured epithelial cell systems have been used extensively to dissect the molecular
mechanisms involved. For efficient invasion in vitro, the bacterial cell growth conditions as
critical since the invasion associated type III secretion system (T3SS1) must be expressed
and functional. The ability of Salmonella to invade, and replicate within, epithelial cells can
be easily assessed using a gentamicin protection assay or immunofluorescence microscopy.
Here, the protocols used in our laboratory are described in detail.

Key Words: Bacteria; immunofluorescence; intracellular; invasion; type III secretion.

1. Introduction
The more than 2500 serovars of Salmonella enterica are genetically highly

similar yet tend to have highly specific host and virulence characteristics (1).
For example, S. enterica serovar Typhimurium is one of the most common
causes of gastroenteritis in humans but causes a systemic “typhoid-like” disease
in susceptible mice and is used as an animal model for typhoid fever. Multiple
virulence factors contribute to pathogenesis including two sets of bacterial
effector proteins that are delivered directly into the host cell by the type III
secretion systems, T3SS1 and T3SS2 (2). T3SS1 effectors are translocated
across the plasma membrane and act cooperatively to induce actin rearrange-
ments and membrane ruffling, resulting in the internalization of Salmonella
into a membrane-bound vacuole known as the Salmonella-containing vacuole
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or SCV (3). In contrast, T3SS2 effectors are translocated across the vacuole
membrane and mediate SCV biogenesis and intracellular survival (4). Recent
evidence suggests that there is overlap in the temporal expression and function
of T3SS1 and T3SS2 although this remains largely uncharacterized (5,6,7,8).
The T3SS1 translocon or injectosome, as well as the regulatory components and
some effector proteins are encoded on Salmonella pathogenicity island 1 (SPI1).
Significantly, other T3SS1 effectors, encoded elsewhere on the chromosome,
are also included in the SPI1 regulon (9,10). As invasion is mediated by
T3SS1, the SPI1 regulon must be induced extracellularly; however, the cues
involved in this process remain incompletely characterized. We have found that
SPI1 induction is strongly growth phase dependent such that bacteria grown to
late log/early stationary phase are “hyper-invasive” (see Fig. 1). Therefore, to
synchronize invasion of cultured epithelial cells, we use SPI1-induced bacteria
at a high multiplicity of invasion (MOI) for a short infection time (2–10 min)
followed by removal of the extracellular bacteria. Gentamicin is routinely
added to kill any remaining extracellular bacteria, as this antibiotic does not
cross the plasma membrane and should not kill intracellular bacteria. However,
gentamicin can be taken up by fluid phase endocytosis and could be delivered
to the SCV; adding antibiotic 15–20 min after removing the inoculum should
minimize the chance of killing intracellular bacteria.

Fig. 1. Salmonella enterica serovar Typhimurium invasiveness is growth phase
dependent. Salmonella grown to late log/early stationary phase (dotted line) are “hyper-
invasive” (solid line). The gray bar illustrates the subculture time required to obtain
“hyper-invasive bacteria.
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Internalized bacteria can be assayed by recovery of colony-forming units,
in a classical gentamicin assay or by microscopical analysis after fixation and
staining using Salmonella-specific antibodies. For both assays, epithelial cells
are grown in monolayers and infected with Salmonella for various lengths of
time. Because of the time lag that occurs before the onset of intracellular repli-
cation, invasion is usually monitored at 1–1.5 h post-infection and replication
at 4.5–8 h or later. Both invasion and replication can be affected by numerous
factors—for example, host cell type, viability, confluency, and growth condi-
tions. Adhering to a standardized routine can minimize most experimental
variability. The gentamicin assay, which involves solubilization of the cells and
plating the released bacteria, yields information on the total number of colony-
forming units (i.e., viable bacteria) in a host cell monolayer. In contrast, the
microscopical assay determines the number of bacteria inside individual cells
but cannot differentiate between live and dead bacteria. Together these assays
are indispensable tools for any lab studying Salmonella–host cell interactions.

2. Materials
1. Glycerol stocks of S. enterica. This protocol has been optimized for serovar

Typhimurium SL1344 (11) (see Note 1).
2. Luria-Bertani (LB) Broth, Miller: 10 g/L Bacto tryptone and 5 g/L Bacto

yeast extract 10 g/L NaCl. For plates add 15 g/L of Bacto-agar. Sterilize by
autoclaving.

3. Antibiotic stocks (stored at –20 °C): streptomycin, 100 mg/mL in H2O and
gentamicin sulfate, 50 mg/mL in H2O.

4. Minimal essential medium (MEM) with Earle’s salts without l-glutamine (Invit-
rogen, Carlsbad, CA).

5. Sodium pyruvate, 100 mM in H2O.
6. l-glutamine, 200 mM in H2O.
7. Trypsin EDTA, 1×: solution of 0.25% Trypsin and 2.21 mM EDTA in HBSS

without sodium bicarbonate, calcium, and magnesium. Available pre-made from
suppliers of cell-culture materials.

8. Fetal bovine serum (FBS): Performance tested, mycoplasma tested, virus tested,
bacteriophage tested, and endotoxin tested. To heat inactivate, thaw the serum
slowly at 37 °C and mix the contents of the bottle thoroughly. Place the thawed
bottle of serum into a 56 °C water bath containing enough water to immerse the
bottle to just above the level of the serum. Swirl the serum every 5–10 min to
ensure uniform heating and to prevent protein coagulation at the bottom of the
bottle. After 30 min at 56 °C, cool the serum immediately. Store at –20 °C.

9. Growth medium (GM): MEM supplemented with 2 mM l-glutamine(see Note 2),
1 mM sodium pyruvate, and 10% heat-inactivated FBS.
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10. Phosphate-buffered saline (PBS) without divalent cations: 1.50 g/L dibasic
sodium phosphate (Na2HPO4·7H2O), 0.2 g/L anhydrous monobasic potassium
phosphate (KH2PO4), 8 g/L sodium chloride (NaCl), and 0.2 g/L potassium
chloride (KCl), pH to 7.4.

11. Tissue culture-treated plastic flasks, dishes, and 24-well plates.
12. HeLa cells (human adenocarcinoma cervix epithelial, CCL-2) obtained from the

American Type Culture Collection, Manassas, VA (see Note 3).
13. Hank’s-buffered salt solution (HBSS): 0.14 g/L anhydrous calcium chloride

(CaCl2), 0.10 g/L magnesium chloride (MgCl2·H2O), 0.10 g/L magnesium
sulfate (MgSO4·7H2O), 0.40 g/L potassium chloride (KCl), 0.60 g/L monobasic
potassium phosphate (KH2PO4), 0.35 g/L sodium bicarbonate (NaHCO3),
8.0 g/L sodium chloride (NaCl), 48 mg/L anhydrous dibasic sodium phosphate
(Na2HPO4), and 1 g/L d-glucose (dextrose).

14. Solubilization buffer: PBS containing 1% Triton X-100 and 0.1% SDS.
15. Sterile glass coverslips, 12-mm diameter (#1).
16. Stock formaldehyde solution (25%) (see Note 4): Dissolve 10 g parafor-

maldehyde in 30 mL water (in capped 50 mL tube). Heat to 75 °C in water bath
with frequent mixing. Add 10N NaOH to clear (usually 5–20 drops). Add H2O
to 40 mL. Store in 1-mL aliquots at –20 °C.

17. Working formaldehyde fixative (2.5%): Thaw aliquot of 25% formaldehyde and
heat to clear. Do not heat formaldehyde above 75 °C. Mix with approximately
6 mL of ddH2O and 1 mL 10× PBS. Adjust pH to 7.2–7.4 with HCl (Use pH
strips, not pH meter). Add ddH2O to 10 mL.

18. SS-PBS: PBS, 10% (v/v) normal goat serum (see Note 5), and 0.2% (w/v) saponin.
19. Antibodies to lipopolysaccharide (LPS) of S. enterica serovar Typhimurium

(Group B), such as mouse monoclonal antibody, clone 1E6 (BioDesign Interna-
tional, Saco, ME) or rabbit polyclonal antibody, and BBL Salmonella O Group
B antisera (Becton Dickinson, Sparks, MD).

20. Fluorescently conjugated antibodies that have been highly cross-absorbed, such
as Alexa Fluor 488 goat anti-mouse IgG (H + L), Alexa Fluor 568 goat anti-
mouse IgG (H + L) (from Invitrogen™ Corporation), or Cy5TM-conjugated
Affinipure Goat Anti-Mouse IgG (H + L) (Jackson ImmunoResearch Labora-
tories, Inc., West Grove, PA).

21. Fluorescently conjugated phallotoxins such as Alexa Fluor 488-phalloidin (Invit-
rogen™). Dissolve in methanol (200 U/mL) and store at –20 °C.

22. Mowiol™ mounting media, stock solution: Add 2.4 g of Mowiol™ 4-88 (see
Note 6) to 6 g of glycerol. Stir to mix. Add 6 mL water and leave stirring at
room temperature for several hours. Add 12 mL of 0.2 M Tris–HCl (pH 8.5)
and heat to 50 °C for 10 min with occasional mixing. After Mowiol™ dissolves
(never 100%), clarify by centrifugation at 5000 × g for 15 min. Aliquot into
airtight screw capped 1.5-mL tubes and store at –20 °C. Mowiol™ stock is stable
for a few weeks at room temperature or 4 °C if in an airtight tube. Optional:
Add 1,4,-diazobicyclo-[2.2.2]-octane (DABCO; Sigma-Aldrich) to 2.5% (w/v)
to reduce fading of fluorophores.
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3. Methods
3.1. Preparation of HeLa Cells for Infection

1. Grow HeLa cells in a humidified 37 °C, 5% CO2 tissue-culture incubator. Low
passage number (<15 after receipt from ATCC) cells should be used (see Note 7).

2. Passage cells when they are actively growing (see Note 8).
3. For cells grown in a 75-cm2 flask, decant media and rinse monolayer with

5 mL PBS.
4. Immediately add 5 mL Trypsin/EDTA and gently swirl over the monolayer.

Remove 4 mL of the Trypsin/EDTA and leave cells at room temperature for up
to 5 min. The cells should be easily detached by tapping the flask firmly, but
gently, against an open hand.

5. Immediately add 5 mL of GM and resuspend the cells by pipetting up and down
with a 5-mL pipette.

6. Count the cells using a hemocytometer. For infection experiments, seed in 24-well
(5 × 104per well) or 6-well dishes (2 × 105 per well) and grow overnight (14–20
h) before infection.

7. Cells should still be actively growing, in logarithmic phase, at the time of infection.

3.2. Preparation of SPI1-Induced Salmonella

1. Grow S. enterica serovar Typhimurium overnight (16–18 h) in 1.5–2 mL LB in a
15-mL tube with loose cap. Incubate at 37 °C in a shaking incubator (225 rpm).

2. Subculture Salmonella by transferring 300 μL of the overnight culture into 10 mL
of LB in a loosely capped 125-mL Erlenmeyer flask. Incubate at 37 °C in a
shaking incubator (25 rpm) for 3.5 h or to late log phase (see Note 9). At this
time, there should be approximately 3 × 109CFU/mL (see Note 10).

3. Pellet 1 mL of the Salmonella subculture by centrifugation at 1000 × g in a
microfuge for 2 min at room temperature.

4. Remove 900 μL of supernatant and gently resuspend the pellet in 900 μL HBSS.
5. Use immediately.

3.3. Invasion

1. Inoculate cells with Salmonella (MOI 10–100) by adding bacteria directly to the
cell-culture supernatant (see Note 11).

2. Incubate for 2–10 min at 37 °C in 5% CO2.
3. Aspirate media and rinse the monolayer twice with PBS, or HBSS, to remove

extracellular bacteria.
4. Add fresh GM and incubate for 20 min at 37 °C in 5% CO2.
5. Replace GM with fresh GM containing 50 μg/mL gentamicin.
6. Incubate for 40 min at 37 °C in 5% CO2.
7. Replace GM with fresh GM containing 5 μg/mL gentamicin for remainder of

experiment.
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3.4. Gentamicin Protection Assay for Quantification
of Intracellular Bacteria

1. Aspirate media and rinse the monolayer once with PBS to remove gentamicin.
2. Solubilize the monolayer in 1 mL solubilization buffer.
3. Immediately transfer to microfuge tubes and dilute in PBS (1:10, 1:100, and 1:1000).
4. Spot 10 μL of each dilution on dry LB plates (see Fig. 2).
5. Incubate overnight at 37 °C.
6. Count colonies as follows:

a. if three colonies in 10 μL of undiluted, then total cfu/well = 3 × 100 = 300.
b. if three colonies in 10 μL of 1:1000, then total cfu/well = 3 × 100 × 1000 =

3 × 105.

3.5. Immunofluorescence “Inside-Outside” Assay

1. Passage cells as described above, except grow in 24-well plates with a glass
coverslip in the bottom of each well. Make sure that the coverslips are not
floating by gently pushing each one to the bottom with a pipette tip.

2. Infect cells 16–20 h after passaging as above.
3. Rinse monolayer once with HBBS.
4. Fix in fresh 2.5% formaldehyde (warmed to 37 °C), 300–500 μL/well, for 10 min

at room temperature. Discard the formaldehyde appropriately.
5. Rinse twice with PBS (use “squirt bottle” and direct jet onto side of well).
6. Wash three times for 10 min each with PBS.
7. Remove PBS thoroughly by aspiration and make sure coverslip is not touching

sides of well.

Fig. 2. Schematic diagram of an LB plate used to estimate colony-forming units in
a cell lysate. See text for explanation.
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8. Immediately add 12–30 μL of primary (1°) antibody (e.g., rabbit anti-LPS,
diluted 1:200–1:1,000 in PBS) directly onto the coverslip (see Note 12). The
antibody solution must stay on the coverslip. Leave at room temperature for
15–30 min depending on antibody.

9. Rinse twice with PBS.
10. Wash three times for 10 min each with PBS.
11. Remove PBS thoroughly by aspiration and make sure coverslip is not touching

sides of well.
12. Immediately add 12–30 μL of secondary (2°) antibody, for example,

AlexaFluor568-conjugated goat anti-rabbit antibody diluted in PBS (see
Note 13). The antibody solution must stay on the coverslip. Leave at room
temperature for 15–30 min depending on antibody.

13. Rinse twice with PBS.
14. Wash three times for 10 min each with PBS.
15. Permeabilize cells and block by incubating with SS-PBS, 250–400 μL/well, for

15–20 min at room temperature.
16. Remove SS-PBS thoroughly by aspiration and make sure coverslip is not

touching sides of well.
17. Immediately add 12 μL of primary (1°) antibody (e.g., mouse anti-LPS, diluted

1:200–1:1000 in SS-PBS) (see Note 14). The antibody solution must stay on the
coverslip. Leave at room temperature for 20–60 min depending on antibody.

18. Rinse once with PBS.
19. Wash three times with PBS, 10 min each.
20. Incubate briefly with SS-PBS for 2–5 min.
21. Immediately add 12 μL of appropriate secondary (2°) antibody, for example,

if AlexaFlur568 conjugated antibodies were used in step #12, then use
AlexaFluor488-conjugated goat anti-rabbit antibody diluted in PBS (see
Note 13). The antibody solution must stay on the coverslip. Leave at room
temperature for 20–60 min depending on antibody.

22. Rinse twice with PBS.
23. Wash three times for 10 min each with PBS. It is crucial to remove all unbound

antibody before proceeding to the next step.
24. Optional: Rinse once with distilled H2O.
25. Mount coverslips, cells down, on clean glass slides using 5–10 μL Mowiol (see

Note 6) per coverslip.
26. Allow Mowiol™ to harden overnight at room temperature in the dark.
27. Observe cells using a fluorescence microscope equipped with the appropriate

filters/laser lines for the fluorophores used.

4. Notes
1. Glycerol stock cultures should be kept at –80 °C. Bacteria for experiments should

be picked from colonies grown on LB plates not more than 1 week old and
stored at 4 °C. The SL1344 strain is streptomycin resistant, so can be grown on
LB plates containing 100 μg/mL streptomycin.
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2. l-glutamine is an essential component of cell-culture media, but it is unstable
and decomposes spontaneously in aqueous solutions producing ammonia, a
toxic product of degradation. Buy MEM without glutamine and add l-glutamine
immediately before use. Alternatively there are now some commercially
available, stabilized forms of l-glutamine such as GlutaMAXTM (Invitrogen).

3. When working with mammalian cells, it is crucial to obtain them from a reliable
source and to keep good frozen stocks and records. The American Type Culture
Collection is the best source in North America.

4. Paraformaldehyde or formaldehyde? Formaldehyde (HCHO) is a colorless,
flammable gas with a pungent, suffocating odor. Formalin is a 37% solution
of formaldehyde dissolved in water. Normally, an additive such as methanol
is used to stabilize formalin making it unsuitable for microscopy studies.
Paraformaldehyde, a white powder, is a solid polymer (n up to 100) of
formaldehyde. Fixative solution is made from paraformaldehyde but must
contain monomeric formaldehyde as its major solute. Dilution with water breaks
up the small polymers but heating and an added source of hydroxide ions is
required to break up the large polymers. As formaldehyde in solution rapidly
forms polymers, it must be made fresh although this can be avoided by storing
a stock (25%) solution at –20 °C and making the working solution immediately
before use. Technically, the fixative we describe here is “2.5% formaldehyde
made from paraformaldehyde”; it is usually incorrectly referred to as 2.5%
paraformaldehyde (PFA) solution (12).

5. Normal serum is used for blocking non-specific binding sites before adding
primary antibodies in immunofluorescence staining protocols. Ideally, it should
be of the same species as the secondary antibodies, but if good quality highly
cross-absorbed antibodies are used, any normal serum will suffice.

6. Mowiol™ is the trade name of polyvinyl alcohol, a group of water-soluble
polymers manufactured by the alcoholysis of polyvinyl acetate. Mowiol™ comes
in different grades and can be partially or fully hydrolyzed, with partially
hydrolyzed ones being more water soluble. Mowiol™ 4-88 is a partially
hydrolyzed polyvinyl alcohol with low to medium viscosity. Glycerol is added as
a plasticizer and can be added up to 30% (v/v). When thawing Mowiol™, ensure
that it has come to room temperature before using, otherwise small bubbles
will form under the coverslip. Mowiol™ mounting media hardens to form a
stable mount so that, in contrast to liquid mounting media such as glycerol, nail
varnish is not required to seal the coverslips. Alternatively a variety of pre-made
mounting media are available from companies such as invitrogen or sigma.

7. The routine addition of antibiotics such as streptomycin and/or penicillin can
mask low-level contamination and should be avoided. For experiments involving
Salmonella, the cells will in any case have to be cultured in antibiotic-free media
for several hours before the experiment.

8. To achieve consistency and reproducibility, it is essential to adhere to a routine
protocol when passaging and maintaining cell cultures. The following points
should be considered. Even if the original stock is of unknown passage number
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staying within a certain range, for example, 10–20 passages from stock cultures,
always using well-documented stocks is important for consistency. Cells should
be passaged on a routine schedule and always while in the logarithmic growth
phase. For each experiment plate, the same number of cells at the same time.
Observe the monolayers on an inverted phase contrast microscope and aim for
absolute consistency in confluency between different experiments.

9. It is crucial that the incubator remains at 37 °C throughout the subculture.
Incubators that are opened and closed frequently may not maintain steady
temperature and will result in changes in the growth rate of the Salmonella.

10. The subculture conditions may need to be optimized to get hyper-invasive
bacteria. This depends on Salmonella strain as well as other less tangible
variables that differ from laboratory to laboratory. The most important factor
in our hands is that the bacteria should be at late logarithmic phase of growth
just before going into stationary phase. Remember that mutant strains or strains
containing expression plasmids may grow at different rates and this should be
taken into account. They should be extremely motile and will rapidly induce
ruffles in HeLa cells that can be observed on a phase contrast tissue culture
microscope using a ×20 or ×40 objective.

11. It is often assumed that low MOI should be used for all experiments. However,
it is important to consider each individual experiment and the question that is
being asked. Often it may be better to use a high MOI but a short invasion time
to synchronize invasion. Consider also whether it is better to use low MOI and
centrifugation rather than high MOI and no centrifugation.

12. The antibody solution must cover the whole coverslip. At this step, as the cells
have not yet been permeabilized, the surface is extremely hydrophobic and the
antibody solution will tend to bead up and retract from the edges of the coverslip.
If the antibodies are readily available, this step can be carried out using larger
volumes, for example, 250–350 μL. Alternatively, the coverslips can each be
placed “cell-side down” on a drop of antibody solution on some parafilm. For
permeabilized cells (after detergent treatment) on 12-mm coverslips, 12–14 μL
will form a meniscus and surface tension will keep it on the coverslip as
long as there is no sudden movement. The coverslips should be incubated in
a humid environment (a plastic box with wetted tissue in the bottom works
fine), especially if incubations longer than 30 min are being carried out. It is
essential that the coverslips do not dry out at any stage during the process or
the background fluorescence will increase dramatically.

13. To reveal the host cells, a fluorescent marker such as phalloidin can be added
at this step. Phalloidin is a toxin from the toadstool “Death Cap” (Amanita
phalloides) that binds F-actin and is used to reveal the distribution of actin
filaments in permeabilized cells.

14. For this protocol, two 1° and 2° antibodies are added sequentially: first 1° (e.g.,
rabbit polyclonal), followed by fluorescently conjugated first 2° antibody (e.g.,
anti-rabbit IgG), followed by second 1° (e.g., mouse monoclonal), followed by
fluorescently conjugated second 2° (e.g., anti-mouse IgG). The first 1° and 2°
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antibodies will stain only the extracellular bacteria as they are added before
the cells are permeabilized. The second 1° and 2° antibody pair will stain both
extracellular and intracellular bacteria as they are added after permeabilization.
Thus, extracellular bacteria will be detected in two channels, whereas intracel-
lular bacteria will be detected in only one. Partially internalized bacteria may
be stained at only one end (the exposed end) with the “extracellular” marker.
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Determining the Cellular Targets of Reactive Oxygen
Species in Borrelia burgdorferi

Julie A. Boylan and Frank C. Gherardini

Summary

The response of Borrelia burgdorferi to the challenge of reactive oxygen species (ROS)
is a direct result of its limited biosynthetic capabilities and lack of biologically significant
levels of intracellular Fe. In other bacteria, the major target for oxidative damage is DNA
as a consequence of the reaction of “free” intracellular with ROS through the Fenton
reaction. Therefore, cellular defenses in these bacteria are focused on protecting this
essential cellular component. This does not seem to be the case for B. burgdorferi. In this
chapter, we describe methods that were used to analyze the potential targets for ROS in
B. burgdorferi. Surprisingly, membrane lipids (e.g., linoleic and linolenic acids) derived
from host are the major target of ROS in the Lyme disease spirochete.

Key Words: Oxidative stress; DNA damage; lipid damage.

1. Introduction
One imposing challenge faced by organisms living in an oxygen-rich

environment is that of dealing with toxic products resulting from incomplete
reduction of oxygen. This assault primarily comes from reactions involving
endogenous metalloproteins, flavoproteins, and so on as a consequence of
exposure to or metabolism of oxygen (1). Pathogenic bacteria face a similar
metabolic test but also are challenged by exogenous reactive oxygen generated
by host immune cells for the express purpose of eliminating invading microbes.
These compounds constitute a formidable challenge that must be overcome
for bacterial pathogens to successfully survive, colonize, and cause disease in
mammalian hosts.

From: Methods in Molecular Biology, vol. 431: Bacterial Pathogenesis
Edited by: F. DeLeo and M. Otto © Humana Press, Totowa, NJ

213



214 Boylan and Gherardini

The biological targets for ROS are DNA, RNA, proteins, and lipids. In
bacteria, it has been shown that the most damaging effects of ROS result
from its interactions with reduced iron (and to a lesser extent, copper) centers
in proteins. These initial oxidation reactions cause the release of Fe3+ from
Fe-S proteins contributing to the “free” Fe pool. This Fe can then react with
H2O2 and generate OH·− through the Fenton reaction (2). OH·− reacts with
most biomolecules and because it is so reactive, will react with them within
a cell at diffusion-limited rates. The average diffusion distance is only a few
nanometers, and thus, its effect on any given biomolecule will depend largely
upon proximity to the target. Because Fe can localize along the phosphodiester
backbone of nucleic acid, DNA is a major target of ROS. Active species can
attack both the base and sugar moieties producing single- and double-strand
breaks in the backbone and crosslinks to other molecules. As some of the base
damage can result in miscoding, lesions formed by endogenous oxidants may
be a significant or even preponderant source of spontaneous mutagenesis in
aerobically growing cells. Because the reaction requires Fe3+/Cu3+, the amount
of DNA damage that results from Fenton chemistry depends upon the metal
metabolism of the bacteria. In the case of Borrelia burgdorferi, intracellular Fe
concentrations are estimated to be <10 atoms per cell (3). At those levels, it is
unlikely that B. burgdorferi DNA is a target for ROS.

Lipids are a major target during oxidative stress in eukaryotes. Free radicals
can attack polyunsaturated fatty acids in membranes and initiate lipid peroxi-
dation. A primary effect of this is a decrease in membrane fluidity that affects
the properties of the membrane and alters the function of membrane-associated
proteins. Once lipid peroxides have formed, they react with adjacent polyunsat-
urated lipids causing an amplification of the damage. Lipid peroxides degrade
into a variety of products, including aldehydes, which can subsequently damage
membrane proteins and affect membrane fluidity. Unlike reactive free radicals,
aldehydes are rather long-lived and can therefore diffuse from the site of origin
and attack targets that are distant from the initial reaction. Until recently, it was
assumed that bacterial lipids were not subject to oxidative damage observed
in eukaryotic cells. Only certain polyunsaturated lipids, such as linoleic and
linolenic acid, are subject to attack (4), and it is clear that most bacteria do
not synthesize or contain these types of lipids in their membranes. Interest-
ingly, linoleic acid and linolenic acid is incorporated into the membranes of
some pathogenic bacteria including B. burgdorferi (5,6). As these bacteria
cannot synthesize their own lipids and must scavenge them, their membrane
composition often reflects the host’s lipid profile or that of their growth
medium (7,8,9). Approximately, 10% of B. burgdorferi’s total lipid content
is linoleic acid, suggesting that their membranes could undergo peroxidation
when exposed to ROS.
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In this chapter, we describe the methods used to determine the targets of ROS
in B. burgdorferi. DNA damage is determined using spontaneous DNA mutation
rate or by calculating the number of DNA lesions per unit DNA. The effect of ROS
on lipids is determined using fluorescence microscopy and HPLC analysis.

2. Materials
1. BSK II: 9.8g/L 10× CMRL-1066 (Sigma, St. Louis, MO), 0.4% neopeptone,

0.16% yeastolate, 0.6% HEPES (Na), 0.4% dextrose, 0.153% sodium carbonate,
0.056% sodium citrate, 0.064% sodium pyruvate, 0.032% N-acetylglucosamine,
60 mL/L rabbit serum, and 4% BSA, pH 7.6.

2. Side-arm bottles and serum bottles, stoppers, and crimp tops.
3. P-BSK plating medium: 0.35% neopeptone, 0.42% HEPES, 0.05% sodium

citrate, 0.35% glucose, 0.06% sodium pyruvate, 0.028% N-acetylglucosamine,
0.16% sodium bicarbonate, 0.18% Yeastolate, 35 g/L BSA, 7.5% 10× CMRL-
1066, and 0.5% agarose, pH 7.5.

4. Anaerobic gas jar with an H2 + CO2 generator envelope.
5. HEPES/NaCl buffer: 20 mM NaCl and 50 mM HEPES, pH 7.6.
6. DNeasy tissue kit (Qiagen, Valencia, CA).
7. Expand Long Template PCR system (Roche, Applied Science, Indianapolis, IN).
8. Biotinylated aldehyde reactive probe (ARP) (Oxford Biomedical Research,

Oxford, MI).
9. Tris–EDTA: 10 mM Tris–HCl, pH 7.5, and 1 mM EDTA.

10. Glycogen.
11. Ethanol.
12. Optically clear 96-well microplate.
13. TPBS: 137 mM NaCl, 2.7 mM KCl, 10mM Na2HPO4, 2 mM KH2PO4, and 0.5%

Tween-20, pH 7.4.
14. HRP-streptavidin conjugate (Invitrogen, Carlsbad, CA).
15. Assay buffer: 0.15 M NaCl, 10 mM Na2HPO4, 1.5 mM KH2PO4, 2.5 mM KCl,

5 mg/mL BSA, and 0.1% Tween, pH 7.5.
16. TMB single solution (Invitrogen).
17. 1 M H2SO4.
18. ARP standards (Oxford Biomedical Research).
19. PKH26 Red Flourescent Cell Linker Kit (Sigma): PKH26 linker dye, diluent C.
20. 2.5 mM diphenyl-1-pyrenylphosphine (DPPP) stain, resuspend in DMSO.
21. Paraformaldehyde.
22. Microscope slides and cover slips.
23. 70% perchloric acid.
24. 6.1N trichloroacetic acid (TCA).
25. 97% tetraethoxypropane (MDA).
26. 98% thiobarbituric acid (TBA).
27. Methanol.
28. C18 4.6 × 150 mm HPLC column and guard.
29. Mobile phase 72:17:11 50 mM KH2PO4, methanol, and ACN.
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3. Methods
The methods described outline treatment (1) of cells with oxidants, (2) identi-

fication of DNA damage, (3) quantitation of DNA damage, (4) identification
of lipid damage, and (5) identification of lipid peroxidation intermediates.

3.1. Treatment of Borrelia Cells with Oxidants

1. Degas (1) BSK II liquid medium and (2) sterile side-arm and 25 mL serum bottles
overnight under an atmosphere of 5% CO2, 4% H2, and 91% N2 to achieve 0%
oxygen.

2. Transfer 5 mL of anaerobic BSK II to a sealed 25-mL serum bottle and inoculate
with 5 × 105 cells of low-passage Borrelia. Incubate at 34 °C for 4–6 days or until
cells reach approximately 5 × 107 cells/mL. Enumerate cells using a dark-field
microscope.

3. To expand the culture, transfer fresh anaerobic BSK II to a sealed side-arm bottle
and inoculate to a final concentration of 1 × 105 cells/mL. Incubate at 34 °C for
2–3 days or until cells reach approximately 5 × 107 cells/mL.

4. To test the sensitivity of Borrelia to oxidants, such as t-butyl peroxide, split the
culture into sterile, sealed side-arm bottles, and treat 1 bottle with 2 mM t-butyl
peroxide. Incubate all bottles at 34 °C for 4 h.

5. During incubation, prepare P-BSK solid-plating medium and pour the 15-mL
bottom layer.

6. After the incubation, prepare four serial 10-fold dilutions of the cultures into fresh
BSK II.

7. For each dilution, add 100 μL of cells to 15 mL of the P-BSK-plating medium
and pour onto the previously prepared bottom layers. Allow to solidify at room
temperature.

8. Incubate in an anaerobic gas jar with an H2 + CO2 generator anaerobic envelope
at 34 °C for 7–14 days.

9. To determine sensitivity, count the number of colonies on treated plates versus
the number of colonies on untreated plates.

3.2. Identification of DNA Damage

This protocol is a quick way to determine whether DNA damage has
occurred. If DNA damage is present, DNA polymerase will not be able to extend
the reactions, and therefore, no product is generated. However, to quantitate
the damage, the next protocol should be used.

1. Treat cells as described above.
2. After the incubation, return the cultures to the anaerobic chamber, and transfer to

centrifuge bottles.
3. Harvest the cells at 3000 × g for 20 min at 4 °C. In the anaerobic chamber, remove

the supernatant and wash the pellets thrice in degassed HEPES/NaCl buffer.
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4. Isolate total genomic DNA using DNeasy tissue kit (Qiagen) and quantify.
5. Use primers that will generate fragments 5–10 kb in length and perform PCR

using an Expand Long Template PCR system (Roche). Briefly, the 25-μL PCR
reaction mixture should contain 0.1 ng of genomic DNA as a template, 300 nM
of each primer, 350 μM of dNTPs, 1× PCR buffer containing 0.175 mM MgCl2,
and 0.75 μL of DNA polymerase.

6. Separate products on a 1% agarose gel, stain with ethidium bromide, and visualize
using UV.

3.3. Quantitation of DNA Damage

1. Treat cells and isolate DNA as described above.
2. Dilute DNA to 0.1 mg/mL in PBS.
3. Combine 5 μL of diluted DNA with 5 μL of 10 mM ARP reagent (Oxford

Biomedical Research) and incubate for 1 h at 37 °C.
4. To precipitate the DNA, combine 88 μL of Tris–EDTA, 2 μL of 10 mg/mL

glycogen, and the DNA-ARP mixture. Add 300 μL of cold ethanol and mix
well. Cap and store at –20 °C for 10 min. Centrifuge the samples at 14,000 × g
for 10 min and discard the supernatant. Wash the pellet thrice with 0.5 mL
of 70% ethanol. Allow the pellet to dry for 3–5 min. Dissolve DNA pellet in
Tris–EDTA. Determine the concentration using a spectrophotometer and add
Tris–EDTA to make a final concentration of 0.5 μg/mL.

5. In triplicate, pipet 60 μL of sample into one well of a 96-well microplate. The
microplateshouldbeprewashedwithTPBS4×, followedbytwowasheswithdH2O.

6. Cover the plate and incubate at 37 °C overnight.
7. After the incubation, wash the plate 4× with TPBS.
8. Dilute the HRP-streptavidin conjugate (Invitrogen) to 0.5 μg/mL in assay buffer

and pipet 100 μL to each well. Shake plate at 100 rev/min on a platform shaker
for 1 h at room temperature.

9. Wash wells five times with TPBS.
10. Add 100 μL of TMB single solution (Invitrogen) to each well and incubate for

1 h at 37 °C.
11. To quench, add 100 μL of 1 M H2SO4 and read at 450 nm. Quantitate using ARP

standards (Oxford Biomedical Research). Graph the standard curve by plotting
ARP versus OD.

3.4. Identification of Lipid Damage

1. Grow and treat cells as described above.
2. Centrifuge 2 × 107 cells at 1000 × g for 5 min at room temperature.
3. Wash cells 2× with HEPES/NaCl buffer.
4. Resuspend cells in 1 mL of diluent C.
5. Add 4 μL of red flourescent dye to 1 mL diluent C.
6. Add 1 mL of cell suspension to 1 mL of diluted dye. Incubate for 5 min at room

temperature.



218 Boylan and Gherardini

0%

20%

40%

60%

P
er

ce
n

t 
S

u
rv

iv
al

80%

100%

120%

A B

Fig. 1. Percent survival. Borrelia burgdorferi strain B31A3 was grown to a cell
density of 5 × 107 cells/mL in BSK II under anaerobic conditions, the culture divided
in half and each was treated with 0 (A) or 2 mM (B) t-butyl peroxide at 34 °C for 4
h. After treatment, cells were diluted in fresh BSK II, plated on BSKII plating media,
and incubated for 7–14 days at 34 °C in an anaerobic gas jar. Percent survivability
was calculated as the number of colonies on the treated plates versus the number of
colonies on the untreated plates.
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Fig. 2. Quantitation of DNA damage. Borrelia burgdorferi B31A cells were grown
in BSK-II under anaerobic conditions to a cell density of 5 × 107 cells/mL, treated
with 0, 10, or 50 mM t-butyl peroxide (C, D, and E, respectively) for 4 h and
DNA isolated. The DNA was then mixed with an aldehyde-reactive probe (Oxford
Biomedical Research, Inc) labeled with biotin and detected with an HRP-streptavidin
conjugate. The color development was monitored at 450 nm. The number of aldehyde-
reactive probe (DNA base lesions)/105 bp DNA was determined using a standard curve.
Escherichia coli TA4315 cells were grown in minimal media to OD600 of 0.4, treated
with 0 or 100 mM H2O2 for 30 min (A and B, respectively) and DNA isolated. The
number of base lesions was determined as described above.
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Fig. 3. Quantitation of lipid damage. Borrelia burgdorferi strain B31A3 was grown
to a cell density of 5 × 107 cells/mL in BSK II under anaerobic, microaerophilic,
or aerobic conditions (A, B and C, respectively) at 34 °C for 3–5 days. Cells were
harvested, lysed, and reacted with TBA. The resulting thiobarbituric acid reacting
substances (TBARS) are then injected onto a C18 HPLC column and the absorbance at
532 nm monitored. Standards made from pure MDA were used as controls. The data
is calculated as microliters MDA per 108 cells.

7. Add 2 mL rabbit serum to stop the reaction. Incubate for 1 min at room temperature.
8. Add 4 mL HEPES/NaCl buffer.
9. Centrifuge mixture 1000 × g for 10 min at room temperature. Wash cells thrice

with HEPES/NaCl buffer.
10. Resuspend cells in 1 mL of HEPES/NaCl buffer and incubate at 34 °C for 5 min.
11. Add 30 μL of 2.5 mM DPPP.
12. Incubate for 5 min at 34 °C in the dark.
13. Centrifuge the mixture 1000 × g for 10 min at room temperature. Wash pellet

thrice with HEPES/NaCl buffer.
14. Resuspend cells in 100 μL of HEPES/NaCl buffer.
15. Before microscopy, the cells must be fixed by adding paraformaldehyde to 2%.
16. Pipet 5 μL of fixed cells onto a microscope slide.
17. Add 5 μL of embedding solution. Cover with coverslip.
18. To visualize

a. Red flourescent cell linker, excitation � = 551 nm and emission � = 567 nm.
b. DPPP, excitation � = 351 nm and emission � = 380 nm.

3.5. Identification of Lipid Peroxidation Intermediates

1. Grow and treat cells as described above.
2. Centrifuge 1010 cells at 3000 × g for 15 min. Wash the cells thrice in HEPES/NaCl

buffer. Resuspend pellet in 50 μL HEPES/NaCl buffer.
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Table 1
Preparation of MDA Standards

Concentration Third dilution dH2O

0.1 μM 1.23 μL 498.8 μL
1.0 μM 12.3 μL 481.7 μL
5.0 μM 61.7 μL 438.3 μL
10 μM 123 μL 377 μL

3. Prepare MDA standards: Dilute the stock MDA by performing three 100-fold
serial dilutions in methanol (see Table 1).

4. Combine 50 μL of sample/standard, 150 μL of 0.1N PCA, and 150 μL of 40 mM
TBA in a 1.5-mL tube.

5. Vortex and incubate at 97 °C for 60 min in a fume hood.
6. Incubate at –20 °C for 20 min to cool the reaction.
7. Add 300 μL of methanol and 100 μL of 20% TCA.
8. Vortex and centrifuge at 13,000 × g for 6 min.
9. Inject 10 μL onto C18 4.6 × 150-mm column with mobile phase 72:17:11 and

elute isocratically at 1 mL/min over 10 min. Monitor absorbance at 532 nm.
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Bioluminescent Imaging of Bacterial Biofilm Infections
In Vivo

Jagath L. Kadurugamuwa and Kevin P. Francis

Summary

Whole body biophotonic imaging (BPI) is a technique that has contributed significantly
to the way researchers study bacterial pathogens and develop pre-clinical treatments to
combat their ensuing infections in vivo. Not only does this approach allow disease profiles
and drug efficacy studies to be conducted non-destructively in live animals over the entire
course of the disease, but in many cases, it enables investigators to observe disease profiles
that could otherwise easily be missed using conventional methodologies. The principles
of this technique are that bacterial pathogens engineered to express bioluminescence
(visible light) can be readily monitored from outside of the living animal using specialized
low-light imaging equipment, enabling their movement, expansion and treatment to be
seen completely non-invasively. Moreover, because the same group of animals can be
imaged at each time-point throughout the study, the overall number of animals used is
dramatically reduced, saving lives, time, and money. Also, as each animal acts as its own
control over time, the issues associated with animal-to-animal variation are circumvented,
thus improving the quality of the biostatistical data generated. The ability to monitor
infections in vivo in a longitudinal fashion is especially appealing to assess chronic
infections such as those involving implanted devices. Typically, bacteria grow as biofilms
on these foreign bodies and are reputably difficult to monitor with conventional methods.
Because of the non-destructive and non-invasive nature of BPI, the procedure can be
performed repeatedly in the same animal, allowing the biofilm to be studied in situ
without detachment or disturbance. This ability not only allows unique patterns of disease
relapse to be seen following termination of antibiotic therapy but also in vivo resistance
development during prolonged treatment, both of which are common occurrences with
device-related infections. This chapter describes the bioluminescent engineering of both
Gram-positive and Gram-negative bacteria and overviews their use in device-associated
infections in several anatomical sites in a variety of animal models.
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1. Introduction
In 1995, Contag et al. (1) first demonstrated the ability to monitor biolumines-

cently engineered bacteria in live mice using whole body biophotonic imaging
(BPI). Subsequent to this publication, a range of both Gram-positive and Gram-
negative bacteria were bioluminescently transformed and tested in vivo in a
number of standard animal models (2,3,4,5), so establishing this technique as
a platform methodology for basic research and drug development. Most of
these initial studies were focused upon acute models of infection such as soft
tissue, sepsis, and pneumonia (3,4,6). It was quickly realized, however, that this
technique was especially useful for monitoring chronic and complex infections,
such as biofilm infections (7,8,9,10,11,12,13). These biofilm methodologies are
the key focus of this chapter.

Modern medical and surgical practice has come to rely increasingly on
various types of prosthetic and implanted devices. Despite sterilization, aseptic
procedures, and improvements in the materials and design of devices, microbial
colonization and biofilm formation on these devices is a common occur-
rence. These biofilm infections represent a serious medical problem, as mature
biofilms are resilient to the host immune response and conventional antibiotic
treatments. Most often such complications lead to failure of the implant and
the need for its complete removal (14,15). To better understand and control
biofilm infections on indwelling medical devices, new approaches are essential,
especially in in vivo settings. To this end, BPI methodologies have been
developed to allow rapid, continuous real-time monitoring of biofilm infections
in a number of different animal models (7,8,9,10,12,13). The use of biolumi-
nescent reporters to tag bacterial pathogens allows for the sensitive detection
of only live, metabolically active cells by BPI. Because of its non-destructive
and non-invasive nature, the imaging procedure can be performed repeatedly
without disturbing the integrity of the biofilm structure, as is the case with
procedure that involves detachment of the bacteria. Additionally, BPI experi-
ments can be performed without the loss of contextual influences of the animal’s
host defense mechanisms.

Many of the biofilm models described in this chapter resemble characteristics
commonly found in human foreign-body infections, such as the establishment
of infection with low inoculum, persistence of infection without spontaneous
healing, and relapse of disease soon after treatment. This sensitive and quanti-
tative longitudinal monitoring approach is ideally suited to assess disease



Real-Time Monitoring of Biofilm Infections In Vivo 227

progression and allows both response and/or relapse to antimicrobial agents
to be seen directly from intact live animals in real time, offering an excellent
preclinical strategy to assess disease response. Furthermore, this approach is
ideally suited to assess novel therapeutic agents or medical devices. This
will accelerate efforts to optimize lead compounds, especially at the animal
modeling step with respect to formulation, dose, or optimizing materials used
in medical implants.

2. Materials
1. Strains of bacteria: Staphylococcus aureus strain ATCC (American Type

Culture Collection, Manassas, VA) 12600 capsule type 3 strain, Pseudomonas
aeruginosa strain ATCC 19660, Proteus mirabilis strain ATCC 51286, and
Escherichia coli strain S17-1 � pir pUT AmpR mini-Tn5 luxCDABE TcR (M.K.
Winson, University of Nottingham, UK).

2. Plasmid pXen-5 (Xenogen Corp, Alameda, CA).
3. Ampicillin, tetracycline, erythromycin, and kanamycin (Sigma-Aldrich, St.

Louis, MO).
4. MgSO4, glycerol, glucose, Luria-Betani (LB) broth, trypticase soy broth (TSB)

(Difco, Detroit, MI), and brain heart infusion (BHI) media (Becton Dickinson,
Franklin Lakes, NJ).

5. Ketamine and xylazine (Burns Vet Supply, Vancouver, WA).
6. GenePulser II and cuvettes (Bio-Rad, Richmond, CA).
7. Teflon intravenous catheter, 14-gauge (Abbocath-T; Burns Vet Supply).
8. Polyethylene PE 50 (OD 0.965 mm, ID 0.58 mm; Braintree Scientific, Inc,

Braintree, MA).
9. IVIS® Imaging System and LivingImage® software (Xenogen Corp).

10. Ultrasonic bath (VWR, San Francisco, CA).
11. Surgical staples, scissors, and blades (SPI Supplies, West Chester, PA).
12. Balb/C, CF-1, and CD-1 female mice weighing 18–30 g (Charles River,

Wilmington, MA).

3. Methods
3.1. Generation of Bioluminescent Bacteria

To maintain bioluminescence stably, all bacteria used for BPI studies were
transformed so that an optimized Photorhabdus luminescense lux operon is
integrated into their chromosome. These operons encode the genes necessary
for both luciferase and substrate production, enabling bioluminescence to be
produced by the transformants without the addition of exogenous products. Two
methodologies for stably transforming the particular Gram-negative and Gram-
positive bacteria used in the biofilm studies to a bioluminescent phenotype are
described below.
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3.2. Transformation Procedure for Gram-negative Bacteria
(General Methodology)

Gram-negative bacteria are made bioluminescent (e.g., P. aeruginosa Xen-
5 and P. mirabilis Xen-44) through the stable integration of an unaltered P.
luminescense luxCDABE cassette onto their chromosome as first described by
Winson et al. (16).

1. Mate the Gram-negative strain to be transformed (the recipient) with the E. coli
strain S17-1 � pir pUT AmpR mini-Tn5 luxCDABE TcR(the donor) (see Note 1).

2. To allow the recipient strain to be more readily distinguished from the donor
strain, initially transform the recipient with a blank vector carrying a unique
antibiotic resistance gene (primary resistance marker) using standard electropo-
ration procedures.

3. Use a single resistant transformant (carrying the primary resistance marker) to
inoculate 10 mL of LB containing the primary selective antibiotic and incubate
overnight at 37 °C. Similarly, use a single colony of E. coli S17-1 � pir pUT mini-
Tn5 luxCDABE TcR to inoculate 10 mL of LB containing 100 μg/mL ampicillin.

4. Individually, pellet and resuspend both bacterial cultures in 10 mL of LB.
5. Inoculate a fresh 10-mL volume of LB containing 10 mM MgSO4 with 100 μL

volumes of each of the suspensions and incubate this mixture overnight at 37 °C
to allow mating to occur.

6. Plate 100 μL volumes of the mating onto LB containing both the primary selective
antibiotic and 20 μg/mL tetracycline.

7. After an overnight incubation at 37 °C, screen the plates for bioluminescent
transposants using a highly sensitive optical imaging system, such as an IVIS®
Imaging System.

8. Select a single highly bioluminescent colony and characterize to ensure that it
is stable [e.g., bioluminescent photon counts correspond to colony-forming units
(CFUs)] and behaves similarly to the parental strain, both in vitro and in vivo
(e.g., not attenuated).

3.3. Transformation Procedure for Gram-positive Bacteria
(Staphylococcus aureus Methodology)

Gram-positive bacteria are made bioluminescent (e.g., S. aureus Xen-29)
through the stable integration of an optimized P. luminescense luxABCDE
cassette onto their chromosome as first described by Francis et al. (3). This
broad host range plasmid can be used to transform a variety of Gram-
positive bacteria to a stable bioluminescent phenotype. However, the procedure
described below is optimized for the transformation of S. aureus.

1. Grow-up an overnight culture of S. aureus in 10 mL of BHI.
2. Dilute the overnight culture 1:100 in 50 mL of fresh BHI broth in a 500-mL

flask and incubate at 37 °C in an orbital shaker at 200 rpm until the OD600

reached 0.8 (exponential growth phase).
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3. Centrifuge and then sequentially wash cells with 50 mL, 25 mL and 5 mL
ice-cold 10% glycerol solution (centrifuging between washes).

4. Resuspend the electrocompetent cells in 500 μL of ice-cold 10% glycerol.
5. Add one 1 μL of 1 μg/μL plasmid pXen-5 (pAUL-A Tn4001 luxABCDE KmR)

to 200 μL of electrocompetent S. aureus and mix (see Note 2).
6. Transfer the bacteria/plasmid mixture into a 1-cm ice-cold cuvette (Bio-Rad)

and electroporate at 25 μF, 100 �, and 2.5 kV (GenePulser II; Bio-Rad).
7. Immediately add 0.8 mL of BHI, gently invert cuvette and incubate statically at

37 °C for 1h.
8. Plate 200 μL volumes of the transformation mix on BHI agar plates containing

0.3 μg/mL of erythromycin and incubate plates at 37 °C for 24 h.
9. Patch colonies (∼1 cm2) onto BHI agar plates containing 0.3 μg/mL of

erythromycin and incubated at 37 °C overnight.
10. Uniformly streak a quantity of each patch (10 μL loopful of cell growth consisting

of ∼108–109 cells) over the entire area of a BHI agar plate containing 200 μg/mL
of kanamycin and incubated plates at 37 °C for 24 h.

11. Screen plates for bioluminescent transposants using a highly sensitive low-light
optical imaging system.

12. Select a single highly bioluminescent colony and characterize to ensure that
it is stable (e.g., bioluminescent photon counts correspond to CFUs) and
behaves similarly to the parental strain, both in vitro and in vivo (e.g., not
attenuated).

3.4. In vitro Catheter-Associated Biofilm

1. Grow the bioluminescent biofilm-forming bacterial strain overnight in TSB
supplemented with 0.25% glucose (TSBG) in an orbital shaker at 37 °C.

2. Dilute the culture 1:10 in fresh TSBG and further incubate for 1.5 h at
37 °C.

3. Adjust OD at 600 nm to reach a standardized cell suspension of 105 CFUs/mL in
TSBG (see Note 3).

4. Cut teflon intravenous catheter 14-gauge into 1-cm segments (soft tissue model),
polyethylene catheter PE 50 into 6-mm segments (UTI) and sterilize each piece
with 70% ethanol. Air-dry catheters overnight.

5. Develop bacterial biofilms on the cut, sterile catheters by placing individual
segments into Eppendorf tubes containing 1.0 mL of bacterial cell suspension in
TSBG with 105 CFUs/mL in the exponential phase of growth.

6. Vortex well to ensure the removal of air bubbles from inside catheter, allowing it
to remain immersed during incubation (see Note 4 for incubation times for each
pathogen).

7. After incubating for appropriate time intervals at 37 °C recover colonized catheters
aseptically and rinse once gently in TSBG to remove unbound bacteria. Flush out
lumen of catheter with sterile TSBG. Image catheters for bioluminescence prior
to implant to ensure proper colonization.
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3.5. Soft-tissue Biofilm Infection

This device-related infection is established in the flanks of mice by subcu-
taneous implantation (17) of either pre- or in vivo-colonized catheter material
with biofilm forming Gram-positive or Gram-negative bioluminescent bacteria
(7). The model is ideally suited for screening the development of biofilms
on medical device material and the effects of therapeutic agents to treat them
non-invasively without the need for exogenous sampling or culturing of the
pathogen (see Fig. 1). Infections could be established with clinically relevant
doses as low as 103 CFUs pathogen per device with either Gram-positive or
Gram-negative pathogens. Moreover, subsequent disease progression could be
followed for weeks within the same animal.

This model is especially appealing for the analysis of in vivo efficacy of antibi-
otics against young as well as mature biofilms, post antibiotic effects, in vivo
resistance development, or in vivo fitness of resistant organisms (8,9,11,13).
As the imaging procedure can be repeatedly performed over time without
killing the animal or removal of device for detachment of biofilm (see Fig. 2
and Color Plate 7, following p. 46), this model, with several of the clinically
relevant features, has proven to have significant advantages over conventional
methods for studying foreign-body-related infections and treatment in vivo.

3.6. Experimental Model of Infection

1. Anesthetize Balb/C female mice weighing 18–22 g with Ketamine (100 mg/kg)
and Xylazine (5 mg/kg).

2. Shave their flanks and clean the skin with Betadyne and alcohol.
3. Make a 4–5 mm skin incision (as small as possible) and dissect to create a

subcutaneous tunnel.
4. Push a 1-cm segment of intravenous catheter with its associated bioluminescent

bacterial biofilm (e.g., Xen) through the incision into the tunnel (subcutaneous
tunnel usually created is ∼1.5 cm in length). One catheter segment is inserted on
each side of each animal.

5. Cover the incisions with intact skin, close with surgical staples, and disinfect the
skin.

6. Following surgery, place the mice on a warming pad until fully recovered.
7. Image animals using a highly sensitive low-light optical imaging system. (see

imaging procedure 3.12).
8. If post-implant infection is preferred, implant segments of sterile catheters as

above, then approximately 1 h after the implantation procedure, introduce a
defined quantities of bacterial suspension in 50 μL of PBS by injection into the
catheter lumen (103–105 CFUs/catheter) via a 31-gauge needle.

Delaying the infection until after device implantation is useful to study factors
such as post-operative colonization of implanted device or the role of host
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(a)

(b)

Fig. 1. (A) In vivo bioluminescence monitoring of S. aureus Xen29 in the mouse
model of biofilm infection during treatment with rifampin. Effect of 4 days of rifampin
treatment on a 23-day-old biofilm. Total number of photons detected per second over
the infected catheter was determined using an IVIS® Imaging System and LivingImage®

software, plotted with respect to time. Each mouse was implanted with two catheters
and each data point is the mean ± SD of 2–3 mice. Arrow indicates the day of antibiotic
administration. Data are averages of results from three to four separate experiments.
(B) Correlation between bioluminescence and traditional colony-forming units (CFUs)
for 4-day rifampin treatment on a 23-day old biofilm. Viable counts are reported as
CFUs per catheter, and bioluminescence is represented as Photons/Sec/Catheter using
IVIS® Imaging System. Each data point is the mean± SE of three to four catheters.
Mice were first imaged for bioluminescence followed by removing and extracting the
bacteria from catheters for CFU determinations. Reproduced with permission from
ASM Publication Department.
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Fig. 2. Real-time in vivo bioluminescence monitoring of S. aureus Xen-29 in the
mouse model of soft-tissue biofilm infection during treatment with rifampin. Effect of
4 days of rifampin treatment (twice a day with 30 mg/kg) on a 3-week-old biofilm.
A representative animal from the group receiving antibiotic or the untreated infected
group is shown. Note the response to treatment including relapse that can be monitored
non-invasively within the same animal throughout the study period. (See Color Plate 7,
following p. 46.)

proteins in promoting bacterial adhesion to biomaterials in initial phase of
blood–material interaction. An inoculum of ∼103–105 CFUs of S. aureus Xen-
29 and P. aeruginosa Xen-5 per catheter results in a reproducible, localized
persistent infection surrounding the catheter until the termination of the exper-
iment on day 25–50. Doses above 106 CFUs/catheter for P. aeruginosa and
108 CFUs/catheter for S. aureus result in 100% mortality. An inoculum of
≤105/catheter produces chronic infections.

3.7. Catheter-Associated Urinary Tract Infections

UTIs are one of the most common bacterial infections in humans. Most
of these infections follow instrumentation of the urinary tract, mainly urinary
catheterization (see Fig. 3), with the development of catheter-associated
bacteriuria directly related to the duration of catheterization (18). BPI easily
allows spatial information to be monitored sequentially throughout the entire
disease process, from cystitis to ascending UTIs (see Fig. 4 and Color Plate 8,
following p. 46), as well as treatment efficacy and relapse in diseased or
asymptomatic animals all without exogenous sampling (10).
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Fig. 3. Scanning electron micrograph of catheter from the bladder of a mouse
infected with P. mirabilis Xen 44. Cross-section of catheter at low magnification
(left) shows the lumen of catheter filled with a thick biofilm, and numerous rod-
shaped bacteria embedded within the polymeric substance is clearly seen at higher
magnification (right).

Fig. 4. In vivo bioluminescent monitoring of the progression of P. mirabilis Xen 44
in the mouse model of catheter-induced urinary track infection (UTI). The ascending
nature of uropathogen from the bladder up the ureters and to the kidney can be
clearly visualized from outside intact live animals using luciferase tag pathogen and
bioluminescence imaging. (See Color Plate 8, following p. 46.)



234 Kadurugamuwa and Francis

3.8. Experimental Model of Infection

The experimental catheter-associated UTI in a rat model developed by
Kurosaka et al. (19) was established in mice with modifications for BPI.

1. Cut polyethylene catheter material PE 50 into 6-mm long segments and fit onto
a flexible metal wire.

2. Wrap this around a similar metal wire in a spiral and place in boiling water for
1 min.

3. Remove the segment and sterilize each piece with 70% ethanol and air dry
overnight.

4. Bacterial biofilm is grown on the catheter material as described above in
Subheading 3.4.

5. Cut the metal stylet of a 24-gauge Teflon catheter up to 5 cm and fit either
sterile PE tubing or tubing that has been colonized with bacteria.

6. Anesthetize CF-1 female mice weighing 26–30 g with 2.5% isoflurane gas and
place in the supine position.

7. Clean the periurethral area with 70% ethanol.
8. Grasp the papilla with light pressure using forceps and lift away from the

abdomen.
9. While maintaining the papilla in this position, place the end of the stylet bearing

the 6-mm-long tubing into the urethral opening and advance until the leading
end is in the bladder.

10. Push the 5-cm Teflon catheter until the shorter segment is pushed off the stylet,
thereby leaving the 6-mm-long PE tubing free in the bladder lumen (the PE
tubing will revert spontaneously to its spiral form thus remain in place until the
end of the monitoring period).

11. Remove the Teflon catheter with the stylet.
12. Image animals using a highly sensitive low-light optical imaging system (see

imaging procedure below).
13. Remove Teflon catheter post-inoculation.

To induce post-catheterize infection, place a sterile tubing in the bladder as
described above and inoculate the bladder with defined quantity of pathogen
in 50 μL phosphate-buffered saline over 30 s by insertion of Teflon catheter
into the bladder through the urethra (see Note 5 for challenge doses required
to establish chronic UTI for each pathogen).

3.9. Central Venous Catheter-Associated Infection in Mice

Long-term implantation of intravascular devices is one of the major advances
in modern medical and surgical practice. A common complication with these
implanted foreign bodies is their susceptibility to pyogenic infections, especially
due to Staphylococci (20). Establishment of such infections is due to either
perioperative bacterial contamination or postoperative colonization of the
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implanted device through local or hematogenous seeding (21). Little is known
about the pathogenesis and treatment of this condition, mainly due to lack of
in situ methods to monitor such infections in vivo in real time. Thus, we have
applied the in vivo imaging technology to monitor and visualize the estab-
lishment and spread of staphylococcal infection non-invasively in mice with
indwelling jugular vein catheter (see Fig. 5 and Color Plate 9, following p. 46).

3.10. Experimental Model of Infection

To avoid high operative mortality rate associated with small animal vascular
catheterization, it is advisable to purchase animals that are surgically prepared
and ready to use from a commercial vendor such as Charles River Laboratories.

1. After 5–7 days post-catheterization, infect the catheterized mice intravenously
with 50 μL of bioluminescent bacterial suspension (e.g., S. aureus Xen 29) in
exponential growth phase in PBS through the tail vein with inocula of 104CFUs.

2. Inoculate a group of non-catheterized mice with a similar dose as control group.
3. Image animals using a low-light imaging system (see imaging procedure below).
4. To optimize capture of bioluminescence, shave over the heart (ventral), as well

as kidneys and spleen areas (dorsal).

Fig. 5. Daily imaging of mice inoculated by tail vein injection with S, aureus Xen
29 reveals the colonization of S. aureus around the indwelling catheter in jugular vein
catheterized mice as early as one day after infection (left). Six days later, evidence of
metastatic disease with staphylococci spreading to heart, kidney, and liver as a result
of seeding of bacteria from the infected vascular catheter (center). In contrast, whole-
body imaging of non-catheterized mice challenged with a similar dose of bacterial
suspension showed no sign of infection around heart or any other organ, even after
a week into the hematogenously induced infection (right). This shows the implanted
device that constitutes a particularly attractive surface for bacterial colonization. The
difference in the degree of infection seen between catheterized and non-catheterized
mice clearly indicates the importance of the indwelling vascular catheter in potentiating
the establishment of infection. (See Color Plate 9, following p. 46.)
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3.11. Separation of Bacteria From Catheter

1. After the final imaging time-point, kill mice humanely (in accordance with the
guidelines of the Institutional Animal Care and Use Committee) and surgically
remove the infected catheters for enumeration of bacteria by both bioluminescence
imaging and conventional plate count method.

2. Image the harvested catheters for bioluminescence.
3. Transfer the catheters to tubes containing 1 mL of TSB, place tubes in an ultrasonic

bath (VWR), and sonicate for 5–10 min (38.5–40.5 kHz).
4. Vortex the tubes for 1 min to remove the biofilm bacteria from the support surface

and image catheters to confirm the loss of bioluminescence and thus the complete
removal of the biofilm.

5. Repeat sonicating-vortexing procedure if necessary. Note, repeating the procedure
for >10 min may affect the viability of certain pathogens.

6. Dilute the suspension of bacteria removed form the catheter, plate on trypticase
soy agar, and incubate at 37 °C for colony counting.

Correlation between CFUs and bioluminescent signal (Photons/Sec) is deter-
mined by plotting Photons/Sec/Catheter versus CFUs/Catheter.

3.12. Imaging

1. Prior to and during imaging, mice are anesthetized with 2–2.5% isoflurane gas.
2. The whole animal is imaged (dorsal and ventral) for a maximum of 5 min at

various times during the experiment using a highly sensitive optical imaging
system, such as an IVIS® Imaging System.

3. Quantify total photon emission from defined regions of interest (e.g., bladder,
kidney, flanks, abdomen, or heart) within the images of each animal (e.g., using
Xenogen’s LivingImage® software).

4. Following imaging, return mice to their cages until the next imaging session.

4. Notes
1. pUT is a conjugative suicide vector that is only maintained in strains of E.

coli expressing the � protein, such as S17-1 � pir and CC118 � pir (22,23).
Thus, recipient bacteria that do not express the � protein can only become stably
bioluminescent and tetracycline resistant if the mini-Tn5 luxCDABE TcR cassette
transposes onto their chromosome. Furthermore, as the lux operon does not have
its own promoter, the strength of bioluminescence in the recipient bacterium is
dependent upon the endogenous promoter directly upstream of the site at which
the lux transposon integrates. Derivatives of this donor strain carrying alternative
antibiotic markers are also available (e.g., chloramphenicol, kanamycin, and strep-
tomycin).

2. The promoterless luxABCDE kmR operon is optimized from Gram-positive
expression and is silent on pXen-5. When transposition occurs, the strength of
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bioluminescence and the degree of kanamycin resistance in the bacterium is
dependent upon the endogenous promoter directly upstream of the site at which
the lux transposon integrates.

3. The following conversion factors are useful in adjusting cell suspensions to the
desired levels: S. aureus Xen 29 OD600 1.0 = 2.8 × 108 CFUs/mL, P. aeruginosa
Xen 5 OD600 1.0 = 7.5 × 108, and P. mirabilis Xen 44 OD600 1.0 = 5.4 × 108

CFUs/mL.
4. Incubation time for S. aureus Xen 29 to reach 103 CFUs/Catheter = 30 min,

104 CFUs/Catheter = 1 h, and 105 CFUs/Catheter = 2 h in 105 CFUs/mL of
suspension. For P. aeruginosa Xen 5 to reach 103 CFUs/Catheter = 10 min,
104 CFUs/Catheter = 1.5 h, and 105 CFUs/Catheter = 3 h in 105 CFUs/mL
of suspension. The above values are valid for 14-gauge, 1-cm segments of
Teflon intravenous catheter. The concentration of cell suspension and time
required to reach desired inoculum varies with surface area and the type of
material.

5. The challenge doses required to establish chronic UTI with P. aeruginosa Xen 5
is 1.6 × 106 CFUs/catheter or 2.0 × 106 CFUs/50-μL of suspension and with P.
mirabilis Xen 44, 7.1 × 103 CFUs/catheter or 1.3 × 104 CFUs/50-μL of suspension.
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The Cotton Rat as a Model for Staphylococcus aureus
Nasal Colonization in Humans
Cotton Rat S. aureus Nasal Colonization Model

John F. Kokai-Kun

Summary

Staphylococcus aureus nasal colonization is a well-known risk factor for development of
S. aureus infections in humans, but despite this established association, we are only beginning
to understand the factors, both host and pathogen, that play a role in the colonization of the
nares by S. aureus. The cotton rat is a model for many human respiratory pathogens and has
proved its utility as a robust model for S. aureus nasal colonization. In this animal model,
S. aureus is instilled in the nostrils of adult cotton rats, the bacteria rapidly colonize, and 7
days later S. aureus nasal colonization is enumerated by surgical removal of the nose and
recovery of the colonizing S. aureus. This model is an excellent animal model to allow for
the evaluation of the efficacy of various therapies, including semi-solid formulations, for
determination of their ability to eradicate S. aureus nasal colonization. Further, the cotton
rat model allows for assessment of the ability of defined genetic mutants of S. aureus to
colonize mucosal surfaces. Finally, this model has demonstrated its utility for the assessment
of various antigens as vaccine candidates to protect against S. aureus nasal colonization.
This chapter will discuss in detail the method to establish nasal colonization, treatment
and eradication of colonization, and recovery of the colonizing bacteria from the nose.

Key Words: Staphylococcus aureus; nasal colonization; animal model; cotton rat;
therapy.

1. Introduction
The anterior nares is a primary ecologic niche for Staphylococcus aureus

(1,2,3) with ∼30% of the population being colonized at any one time (1).
S. aureus nasal colonization is a well-established risk factor for S. aureus
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infection (4,5,6,7), and a significant correlation has been demonstrated between
the colonizing strains of S. aureus and the strains of S. aureus in infected
individuals. As the incidence of community-associated methicillin-resistant S.
aureus infections continues to rise (8), there appears to be a parallel increase in
nasal colonization with methicillin-resistant S. aureus (MRSA) (1). Strategies
to reduce S. aureus nasal colonization and thus reduce infection rates have
met with mixed success (9,10,11,12,13), but this type of prophylaxis may still
prove to be an important intervention that can effectively reduce overall S.
aureus infection rates. This chapter details an animal model for studying S.
aureus nasal colonization, which allows for both investigation of staphylococcal
factors that play a role in nasal colonization as well as allowing for screening
of potential therapies to eradicate S. aureus nasal colonization.

The cotton rat (Sigmodon hispidus) is a well-established model for a number
of human pathogens, especially viral respiratory pathogens (14,15). The model
detailed in this chapter is an adaptation of a model of S. aureus nasal
colonization originally described in mice (16) but now adapted to cotton rats.
The cotton rat’s nasal histology is comparable to that of humans (17) and pre-
treatment of cotton rats with antibiotics like streptomycin is not required as it
is in mice (16) to establish nasal colonization by S. aureus. We have success-
fully used the cotton rat S. aureus nasal colonization model to demonstrate the
efficacy of lysostaphin as a therapy for S. aureus nasal colonization (18) as
well as to study the roles of wall teichoic acid (19) and IsdA and IsdH (20) of
S. aureus in nasal colonization.

This chapter will describe in detail the materials and methods necessary for
studying this cotton rat model of S. aureus nasal colonization. These steps
include (1) instillation of the S. aureus to establish nasal colonization, (2)
treatment of the nares with various therapeutic agents, and (3) recovery and
enumeration of colonizing S. aureus.

2. Materials
2.1. Instillation

1. Cotton rats (Sigmodon hispidus) (14) may be purchased from Harlan (Hsd:Cotton
Rat, Indianapolis, IN). There are also several breeding colonies that may be able
to provide animals, including colonies at Virion Systems (Gaithersburg, MD)
and Baylor College of Medicine (Houston, TX). Cotton rats should be 6 weeks
old or older for use in this model (see Note 1).

2. Frozen stocks of S. aureus (see Note 2).
3. Tryptic soy broth (TSB): As per the manufacturer’s instructions, 30 g/L in

ddH2O.
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4. Columbia salt agar (CSA): Columbia broth (as per the manufacturer’s instruc-
tions, 35 g/L in ddH2O), 2% (w/v) Bacto Agar, and 2% (w/v) NaCl (store at
4 °C).

5. Tryptic soy agar (TSA): As per the manufacturer’s instructions 40 g/L in ddH2O
or blood agar—TSA with 5% sheep’s blood (store agar plates at 4 °C).

6. Phosphate-buffered saline (PBS) without calcium or magnesium: 5.6 mM
Na2HPO4, 0.94 mM KH2PO4, pH 7.4, and 155 mM NaCl.

7. Anesthesia: Ketamine 33 mg/kg, Xyla-Ject (xylazine) 2.5 mg/kg, and
Acepromezine Maleate 2.5 mg/kg (see Table 1A) (make anesthesia fresh for each
use).

8. Small volume (20 μL) disposable pipette tips.
9. Syringes, 1 mL with 27-gauge needles.

10. A spectrometer capable of reading light transmission at 650 nm.

2.2. Treatment

1. Anesthesia: As above (freshly made).
2. Syringes, 1 mL with 27-gauge needles.
3. BD Angiocath flexible FEP polymer catheters, 22-gauge (for delivery of semi-

solid formulations if desired).
4. Syringes, 1 mL.
5. Small volume (20 μL) disposable pipette tips.

2.3. Recovery

1. Ethanol: 70% (v/v) in water (or equivalent for surface sanitation) and 100% for
flaming instruments.

2. PBS + Tween-20: PBS (above), 0.5% (v/v) polyoxyethylene monolaurate (Tween
20) (make fresh for each harvest, Tween 20 is generally sterile as received).

3. TSA + 7.5% NaCl: TSA (above) and 7.5% (w/v) NaCl (store at 4 °C).

Table 1A
Anesthesia Preparation and Dosing by Animal Weight

Anesthesia Dose (mg/Kg)

Ketamine 33
Xylazine 2.5
Acepromezine 2.5

Preparation of standard anesthesia solution: Ketamine solution at
100 mg/mL, use 20 μL/animal dose; Xyla-Ject (xylazine) solution
at 20 mg/mL, use 7.5 μL/animal dose; acepromezine solution at
10 mg/mL, use 15 μL/animal dose; phosphate-buffered saline, use
157.5 μL/animal dose. Make ∼50% more animal doses than needed.
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Table 1B
Administration Volume of Standard
Anesthesia Preparation by Animal Weight
(i.m. with 1-mL syringe, 27-guage needle)

Cotton rat weight (g) Dose (μL)

50 150
52 160
54 170
56 180
58 190
60 200
62 210
64 220
66 230
68 240
70 250

4. Chromagar Staph aureus (Chromoagar Microbiology, Paris, France): As per the
manufacturer’s instruction, 82.5 g/L (agar is light sensitive and can be stored for
1 month at 4 °C after preparation).

5. Sterile alcohol prep pads: 70% isopropyl alcohol.
6. Sterile scalpel blades, #21.
7. Sterile disposable snap cap test tubes, 15 mL.

3. Methods
3.1. Instillation

1. Inoculate a CSA plate from a thawed TSB stock of S. aureus using a sterile
swab. Cover the agar surface completely and allow any liquid to absorb into the
agar.

2. Incubate the inoculated CSA plate at 35–37 °C for 16–24 h.
3. Harvest the S. aureus from the inoculated CSA plate into PBS.
4. Aliquot 1 mL of PBS per animal to be instilled into a sterile glass test tube,

using a separate test tube for each different S. aureus strain (see Note 3).
5. Determine the percent transmittance (%T) of the blank PBS at 650 nm on a

spectrometer and set to T = 100% (see Note 4).
6. Harvest the S. aureus from the CSA plate using a sterile swab resuspending the

bacteria in the PBS and vortex briefly to disperse the bacteria. Check the %T at
650 nm.

7. Add bacteria to the PBS until the %T is ∼10% for a 1-cm path length (see Note 5).
8. Pellet the S. aureus by centrifugation at 7750 × g for 7.5 min.
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9. Decant or remove the supernatant by pipette and discard as biohazardous waste.
10. Resuspend the bacterial pellet in 10 μL of PBS per animal to be instilled (e.g., if

original volume was 6 mL, use 60 μL of PBS to resuspend bacteria) and vortex
the resuspension on maximum speed for 3 s.

11. Anesthetize the cotton rats by intramuscular injection in either hind leg muscle
with a 27-gauge needle using volumes appropriate for various body weights as
indicated in Table 1B (see Notes 1 and 6).

12. Briefly revortex the S. aureus suspension on maximum speed prior to instillation.
13. Hold the unconscious cotton rat on its back in the palm of your hand and restrain

the chin with your thumb.
14. Using a small (20-μL size) disposable pipette tip, evenly distribute a 10-μL

volume of S. aureus suspension between each nostril drop-wise (usually 2–3
drops per nostril) without touching the nose of the animal. Allow the rat to draw
the drops into its nose by natural respiration (see Note 7).

15. Hold the rat on its back until it is breathing normally and has cleared its nose
(see Note 8).

16. Return the rat to the cage, laying the rat on its back (see Note 9).
17. Repeat the instillation with each cotton rat in the group and each group of cotton

rats until all animals have been instilled.
18. Monitor the animals until they are demonstrating purposeful movements.
19. Return food and water ad libitum and cover the cage with a barrier cover (see

Note 10).
20. Perform serial dilutions in PBS of the remaining S. aureus inoculum and plate

the serial dilutions on blood agar or TSA to determine the actual number of
S. aureus instilled per animal (see Note 2).

3.2. Treatment

If desired, the nasally colonized cotton rats can be treated intranasally to
affect nasal colonization (see Note 11).

3.2.1. Nasal Instillation of Liquid Formulations

1. Liquid formulations of various compounds can be instilled into the cotton rat
nares in the same manner as the initial bacterial instillation (see Note 12).

3.2.2. Nasal Instillation of Semi-Solid Formulations

1. Remove the metal needle from a flexible catheter and affix the flexible catheter
to a 1-mL syringe.

2. Load the semi-solid formulation into a 1-mL syringe fitted with the 22-gauge
flexible catheter for nasal delivery (see Note 13).

3. Anesthetize the cotton rats as described above (see Note 14).
4. Once the cotton rats have succumbed to the anesthesia, gently insert the catheter

tip 2–3 mm into one nostril (see Note 15) and dispense the desired volume
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(usually ∼20 μL) by applying continuous gentle pressure on the syringe plunger
and slowly withdrawing the catheter tip from the nostril (see Note 16).

5. Gently message the nose of the cotton rat to disperse the semi-solid and open
the nares to allow normal breathing.

6. Lay the cotton rat down on its back and do not proceed to the second nostril
until normal breathing is resumed.

7. Once the animal is breathing normally, repeat steps 3 and 4 to instill the semi-
solid in the second nostril (see Note 17).

8. Return animals breathing normally to their cages laying them on their backs.
9. Repeat the treatment with all animals and groups to be treated.

10. Monitor the animals until they are demonstrating purposeful movements.
11. Return food and water ad libitum and cover the cage with a barrier cover.

3.2.3. Recovery

1. The noses of colonized cotton rats can be harvested 24 h after S. aureus instil-
lation (see Note 18).

2. Prepare one 15-mL snap cap test tube per animal containing 500 μL (see Note
19) PBS + Tween 20 + any appropriate neutralizer needed (see Note 20).

3. Sacrifice the animals as appropriate to the guidelines of the presiding IACUC.
We use 100% CO2 delivered at 10 psi.

4. Cleanse the outside of the nose and the area around the nose well ensuring that
the bridge of the nose is also cleansed with a sterile 70% alcohol prep pad (see
Note 21). This removes any S. aureus colonizing the skin around the nose.

5. Sanitize fine-tipped forceps and fine-bladed dissecting scissors by flaming with
100% ethanol (see Note 22) and then let them cool prior to reuse.

6. Lay the cotton rat on its back on a sanitized dissection board.
7. Hold the chin of the cotton rat between the thumb and forefinger of one hand

and place the blade of a scalpel with a #21 blade just under the upper lip and
against the teeth of the cotton rat (see Fig. 1A). Slide the blade down the teeth
and back along the bridge of the nose removing the anterior nares and soft tissue
and bony cartilage along the bridge of the nose (see Fig. 1B).

8. Grasp the cartilage with the flamed forceps, and using the scissors, bisect the
nostrils laterally (see Figs. 1C and 1D) exposing the nostril lumen.

9. Place the bisected nose into an appropriately labeled recovery tube and cap the
tube.

10. Vortex the tube on maximum for 10 s to release adherent bacteria (see Note
23).

11. To prepare for the processing of the next animal, rinse the forceps, scissors, and
dissecting board with 70% ethanol and wipe with a clean paper towel. Dispose
of scalpel blade and flame forceps and scissors as above.
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Fig. 1. Surgical processing of the cotton rat nose for recovery of colonizing Staphy-
lococcus aureus. (A) With the sacrificed animal lying on its back, secure the chin
between the thumb and forefinger and slide the scalpel blade down the prominent front
teeth (a) until it contacts the soft tissue of the lips (b). (B) Slide the scalpel blade under
the nostrils (c) and back along the bone of the bridge of the nose (d) removing the nose
along with the cartilage and skin from the bridge of the nose. (C) Grasp the skin and
cartilage of the bridge of the nose with forceps and laterally bisect the nostrils (e) with
scissors. (D) The bisected cotton rat nose ready to be vortexed. The arrow (f) indicates
the lumen of the nostril bisected by the cut. The dashed line indicates the midline of
the nose where the cut was made.

12. Repeat the procedure with each animal and each group until completed.
13. Discard the sacrificed animals as appropriate for the facility (see Note 24).
14. Just prior to inoculating agar plates, vortex samples again on maximum for 10 s.
15. Inoculate an individual TSA + 7.5% NaCl (see Note 25) bacterial agar plate

with 100 μL (see Note 19) of supernatant from each sample and spread the
solution evenly on the agar surface with a disposable spreader.

16. Repeat step 15 for each sample.
17. Incubate TSA + 7.5% NaCl plates for 48 h and then count the colonies (see

Note 26).
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18. Following the appropriate incubation time, count the S. aureus colonies on each
plate (see Note 25) and multiply by the dilution factor (in this case by five) to
determine the S. aureus recovered per nose (see Note 27).

4. Notes
1. A leather gardening glove should be worn on the grabbing hand when handling

cotton rats. The animals should be pinned under a gloved hand and the rat then
grabbed by its scruff for control. Cotton rats are very skittish and will attempt
to escape, so open the cage lid only as far as needed to grab a single rat. Do not
grab a cotton rat by its tail as the tail will deglove (14).

2. Frozen stocks of S. aureus are stored in TSB at –70 °C. Most wild-type S. aureus
strains examined successfully colonize the cotton rat nares (see Table 2).

3. Make an additional two or three animal doses (2–3 mL) than required to allow
for extra volume and to titer the actual dose of S. aureus instilled per animal.

Table 2
Cotton Rat Nasal Colonization by Various Staphylococcus aureus strains

S. aureus strain Animals colonized Mean colonization
per nose

ATCC 49521 (MSSA, Type 5 capsule) 5/5 >10� 000
ATCC 12605 (MSSA, Type 8 capsule) 5/5 5418
Sa113 (MSSA) 15/15 6011
SH1000 (MSSA) 5/5 2553
Newman (MSSA) 5/5 4021
SA5 StrR (Streptomycin resistanta) 1/5 100
MBT 5040 (MRSA) 41/41 5262
MBT 5040 LysoR (Lysostaphin resistantb) 1/5 200
MRSA 12/12 (MRSA, StrRc) 5/5 567
Col (MRSA, StrRc) 5/5 3825
BK 2352 (MRSA) 5/5 3481
BK 2454 (MRSA) 5/5 2323
SA 3865 (mupirocin resistant) 5/5 268
NRS 79 (VISA) 5/5 2574

All animals instilled with ∼5 × 108 colony-forming units (CFUs) of S. aureus and killed
6–7 days post-instillation.

MSSA, methicillin-sensitive S. aureus; MRSA, methicillin-resistant S. aureus; StrR, strep-
tomycin resistant; VISA, vancomycin intermediate susceptibility.

a A streptomycin-resistant variant isolated by serial passage on streptomycin agar.
b See reference (21).
c Naturally streptomycin resistant.
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Nephelo culture flasks (125 mL) work well for larger groups of animals (10 or
greater).

4. A Spectronic 20 (Theromo Scientific, Waltham, MA) with 1-cm diameter sterile
glass test tubes works well for this, allowing the %T for the whole suspension
to be determined. Alternatively, the %T of an aliquot of suspended bacteria can
be determined using a cuvette and a conventional visible light spectrometer set
to 650 nm.

5. A T (transmittance) of ∼10% is equivalent to ∼5 × 108 S. aureus per milliliter
of buffer at a 1-cm path length, but it is best to determine this empirically for
each strain of S. aureus. A dose >108 S. aureus instilled in the nares will ensure
consistent nasal colonization even if much of the initial dose is expelled during
instillation (see Note 7). Consistent colonization can be achieved with initial
inoculums of as low ∼105 per animal, but care must be taken that the animal
does not expel any of the lower inoculum volume. Instillation of <105 S. aureus
have not resulted in consistent nasal colonization in our hands.

6. The injection volumes given in Table 1 will usually render a cotton rat
unconscious in ∼5 min, and they will remain that way for about 20–30 min.
Occasionally, an individual animal will not be rendered unconscious by the
initial dose of anesthesia; in this case, additional doses of 50–100 μL depending
on the weight of the animal can be administered until the animal in unconscious.
It is important that the cotton rats be fully unconscious prior to instillation of
the bacteria (see Note 7).

7. Even when unconscious, cotton rats retain a strong expiratory response, that is,
they will often “snort-out” much of the S. aureus inoculum. For safety reasons,
a full face mask and hair cover should be worn when instilling S. aureus in
cotton rat nares. Expiration can be controlled to some extent by gently rolling
the loose skin on the bridge of the nose over the nostrils with your forefinger
after instillation. This is particularly necessary when instilling a lower inoculum
of bacteria.

8. Occasionally, instilled cotton rats will appear to have difficulty in breathing
demonstrating a gasping appearance because of nasal blockage by the bacterial
bolus. The animal will usually clear its own airway within about a minute, but
occasionally artificial respiration in the form of gentle compressions on the rib
cage are needed to aid the animal’s recovery from the instillation.

9. Female rats can be housed five per 18.5” × 10” cage, but after manipulation of
any kind, male rats must be housed individually or they will fight. This fighting
often involves biting on the nose, which will interfere with this model and can
lead to active infection. The cotton rats should begin to demonstrate purposeful
movement about 20–30 min after bacterial instillation.

10. All cage bedding should be considered as biohazardous and treated appropriately
as S. aureus continues to be shed by the animals for a couple of days after
instillation.
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11. Cotton rats can generally tolerate anesthesia and treatment once or twice a day
for up to 5 days. The more often an animal is anesthetized, the less sensitive it
becomes to the anesthesia.

12. Use no more than 20 μL for intranasal administration of liquid formulations as
instillation volumes of >20 μL will result in some of the liquid entering the
trachea and possibly the lungs.

13. If the semi-solid formulation is heat tolerant, then the formulation can be warmed
in a water bath above its melting point to allow the melted semi-solid to be
drawn into the syringe without the attached catheter. For non-heat tolerant
formulations, the semi-solid can be loaded into a syringe using a spatula and
the syringe plunger to load the formulation in the syringe barrel from the top.
Before affixing the catheter to the syringe, ensure that the syringe tip is wiped
free of formulation or the catheter can “pop-off” the syringe during instillation.
Using a lure lock syringe or parafilm to secure the catheter can also help prevent
this.

14. For semi-solid formulations, lighter anesthesia than is used for liquid formula-
tions is generally better than deep anesthesia. This will better allow the cotton
rats to clear their nares of the semi-solid formulation and help prevent respiratory
distress.

15. Care should be taken when inserting the catheter in the nostril as the tip of the
catheter is sharp and can cut the inside of the nostrils. To help prevent this,
smear some of the formulation on the tip of the catheter to act as a lubricant.

16. The more viscous the formulation, the more difficult it is to control the exact
dosing of the semi-solid. More viscous formulations will continue to ooze from
the syringe after pressure is released from the plunger making exact dosing
difficult.

17. Instillation of semi-solid formulations into both nostrils will occasionally lead
to respiratory distress as cotton rats are obligate nose breathers. Some distress
is normal as the animals gasp to clear their nasal passages, but very labored
breathing may require additional massage of the nose and possible breathing
assistance in the form of gentle compressions of the rib cage to deflate and inflate
the lungs. Respiratory distress mostly occurs with smaller, over-anesthetized,
or sick animals. Cotton rats should be monitored until they display normal
breathing following nasal instillation of semi-solids.

18. Depending on the strain of S. aureus instilled, cotton rats can remain nasally
colonized with S. aureus for up to and possibly greater than 2 months (18).
Shedding of excess or non-adherent S. aureus appears to occur primarily within
the first 2 or 3 days, after which point the nasal colonization appears to reach a
relatively steady state (19). We generally allow 4–6 days post-instillation prior
to any treatments and harvest the noses between 7 and 10 days post-bacterial
instillation or 24 h after the final treatment. For some defined genetic S. aureus
mutants, a longer colonization time (2–3 weeks) is required to see a significant
difference between colonization by the mutant and wild-type bacteria (20).
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19. A recovery buffer (PBS + Tween 20) volume of 500 μL will allow sufficient
buffer to plate 100 μL on one recovery media or 2 × 75 μL on two recovery
media. Greater volumes of buffer can be used if further recovery media are
required, but these reduce the sensitivity of the recovery correspondingly.

20. Topical applications of compounds like antibiotics can be retained in the nose
above MIC/MBC levels for >24 h in certain formulations and can lead to ex vivo
killing of the bacteria and false positive results, thus an appropriate neutralizer
should be used to ensure that any apparent antibacterial activity by the administered
compound actually occurs in the nares and not in the recovery tube (18).

21. Hold the head of the animal down so that any excess alcohol does drip into the
nostrils.

22. We use an IBS Integra Biosciences Fireboy Plus with an ignition sensor instead
of a constant open flame like a bunsen burner for safety around open containers
of ethanol.

23. Vigorous vortexing of the nose recovers the vast majority of the colonizing
S. aureus. We have followed the vigorous vortexing of samples with sonication
to try to release more S. aureus and found no greater recovery of S. aureus
following sonication.

24. The food and bedding from the instilled cotton rat cages should be considered
contaminated and disinfected by autoclaving or other appropriate methods.

25. Unlike the mouse (16), the cotton rat has a variety of bacteria as normal nasal
flora that are recovered by this procedure (Table 3), so the nasal supernatant must
be plated on a selective media to ensure accurate enumeration of the instilled
colonizing S. aureus. Depending on the characteristics of the S. aureus strain
instilled, a variety of bacterial media can be used for recovery from the cotton
rat nares. Antibiotic-resistant strains, for example, streptomycin-resistant strains,
MRSA, or gene knock-outs with antibiotic resistance markers, are the easiest to
recover because the appropriate antibiotic can be added to the TSA + 7.5% NaCl
agar to inhibit the growth of most other native flora. The cotton rat native nasal
flora includes a prevalent Gram-negative organism that is naturally erythromycin
resistant but which will not grow in the presence of 7.5% NaCl. The cotton
rat nose also has a variety of coagulase negative staphylococci that will also
grow on 7.5% NaCl. If the instilled strain of S. aureus is not antibiotic resistant,
Chromagar Staph aureus works well for recovery of S. aureus with the instilled
S. aureus growing as large purple colonies. It should be noted that a naturally
occurring Staphylococcus muscae found in the cotton rat nose will grow as a
small purple colony on Chromagar Staph aureus, so care should be taken to
differentiate these bacteria from the instilled S. aureus that will grow as a larger
purple colony.

26. The S. aureus colonies grow more slowly on the high salt agar than on other
agars thus 48 h incubation at 37 °C is required for accurate enumeration.

27. S. aureus colonization varies by strain (see Table 2), but generally, the number
of colonies recovered per plate from the primary sample tube are within the
countable range (<2000 CFUs) for a colony counter that can count up to 2000
colonies per plate. If hand counting is done, then it may be beneficial to dilute
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Table 3
Recoverable Native Aerobic Flora from Uninstilled and Staphylococcus
aureus-Instilled Cotton Rats Noses

Bacteriaa�b Number
colonized/number

instilled

Mean or individual
CFUs recovered

Uninstilled cotton rats
Gram-negative of the

enterobaceriacea familyc

5/5 13,390

Streptococcus speciesc 5/5 730
Streptococcus thoralensis 4/5 810
Staphylococcus muscaed 3/5 128
Staphylococcus xylosus 2/5 1000 and 5
Aerobacter viridans 2/5 160 and 10
Non-typeable Gram+e 1/5 80
S. aureus-instilled cotton rats
Gram-negative of the

enterobaceriacea family
4/5 22,512

Streptococcus species 5/5 800
Streptococcus thoralensis 5/5 56
Staphylococcus muscae 5/5 71
Staphylococcus xylosus 0/5 n/af

Aerobacter viridans 4/5 26
Non-typeable Gram+ 3/5 47
S. aureus (instilled)g 5/5 1179

a Bacteria was recovered on blood agar and Chromagar Staph aureus at 37 ºC.
b Bacterial identification confirmed by comparative DNA sequence analysis Accugenix Inc.

(Newark, DE).
c Comparable DNA sequence not available in database.
d Grows as a small purple colony of Chromagar Staph aureus.
e Was not amenable to comparative DNA sequence analysis.
f Not applicable.
g S. aureus strain MBT 5040.

each nasal supernatant 1:10 in PBS by adding 75 μL of supernatant to 675 μL of
PBS and then plate 75 μL of both the primary supernatant and the 1:10 dilution
on separate agar plates to ensure that the resulting colony count is within the
countable range. This will require twice as many agar plates.
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A Non-Human Primate Model of Acute Group
A Streptococcus Pharyngitis

Paul Sumby, Anne H. Tart, and James M. Musser

Summary

This chapter describes methods for using non-human primates as a model of group
A streptococcal (GAS) pharyngitis. This model has been used successfully to study
host–pathogen interactions occurring during pharyngeal GAS infections. The protocol
as described will compare two different GAS strains for their ability to cause clinical
symptoms of pharyngitis.

Key Words: Streptococcus pyogenes; GAS; pharyngitis; animal model; non-human
primate.

1. Introduction
The human bacterial pathogen group A Streptococcus (GAS) causes

a wide variety of diseases including pharyngitis and/or tonsillitis, scarlet
fever, pyoderma, toxic shock syndrome, necrotizing fasciitis, poststreptococcal
glomerulonephritis, and acute rheumatic fever (ARF) (1,2,3). Annually, GAS
infections account for an estimated 30 million cases of pharyngitis and 15,000
cases of invasive disease in the United States alone (3,4,5). In addition to the
extensive morbidity and mortality associated with GAS infections in the United
States, the financial impact of these infections runs at over 1.5 billion dollars
in direct health care costs (3,4,5). Failure to treat GAS pharyngitis may lead
to the post-GAS infection sequel ARF and subsequently to the development
of rheumatic heart disease. Although antibiotic treatment of GAS pharyngitis
patients has drastically reduced the incidence of these forms of heart disease in
the United States and Western Europe, they remain the most common cause of
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preventable pediatric heart disease in developing countries (1,4). In aggregate,
GAS infections result in an estimated 500,000 deaths worldwide per year,
clearly defining GAS as a major public health concern (4). The mortality,
morbidity, and financial burden associated with GAS infections emphasize the
critical need for a more detailed understanding of the complex strategies used
by this pathogen to successfully circumvent host immune defenses and cause
disease.

GAS pathogenesis studies have been hampered by the absence of animal
models of disease that recapitulate human infections. Although mouse models
of infection are currently most frequently used, a debate about the relevance
of these models with regard to the human host remains (6,7). Following the
reasoning that humans and non-human primates are closely related phylo-
genetically, several non-human primate models of GAS diseases have been
developed over the last 100 years. One of the earliest studies using a non-
human primate model to study streptococcal disease was published in 1907 by
Beattie, who observed clinical manifestations reminiscent of rheumatic fever in
infected monkeys (8). About a decade later, Blake et al. published work in which
intratracheal injections of GAS were used to study pneumonia in non-human
primates (9). In 1946, Watson observed that intranasal challenge of monkeys
with GAS led to serotype-specific immunity to this organism (10). In 1976,
Köhler et al. reported the protective effect of M protein in an immunization
study using rhesus monkeys (11). Since then, several reports describe
non-human primate models used to study invasive GAS diseases (12,13).

The most commonly used animal model to study GAS pharyngitis is the mouse
upper respiratory tract infection model (14,15,16). However, mice do not develop
a true pharyngitis and only a relatively few animals become colonized even when
high concentrations of inocula are used. Moreover, in our experience the data
obtained with this model are poorly reproducible, and because the blood volume
of the mouse is small the ability to easily perform many standard immunologic
assays is limited. In addition, several gas virulence factor do not act on mouse
molecules. Therefore, the relevance, significance, and usefulness of the murine
model of GAS pharyngitis is limited. Several independent studies indicate that
non-human primates may provide a more suitable model to study GAS pharyn-
gitis: animals are successfully colonized by GAS, and limited data indicate that
the infections mimicked the humoral immune response characteristic for human
disease (10,17,18,19,20).

The inadequacies of the mouse model of infection led us to develop a non-
human primate model of GAS pharyngitis that is a superb phenocopy of human
infection and has become the gold-standard model for studying GAS–host
molecular interactions in the upper respiratory tract (21,22,23,24).
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This chapter describes a non-human primate model of GAS pharyngitis that
we have used successfully to gain insight into the transcriptional adaptation of
GAS during upper respiratory tract infection (21,22), to determine the contri-
bution of specific GAS virulence factors to infection (23,24), and to investigate
possible vaccine candidates (unpublished data). The following protocol outlines
a comparison study where wild-type and isogenic mutant strains of GAS are used
to determine the contribution of a putative virulence gene to GAS pharyngitis.

2. Materials
2.1. Preparation of GAS inoculum

1. Wild-type and mutant GAS strains.
2. Todd-Hewitt broth (THY broth) with 0.2% yeast extract.
3. 80% glycerol, sterile.
4. THY agar plates (THY broth plus 1.5% agar).
5. Phosphate-buffered saline (PBS), sterile.
6. 50-mL falcon tubes, sterile.
7. 15-mL screw cap tubes, sterile.
8. Liquid nitrogen.

2.2. Animal Grouping

1. Purified streptolysin-O-protein (SLO, Sigma cat no. S5265).
2. Bovine serum albumin (BSA).
3. PBS with 0.1% Tween 20 (PBST).
4. Goat-anti-monkey IgG-HRP.
5. 3,3´,5,5´-tetramethylbenzidine solution (TMB).
6. 0.18 M sulfuric acid (stop solution).
7. 96-well clear bottom ELISA plates.

2.3. Non-human Primate Infections

1. Eight cynomolgus macaques (Macaca fascicularis).
2. 1-mL syringes.
3. PBS, sterile.

2.4. Disease Development

1. Laryngoscope (reusable handle with disposable blades).

2.5. Blood Draws

1. Eight Vacutainer™ systems (VWR).
2. Red-capped Vacutainer™ plasma tubes (VWR).
3. 2-mL red-capped tubes, sterile.



258 Sumby et al.

2.6. Throat Swabbing

1. 2-mL yellow-capped tubes, sterile.
2. Cotton-tipped throat swabs, sterile.
3. Selective strep agar plates with 5% sheep blood (cat.# 221780; BD Biosciences,

San Jose, CA, USA).
4. 100 mM dithiothreitol (DTT), sterile.
5. PCR reagents and machine.
6. emm PCR primers (forward: CTATTSGCTTAGAAAATTAA and reverse:

GCAAGTTCTTCAGCTTGTTT).
7. Agarose gel electrophoresis equipment.
8. Vortex.
9. Racks for 1.5-/2-mL tubes.

10. 1.5-mL tubes for serial dilutions, sterile.
11. PBS.
12. Ethanol.
13. Glass spreader.
14. 100 blood agar plates.
15. Light box.
16. Colony counter.
17. Disposable absorbent bench covers.
18. Liquid nitrogen.

2.7. Saliva Aspiration

1. 2-mL blue-capped tubes, sterile.
2. 1-mL syringes, sterile.

2.8. Nasal Washes

1. 2-mL white-capped tubes, sterile.
2. 1-mL syringes, sterile.
3. PBS.

3. Methods
3.1. Preparation of Bacterial Inoculum

GAS is prepared for infection of non-human primates by first growing the
wild-type and mutant strains in THY broth to mid-exponential phase as detailed
below. This step should be performed 2–3 weeks prior to monkey infection
to enable adequate time to generate accurate bacterial titers and repeat the
culturing step if necessary. Accurate bacterial titers are essential to ensure an
equal infectious dose is given to each animal.
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1. Grow 5-mL overnight cultures of the wild-type and mutant GAS strains statically
at 37 °C with 5% CO2 in THY broth.

2. Into four 50-mL tubes, place 40 mL of THY broth and prewarm to 37 °C.
3. For each of the two overnight GAS cultures, perform 1/100 dilutions into two

of the prewarmed 40-mL THY broth aliquots (400 μL of culture into 40 mL
of THY).

4. Incubate cultures statically at 37 °C with 5% CO2 to the mid-exponential phase
of growth as previously determined by optical density at 600 nm (OD600)
measurement.

5. Pellet the bacterial cells by centrifugation (3000 × g for 10 min), wash each
of the pellets twice with 40 mL of PBS, and resuspend each bacterial pellet in
8 mL of PBS.

6. Pool the two cultures corresponding to the same strain, giving 16 mL of washed
wild-type and 16 mL of washed mutant GAS cells.

7. Add 4 mL of 80% glycerol to each 16 mL of GAS solution, mix by inversion,
and aliquot in 2 mL volumes into 15-mL tubes. GAS aliquots are snap frozen in
liquid nitrogen and stored at –80 °C. Approximately 10 aliquots of each strain
should be generated by this protocol.

8. The following day, thaw four of the 10 aliquots of each strain on ice for ∼ 30 min.
9. Once thawed, perform serial dilutions of each aliquot in PBS, plate on THY

agar plates, and incubate overnight at 37 °C with 5% CO2.
10. The following morning, count colonies and determine the mean (±standard

deviation) colony-forming unit (CFU) titers for the two GAS strains. Typical
titers are ∼ 2 × 108 CFUs per mL.

3.2. Cynomolgus Macaque Screens for Group Selection

We commonly use group sizes of four or six cynomolgus macaques per GAS
strain although experiments have been conducted with up to 20 animals (22).
To divide macaques into experimental groups, we use information regarding
animal age, sex, weight, and concentration of serum anti-SLO antibodies. SLO
is a secreted toxin of GAS such that infected individuals seroconvert to SLO
following GAS infection (24–26). Thus, measuring the concentration of anti-
SLO antibodies provides an indicator of previous potential GAS infection. Note
that all animals are tattooed to enable individual identification.

3.2.1. Animal Age, Sex, and Weight

To reduce animal-specific differences in the data, all cynomolgus macaques
should ideally be of the same sex and of similar age (∼2–4 years old). It should
be noted, however, that mixed sex experiments and animals ranging in age from
2 to 9 years have previously been used successfully (22). Similarly, differences
in animal weights should be minimalized and taken into consideration during
the grouping process.
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3.2.2. Determination of Serum Anti-SLO Antibody Concentrations

Three-milliliter blood samples are taken on day minus-seven of the protocol
to enable determination of serum anti-SLO antibody titers (see Table 1). The
sera isolated will also serve as a pre-infection control for antibody measure-
ments comparing pre- and post-infection samples. Blood samples are isolated
and processed as described in Subheading 3.4.1. Sera samples isolated from
the macaques are titered for anti-SLO antibody concentrations by ELISA as
follows:

1. Add 100 μL of SLO solution [2.5 μg of Sigma-Aldrich SLO (contains 3–9%
SLO protein) per milliliter of PBS] to the wells of a 96-well ELISA plate. Dry
overnight at 40 °C.

2. Wash wells with PBST.
3. To each well add 100 μL of 1% BSA in PBST and incubate on a rocking

platform for 30 min at room temperature to block.
4. Wash wells with PBST.
5. To triplicate wells add 100 μL of each serum sample (diluted 1:500 with PBS)

and incubate for 2 h at room temperature on a rocking platform.
6. Wash wells with PBST.

Table 1
Timeline of Sample Isolations During the Non-Human Primate Experiment

Day of the experiment Clinical
scoring

Throat swab Blood
withdrawal

Nasal wash Saliva

–7 Monday X X X
0 Monday X X X X
2 Wednesday X X
4 Friday X X
7 Monday X X X X X
10 Thursday X X
14 Monday X X X X X
17 Thursday X X
21 Monday X X X X X
28 Monday X X X X X

Throat swabs, blood withdrawals, nasal washes and saliva samples are isolated on the
indicated (X) days. Blood specimens (3 mL) are taken by venipuncture from the cephalic vein.
Nasal washes are collected by instilling 1.5 mL of sterile phosphate-buffered saline (PBS) into
the nostril and immediately aspirating wash fluid and secretions with a sterile syringe. Saliva
specimens are collected by aspiration from the cheek pouch. Prior to throat swabbing, clinical
scoring of tonsillitis and pharyngeal erythema severity is performed by a trained veterinarian
who is blinded to the two animal groups.
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7. Add 100 μL of goat-anti-monkey IgG-HRP (diluted 1:30,000 with PBS) to each
well and incubate for 1 h at room temperature on a rocking platform.

8. Wash wells with PBST.
9. Wash wells with PBS.

10. Add 100 μL of TMB solution to each well and incubate for 26 min at room
temperature on a rocking platform.

11. Add 100 μL of stop solution (0.18 M sulfuric acid) to each well.
12. Read absorbance at 450 nm.
13. Calculate mean (±standard deviation) values for each serum sample.

3.2.3. Additional Considerations for Animal Grouping

To ensure that the macaques do not have current carriage of GAS, the animals
should be cultured for the presence of GAS in the upper respiratory tract on
day minus-seven. Culturing for GAS is performed by swabbing the posterior
pharynx and plating to look for GAS colonies as described in Subheading 3.4.3.
A final consideration for animal grouping should be the pre-infection scoring
of pharyngeal erythema and tonsil size. Scoring is performed as described in
Subheading 3.4.2.

3.3. GAS Non-Human Primate Infection

Non-human primates are infected on day 0 of the experiment through instil-
lation of 1 mL PBS containing GAS into the nares of each animal. Several
parameters of infection are monitored during the 5-week protocol, with samples
isolated as listed in Table 1. All animals should be housed individually during
the infection phase of the protocol to prevent cross-contamination.

1. Thaw 1 h prior to animal infection one tube each of the wild-type and mutant
strains on ice and dilute to 1 × 107 CFUs/mL using PBS.

2. Fill four 1-mL syringes with GAS-PBS solution for each of the two GAS strains.
3. Perform day-0 sample isolations and clinical scorings as outlined in Table 1 and

Subheading 4.4.
4. Infect each animal by slowly dribbling 1 mL of GAS-PBS solution into their

nares (∼0.5 mL per nostril).
5. Titer dilute GAS-PBS solutions to confirm that correct infectious dose was given

to the animals for each of the two GAS strains. Use THY agar or TSA blood agar
plates for plating serial dilutions for titer determination.

3.4. Sample Isolations and Clinical Scoring of Disease

Samples and clinical scoring occurs on the days outlined in Table 1. The
order of events is as follows.



262 Sumby et al.

1. Anesthetize animals with an intramuscular injection of ketamine (10 mg/kg) and
bring them individually into the examination room.

2. Obtain rectal temperature and weight of the animal.
3. Take a blood sample (see Subheading 3.4.1.) and place the animal onto sheets

of disposable absorbent bench covers.
4. Using a laryngoscope with disposable blades, score pharyngeal erythema and

tonsil size (performed by a veterinarian) (see Subheading 3.4.2.). Replace bench
covers and laryngoscope blades after examination of each animal.

5. Following clinical scoring, obtain five throat swabs (see Subheading 3.4.3.),
collect approximately 1 mL of saliva (see Subheading 3.4.4.), and perform a
nasal wash using PBS (see Subheading 3.4.5.).

6. Return animals to holding room.

3.4.1. Serum is Used to Measure Host Immune Responses to Infection

The host response to infection is monitored by measurement of serum C-
reactive protein levels and antibody development against various GAS antigens
(21,22,23,24). C-reactive protein concentrations are determined by ELISA
with commercially available anti-C-reactive protein antibodies. Antibody
production is assayed by ELISA using purified streptococcal proteins (e.g.,
SLO; Subheading 3.2.2.).

1. Take 3-mL blood samples from each of the anesthetized animals by venipuncture
in the cephalic vein.

2. Draw blood using a Vacutainer™ system with a red-capped collection tube and
incubate on ice until all macaque manipulations are completed.

3. Incubate blood samples at 4 °C for 1 h to allow the blood to clot before centrifuging
at 500 × g for 20 min at 4 °C.

4. Remove aqueous (serum) phase from each sample and place into individual red-
capped 2-mL tubes.

5. Freeze serum samples at –80 °C until required.

3.4.2. Clinical Scoring of Disease

Development of disease is monitored by determination of tonsillitis and
pharyngeal erythema severity scores prior to throat swabbing. Briefly, score
pharyngeal erythema on a 4-point scale as follows: no erythema (0), mild
erythema with hyperemic blood vessels (+1), more intense erythema and palatal
petechiae (+2), and intense erythema with palatal petechiae and exudative
tonsillitis (+3). Score macaque tonsil size on a 5-point scale using the same
criteria as established by Feinstein and Levitt (27) for scoring tonsil enlargement
during human GAS pharyngitis (see Fig. 1).
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Fig. 1. Diagram of grading scheme used for denoting size of tonsils. Figure taken
with permission from reference (27). Copyright © 2006, Massachusetts Medical
Society. All rights reserved.

3.4.3. GAS Colonization Levels

The level of GAS colonization during infection is monitored by enumeration
of CFUs from two of five throat swabs taken at various intervals from each of
the infected animals during the infection protocol. Throat swabs are processed
to release adherent bacteria and plated on select agar to minimize growth
of resident microbial flora from the macaque posterior pharynx. The three
remaining throat swabs are snap frozen and stored at –80 °C. Our laboratory
freezes these three throat swabs for future use in expression microarray and/or
quantitative PCR analyses to monitor GAS and/or host gene expression during
upper respiratory tract infection (21,22).

1. Vigorously swab the throat of each anesthetized animal using five sterile cotton-
tipped wood applicators sequentially.

2. Use the first and second swabs to determine GAS colonization levels. Place
the first and second swabs into individual 2-mL yellow-capped tubes containing
1 mL PBS. Break off the cotton-tipped end of each swab inside the tube, close
tube, and place on ice.

3. Place throat swabs three through five individually into empty 2-mL yellow-
capped tubes, snap off the cotton tips, close tubes, freeze in liquid nitrogen,
and place at –80 °C for future manipulation [discussion of how throat swabs are
processed for gene expression studies is outside the limitation of this chapter,
see Virtaneva et al. (21) for details].
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4. To process throat swabs for GAS CFU enumeration, add DTT to 0.7 mM (7 μL of
a 0.1 M stock DTT solution), vortex, and incubate for 15 min at room temperature.
DTT facilitates the release of GAS from the swab into the surrounding PBS.

5. Vortex samples a second time following the 15-min DTT incubation.
6. Make serial dilutions in PBS and plate 100 μL of neat, 10−1, 10−2, and 10−3

dilutions onto select agar plates.
7. A single plate is used per throat swab per dilution, resulting in 64 plates per

time-point (8 animals × 2 swabs × 4 dilutions).
8. Incubate plates at 37 °C with 5% CO2 for 24 h.
9. Following incubation, enumerate GAS colonies and determine colonization

levels for each animal. Note that a single GAS strain may produce colonies with
several different morphologies. Coupled with the natural microbial flora of the
macaque posterior pharynx, this complicates the task of GAS CFU enumeration.

10. To confirm that scored bacterial colonies are indeed GAS, amplify the emm
gene by colony PCR from several colonies per throat swab per time-point. emm
encodes the M protein, a major GAS-specific virulence factor (28).

3.4.4. Saliva Isolation

Saliva samples from infected macaques enable testing of IgA production
during the course of infection. Approximately 1 mL of saliva is collected by
aspiration from the cheek pouch while the animals are under anesthesia. Saliva
samples from each animal are placed into individual blue-capped 2-mL tubes
and put on ice until all animal manipulations are completed. No processing of
the saliva samples is required, with the tubes simply being stored at –80 °C
until needed.

3.4.5. Nasal Washes

Nasal washes also provide a means to test IgA production during infection.
Washes are collected by instilling 0.7 mL of sterile PBS into each nostril and
immediately aspirating wash fluid and secretions with a sterile syringe. Nasal
washes are placed into white-capped 2-mL tubes on ice until all animal manip-
ulations are completed. Nasal wash samples are processed by centrifugation in
a microfuge at 500 × g for 10 min at 4 °C, removing the supernatant to new
white-capped tubes and storing at –80 °C.

3.5. Post-experiment Antibiotic Treatment of Animals

Following sample isolations on day 28 of the experiment, the macaques
are each given an intramuscular injection of penicillin G (20,000 U/kg). Two
additional doses of penicillin G are given during the following week. Following
antibiotic treatment, throat swabs are taken of the animals and used to confirm
that they are culture-negative for GAS and hence have cleared the infection.
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3.6. Data Analysis

To test for significance between data from animals grouped based upon the
strain of infecting GAS (wild-type or mutant), we use generalized estimating
equations to analyze the repeated binary outcomes in the data (23). A P value
< 0.05 is considered significant.

4. Notes
1. Occasionally, a small amount of blood is visible in the posterior pharynx of the

animal as a result of the infection; this is to be avoided if possible when swabbing.
Blood on the throat swab provides a nutrient source that can enable GAS to
replicate following isolation but prior to plating for CFUs, thus skewing the data.

2. The presence of blood at the posterior pharynx may serve as a useful additional
clinical symptom and should be noted for each time-point for each animal.

3. Animals may require an increased dose of ketamine as the experiment progresses
to overcome resistance development (increase from 10 mg/kg to 14 mg/kg).

4. Cynomolgus macaque tonsils are routinely larger in size than human tonsils, and
hence it is normal for macaques to have pre-infection tonsil size scores of +1 or +2.

5. All tubes should be pre-labeled to prevent confusion during sample isolation. We
also strongly recommend using color-coded tubes for each of the sample types
isolated (red, blood; yellow, throat swab; blue, saliva; and white, nasal wash).

6. A small flashlight may be useful to illuminate the macaque posterior pharynx
during clinical scoring of disease.

7. Additional confirmation that throat-swab recovered bacteria are GAS can be
gained by using a GAS agglutination kit. We have used the BD BBL Streptocard
Acid Latex Test kit with good success.
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Target-Based Antimicrobial Drug Discovery

Lefa E. Alksne and Paul M. Dunman

Summary

The continued increase in antibiotic resistance among bacterial pathogens, coupled with
a decrease in infectious disease research among pharmaceutical companies, has escalated
the need for novel and effective antibacterial chemotherapies. While current agents have
emerged almost exclusively from whole-cell screening of natural products and small
molecules that cause microbial death, recent advances in target identification and assay
development have resulted in a flood of target-driven drug discovery methods. Whether
genome-based methodologies will yield new classes of agents that conventional methods
have been unable to is yet to be seen. At the end of the day, perhaps a synergy between
old and new approaches will harvest the next generation of antibacterial treatments.

Key Words: Antibacterial; drug discovery; antibacterial target; antimicrobial
chemotherapy.

1. Introduction
In what is now sometimes referred to as the post-genomic age of microbi-

ology (1), during which hundreds of sequenced bacterial genomes have been
mined for putatively essential genes, antibacterial drug discovery is primarily
target driven (2). For better or worse, use of whole-cell assays in which the
only marker of antibacterial activity is growth inhibition or death are currently
rare. The multitude of gene products that have been identified as potential
antimicrobial targets, along with significant advancements in detection methods,
provide researchers with a new standard for attack (3). The trick to successful
drug discovery, however, is to identify and pursue the right target with the right
method.
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It is generally accepted that a target must be essential for survival (in
a laboratory setting), broadly represented among the target organisms, and
preferably not homologous, or overly so, to a eukaryotic counterpart (4). It
must also be “druggable,” that is, amenable to inhibition by a small molecule
or biotherapeutic, as well as accessible to such interaction in vivo (5). When
deciding whether the method used to detect target inhibitors should occur in
the test tube or in whole cells, one must take into account whether the target
is a pathway or a single gene product, whether the target can be isolated, and
whether the cellular environment needs to be considered for target activity.
Until recently, there were only a handful of cellular targets that were proven to
lead to successful antibacterial chemotherapy when inhibited. More recently,
other types of targets have been exploited, and representatives of both sets will
be given below. In addition, assay types that are amenable to use with such
targets will be reviewed. Whether target-driven antimicrobial drug discovery
will ultimately prove more fruitful than tried and true methods remains to be
determined.

2. Methods of Target Identification
One need not look farther than any bacterial physiology text to identify

potential targets for antimicrobial drug discovery. These targets include well-
characterized components of essential biological processes whose usefulness
in chemotherapic intervention of bacterial infection has been validated by
assorted means (discussed below). In general, any enzyme that is proven to be
essential for cellular survival (either in vitro or in vivo) constitutes a starting
platform for drug discovery efforts. A second “class” of targets, which are also
described below, includes virulence factors and their regulatory molecules. A
third “class,” novel targets, generically refers to gene products that are essential
for cellular survival but whose function(s) is poorly understood. Benefits of
focusing drug discovery efforts on a novel target include freedom of intellectual
property issues and increased probability of avoiding compound inactivation
by commonly encountered antibiotic resistance determinants. However, there
are several drawbacks associated with work with novel targets. Perhaps, the
largest obstacle includes developing a functional assay to screen for compounds
that inhibit protein function and thus constitute a potential antimicrobial agent.
Nonetheless, it is exciting to consider that with each deposit of bacterial
genomic sequence content into publicly available databases lies potential novel
targets for antimicrobial drug discovery. To one degree or another, the identi-
fication of potential novel targets includes a bioinformatics-based comparison
of bacterial genomes to delineate genes that are conserved across pathogens of
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interest but have acceptable amino acid sequence divergence from human gene
products.

Development of broad-spectrum antibiotics should minimally include a
comparison of genomic content of bacteria involved in respiratory tract, surgical
site, and urinary tract infections (6). Bioinformatics procedures can also provide
clues into a protein’s function and aid in assay development to a certain
extent. For instance, one can determine whether a putative target contains ATP
hydrolysis domain, which can in turn be exploited when developing an assay
using purified protein (i.e., ATPase activity assay). While in silico techniques
provide a starting point for identifying and perhaps prioritizing putative targets
for drug discovery, wet laboratory tactics are needed to definitively determine
whether a gene is essential for cellular survival. This can be accomplished
through both indirect or, preferably, direct approaches (7). The former involves
using random mutagenesis with agents such as nitrosoguanidine to identify and
characterize conditional lethal mutants. Another indirect means of assigning
essentiality of putative novel targets involves analyzing members of a trans-
poson mutant library (8). Transposon library members actually contain inser-
tions into non-essential genes, which can be subtracted from the genetic compo-
sition of a bacterial genome to indicate which genes are essential for in vitro
survival. Transposon subtractive analysis has successfully identified genes that
are essential for the growth of Escherichia coli and Helicobacter pylori (9,10).
One can also directly determine whether a putative target is essential through
targeted gene disruptions, through various methods the description of which
are beyond the scope of this discussion [reviewed in (7)]. Nonetheless, the
overall goal is to establish that an essential gene cannot be completely knocked
out. Below, we describe drug discovery efforts in these three “classes” of
targets (characterized and poorly characterized essential genes, and virulence
determinants).

3. Types of Targets
3.1. Oldies but Goodies

Until very recently, antibacterial targets could be clustered into a limited
number of categories. Historically, antibiotics have been natural fermentation
products derived from organisms seeking to protect themselves from microbial
attack and tended to be complex molecules targeting specific macromolecular
structures or pathways (11). Interestingly, recent analysis of essential gene
products analyzed by several genomic and proteomic methods recurrently
identified the same components as antimicrobial targets (5,12). As is so often
true in the case of antimicrobial strategy, nature appears to know best.
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3.2. The Cell Wall

In the dawn of antimicrobial research, the cell wall was recognized as an
ideal target for chemotherapy (13). The cell was has two significant advantages
as a target for an antibacterial agent: its building blocks primarily consist of
components external to the cell, thus allowing easy target access, and it has
no eukaryotic counterpart, ensuring selectivity and a large therapeutic window
(14). Among the earliest antibiotics recognized for human use was penicillin,
a member of the beta-lactam antibiotics, which targets components involved
in the final step of cell wall assembly, called for obvious reasons, penicillin-
binding proteins. These proteins have been exploited by multiple generations of
beta-lactam antibiotics, both natural and derived from target-based design, and
represent a cornerstone of antimicrobial chemotherapy. More recently, resis-
tance mechanisms involving beta-lactamases, enzymes capable of degrading
beta-lactam antibiotics, have presented a challenge for this class of agents (15).
This has led to combination therapy in which an agent targeting a penicillin-
binding protein is combined with an agent that inhibits its corresponding beta-
lacatamase, that is, a two-target attack in tandem.

The penicillin-binding proteins are by no means the only viable targets
within the cell wall. One of the most essential antibiotics in the modern arsenal,
vancomycin, is a glycopeptide natural product that binds to the D-Ala-D-Ala
dipeptide terminus of peptidoglycan precursor lipid II (16). Other glycopeptides
or related antibiotics currently in use or under development similarly target
the transglycosylation step that occurs external to the membrane (17). Other
accessible targets include MurG, which is membrane associated and inhibited
by ramoplanin. Perhaps more difficult to target and thus less exploited are
enzymes involved in the earlier steps of cell wall synthesis catalyzed by MurA-
MurF. In large part, a reason these enzymes have been less exploited by “cell
wall” drug discovery efforts is that they are internally located. Nonetheless,
as described below, most commercial antimicrobials target enzymes/pathways
within the cell, suggesting that MurA-MurF are excellent targets. Indeed, an
inhibitor of this pathway, fosfomycin, has in fact been developed (18).

3.3. Translation

The most fertile source of antibacterial targets to date is the ribosome
(14,19). From the early aminoglycosides to linezolid, a member of one of
the newest classes of antibiotics, the bacterial protein synthetic machinery has
been widely exploited. While the level of homology between bacteria and
eukaryotic organisms is strong enough to support conserved function (20),
the divergence is enough to afford a tolerable window of safety and to make
the ribosome a rich source for target-driven antimicrobial drug discovery.
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Different classes of antibiotics have been defined that target various structures
and functions of the protein synthetic apparatus. For example, the aminogly-
cosides target the 30S ribosomal subunit, whereas the 50S subunit is the target
of many antibiotic classes, including the phenyl propanoids, streptogramins,
the macrolides, and the ketolides to name a few (19). An interesting aspect
of ribosomal-based antimicrobial antibiotics is the critical role of agent-RNA
interaction in this macromolecular structure. In addition, the fact that the
ribosomal RNA is primarily the target and that it is so remarkably conserved
among bacteria makes ribosome-based antimicrobial chemotherapy amenable
to empirical use. The exquisitely detailed understanding of ribosomal three-
dimensional structure makes this a particularly rich source for target-based drug
design (21). Additional components of the translational machinery have also
recently been explored, and these will be described below.

3.4. Transcription and Replication

Two multipart molecular machines (holoenzymes) that continue to be
exploited for potential antimicrobial inhibition are RNA polymerase, an enzyme
comprised of multiple conserved subunits and required for the transcription
of the bacterial genome (22), and the replisome, required for its replication
(23). The 1950s witnessed the identification of the rifamycins, which target the
RpoB subunit of RNA polymerase and of which rifampicin is one of the most
potent antibiotics yet discovered (14). Unfortunately, resistance to this class of
antibiotics can occur readily, limiting their usefulness. Thus far, this enzyme
complex has remained somewhat intractable to target-based drug discovery but
may yet prove to have an Achilles’ heel. Somewhat later than the rifamycins,
members of the quinolone class were described, which target DNA gyrase and
topoisomerase activities of the replisome. Quinolones have been exploited and
expanded extensively by synthetic modification; however, it is likely that much
could be done to identify novel inhibitors of the replicative machinery as better
tools to probe the dynamic structure of the complexes come into use.

3.5. Other Validated Antibacterial Targets

Two other validated targets for antimicrobial chemotherapy will be mentioned
here, both of which are defined by pathway inhibition. The earliest antibi-
otics, the sulfonamides, are inhibitors of the folate biosynthetic pathway (24).
Sulfamethoxazole and trimethoprim, targeting dihydropteroate synthase and
dihydrofolate reductase, respectively, are each susceptible to rapid emergence
of resistance but have been used successfully in combination. Recently, other
enzymes in the pathway have begun to engender interest for target-based
screening. Fatty acid biosynthesis is another pathway that has previously been
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validated for drug discovery and may yet succumb to targeted screening (25). The
fatty acid synthase complex is distinct between bacteria and eukaryotes, and the
finding that triclosan, thiolactomycin, and cerulenin all target components of the
pathway suggest that the pathway should be considered further.

3.6. A Selection of Novel Targets—Innovative Approaches

As described above, the genomic age has resulted in a wealth of gene
products that have been validated as potential targets, at least in terms of
their essential nature and conservation. In many cases, these are the members
of the same well-explored groups highlighted above, but in many others,
newly identified targets have been culled. In addition, as genomics and other
techniques yield a deeper understanding of bacterial physiology and better ways
to manipulate it, researchers are afforded new opportunities to screen against
previously known physiological targets. Certainly not all of the targets currently
under consideration can be vetted here (and not even that subset that has been
divulged to the public), but a selected subset of interest will be touched upon.

Several specific enzymes in different biosynthetic pathways have been
described in terms of potential drug inhibition in the past few years. UDP-
GlcNac deacetylase (LpxC) is a hydrolase critical for the biosynthesis of
lipopolysaccharide lipid A, required for outer membrane synthesis in Gram-
negative bacteria (16). Several series of compounds have been designed that
relate to the substrate structure, some of which have demonstrated limited
antibacterial activity. More recently, a whole-cell screen has identified sub-
micromolar inhibitors of the enzyme but with limited spectrum. Nevertheless, it
would appear that this target has been validated. Similarly, the enzyme phospho-
pantetheine adenylyltransferase, which catalyzes the last step in the biosynthesis
of the essential molecule CoA, has been investigated as a novel target, in one
case by a high-throughput screen for pyrophosphate release inhibition (26).
This screen did in fact identify inhibitors of the enzyme; however, the inhibition
did not translate into antibacterial activity (a common obstacle for molecules
identified by in vitro high-throughput screening). An additional pathway being
mined for druggable targets is that of lysine biosynthesis (27). In bacteria, de
novo lysine synthesis is of course required for protein synthesis, but lysine
is also a critical component of peptidoglycan. The pathway leading to lysine
production is the diaminopimelate pathway and contains steps common to
lysine, threonine, isoleucine, and methionine production. Efforts have been
made to synthesize small inhibitors of several enzymes in the pathway, primarily
as mimics of small amino acid-derived substrates and products. These efforts
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have yet to yield agents with antibacterial activity but further an understanding
of potential sites for disruption of the pathway.

3.7. Well-Defined Complex Macromolecules–New Looks at Old
Friends

DNA replication and the complex structural and catalytic components
involved remain clear targets for new antimicrobial efforts and numerous
researchers are investigating them. Recently, a number of novel and selective
inhibitors of DNA polymerase III in Gram-positive bacteria have been described
in the literature. A recent report describes the use of hexapeptides that theoreti-
cally bind to the Holliday junctions formed during DNA repair (28). Treatment
with the hexapeptides appears to inhibit resolution of the junctions and results
in accumulation of DNA breaks, leading to filamentation, erroneous DNA parti-
tioning, and anucleate cells. Researchers demonstrated antimicrobial activities
associated with these inhibitors in vitro but to date have not tested them in
animal models. Nevertheless, they suggest that the inhibitors might be useful
either as antimicrobial agents alone or in combination or at least as tools to aid
in understanding DNA repair.

It is widely believed that as the structure of the translational machinery is
elucidated even further, the ribosome will yield even more opportunities for
antimicrobial intervention (21). Moreover, other enzymes required for efficient
and accurate protein synthesis are being investigated as targets. Aminoacyl
tRNA synthetases are essential enzymes required for the charging of tRNAs
with their respective amino acids. Because the catalytic mechanism is well
understood, the design of substrate or reaction-intermediate mimics can be
utilized (29). Both natural product and synthetic libraries have been screened
for inhibitors and have yielded multiple candidate inhibitors. While many have
demonstrated significant activity in vitro, limited success has been demonstrated
to date against whole cells, once again highlighting the challenge of translating
enzymatic inhibition into actual antibacterial activity. However, limited reports
of activity in infection models maintain interest in these enzymes for use as
chemotherapeutic targets.

Another target of great interest in the protein synthetic pathway is peptide
deformylase (30,31). This metalloenzyme is required for the removal of the
N-terminal formyl group of newly synthesized proteins. This process is absent
in eukaryotes, and hence this enzyme is an attractive target. Several peptide
deformylase inhibitory compound series have been identified, some exhibiting
activity in animal models, suggesting that this target might prove fruitful in the
search for novel antimicrobials.
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3.8. Virulence as a Target – a Kinder and Gentler Form
of Disarmament

In the search for new targets, recently thoughts have turned to a unique group
of gene products that are not inherently essential in vitro but that are critical
for pathogenic bacterial survival in the host, that is, gene products involved
in virulence itself. Numerous targets have been identified that are required for
the establishment and maintenance of infection, including those involved in the
processes of adherence, invasion, and avoidance of the host defenses. While
these may serve better as vaccine candidates, multiple companies are exploring
targets such as type III secretion, quorum sensing, two-component regulatory
systems, and sortase-mediated attachment of Gram-positive virulence factors
to name only a few (1,32,33,34,35). It has been postulated that inhibition of
such targets would debilitate the invading organism and allow the host to clear
the infection immunologically. It has further been suggested that this type of
inhibition could in some cases spare the commensal flora and hence be a
more gentle approach to antimicrobial chemotherapy. Targeting virulence has
an added challenge in that inherently a number standard secondary assays for
activity (e.g., antibacterial activity) are impossible. While proof of concept
has been established using knock-outs of target genes and animal models of
infection and while numerous inhibiting agents have been identified, to date
this line of research has yet to deliver on its potential. Further, their usefulness
in patients with debilitated immune systems has to be considered, which when
coupled to the fact that there are a plethora of targets with essential function(s)
has made virulence components a controversial area of drug discovery explo-
ration.

4. Challenges for Target-Driven Antibacterial Drug Discovery – How
to Hit the Bullseye

Once a target for antibacterial intervention has been selected and validated,
a path to obtaining inhibitors must be chosen. Assays can be cell based or in
vitro, actual or virtual, and screening methods can be high-throughput, focused,
or anywhere in between. The size and type of the net to be cast will determine
not only the quantity of “hits” available for characterization but often will
determine the quality and type.

Current technologies allow thousands of inhibition assays to be run simul-
taneously and in vanishingly small volumes (36). These high-throughput
screening campaigns have become shorter and shorter with more sophisticated
detection methods (37) and now can include secondary assays to improve
reproducibility and determine selectivity. However, this bulk approach has its
own limitations. The robotics inherent in high-throughput screening cannot



Target-Based Antimicrobial Drug Discovery 279

make fine adjustments to create perfect assay conditions. Large amounts of
materials are required because of large void volumes, and ideal temperatures
may not be maintained. Assay components must be stable over long periods of
time. Nevertheless, high-throughput screening undoubtedly offers a staggering
improvement in assaying large collections of potential inhibitors.

In vitro assays in which the target has been purified or partially isolated are
widely used in high-throughput screens. Advantages to having purified compo-
nents are obvious. One can adjust parameters to optimize substrate concen-
trations and conditions (38). Activity kinetics can be characterized, and often
binding curves can be generated to thoroughly understand the mechanism of
inhibition and optimize inhibitory measurements. However, assay development
time can be longer than a cell-based screen in that purified materials are required
and may be difficult to obtain. Ideal conditions must be determined, and those
conditions may not reproduce the cellular milieu in a biologically meaningful
way. In addition, in vitro assays for antimicrobial agents may not ultimately
be active in vivo if the inhibitor cannot penetrate or are modified by the cell.
Lipinski’s rules are often utilized to predict whether an identified inhibitor will
have a chance of actual “drug-like” activity (39). It should be noted that in
vitro schemes for identifying inhibitors require secondary assays with alter-
native detection methods to ensure that target modulation and biological activity
correlate (40,41).

In vitro assays are often designed to detect inhibitors of enzyme activity
and are ideal if the purified enzyme is available. Depending on reaction rate,
continuous detection or stopped reaction times may be used. Rate-based assays
are highly sensitive, and the generation of multiple fluorescent probes has
provided exceptional tools for their development (37). Often, product detection
is the measure used to determine inhibition. In vitro assays may not always
only measure the activity of a single enzyme—it is quite possible to examine
the activities of linked components of a pathway. A complicating component of
fluorescent readout assays that must be considered is that compounds (putative
inhibitors) may alter the fluorescent properties of the probe being measured
necessitating the need for secondary assays (as described above).

In vitro inhibition assays need not be only for enzymatic targets. Purified
structural components may also be investigated although assay development
and interpretation of results may be more challenging. Assays to determine
affinity of binding, both of protein-protein and nucleic acid interactions, have
been developed and can be used in moderate throughput (42). These can
include nuclear magnetic resonance or mass spectrophotometric techniques, as
well as fluorescent modulation or calorimetric methods. Obvious drawbacks to
these methods are the need for pure and stable components and challenges in
identifying inhibitors capable of disrupting high-affinity interactions that will
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actually be antibacterial and non-toxic at the end of the day. These methods are,
however, highly useful in the characterization of the inhibitor–target interface.

In vivo or whole-cell assays have certain advantages over in vitro assays
in that the complexities of biological systems can be addressed directly (2).
While targets with multiple components can be assayed simultaneously in vitro,
assessments of antibacterial activity and target accessibility are intrinsic to a
whole-cell method. However, issues plague this assay scheme as well. “Off
target” activity is extremely possible (or even likely). Determining selectivity
of inhibition is a challenge. Just as in vitro assays require secondary assays
to ensure target modulation is the root cause of antibacterial activity, in vivo
screens require multiple secondary assays to confirm mechanism of action (43).

Readouts for in vivo drug discovery are multiple and diverse. Spectrophoto-
metric methods to assay calorimetric reagents, changes in metabolites, or optical
density have been used. Reporter gene fusion systems in which modulation
of a target or target expression results in a detectable change in, for example,
nutrient requirements or color, have been used repeatedly (2). For pathway
screens in which inhibition of any one of a number of gene products can result
in antibacterial activity, induction of a reporter signal generated downstream in
the pathway is ideal. One parameter that must be considered for these screens
is the timing of signal detection versus cell death, as death will be the ultimate
outcome of successful target inhibition and may inherently result in signal loss.

A final type of screening is of course virtual, in which the scientist utilizes
known structural information to predict what type of molecule will bind to a
given target and presumably alter its function (44,45). Prediction programs and
advances in crystallographic methods have made this a useful method, where
reagents, time, or other resources may be limiting. Virtual screening is also
often used to take advantage of a known inhibitor and model structure–activity
relationships. As attractive as this method can be, it cannot replace the wet
laboratory approach and any predicted structures need to be tested at the bench
for at the least antimicrobial activity if not target interaction.

5. Concluding Thoughts
This discussion has attempted to provide a top-level view of target types

currently and historically under investigation and some thoughts on various
methods for targeting them. While the fact that the genomic revolution has
provided a plethora of targets known to be essential for bacterial viability is
undeniable, it is not clear to date how many of them will provide any use in drug
discovery. Have all the low-hanging fruit been gathered such that the search
for new targets must continue? As noted before, it is interesting that many of
the targets identified and currently under investigation are the same as those
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inhibited by the venerable agents of old. Is it perhaps true that these really are
the most conducive to antimicrobial drug discovery and that efforts should focus
on novel methods rather than novel targets? An interesting endeavor recently
reported utilizes defining essentiality by chemical inhibition, thus identifying
target and inhibitor simultaneously (46,47). Perhaps this approach will yield a
next cohort of antimicrobials. However, as noted earlier, natural products have
been the most fruitful source of inhibitors, and many of these were identified
by good old bacterial death (11,48). It remains to be seen how the fruits of
genomics can be combined with lessons learned over the last 60 years to
supplement our antimicrobial arsenal.
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Sequence Analysis of the Variable Number Tandem
Repeat in Staphylococcus aureus Protein A Gene
spa Typing

Barun Mathema, Jose Mediavilla, and Barry N. Kreiswirth

Summary

The analyses of numerous prokaryotic and eukaryotic genomes have revealed the
presence of variable number tandem repeats (VNTRs). VNTR analysis is currently widely
used to sub-speciate many bacterial, fungal, and viral pathogens and has facilitated a
number of molecular epidemiology studies. In this chapter, we focus on spa typing which is
based on sequence analysis of VNTRs in the polymorphic X region of the Staphylococcus
aureus protein A gene Staphylococcus aureus. As the specific methods for spa typing,
detailed in this chapter, are well-established and routine procedures (e.g., DNA isolation,
PCR and DNA sequencing) for most molecular biology laboratories, we highlight the
analytic methods used to interpret the genotyping data generated by sequence analysis and
their potential applications in local and global epidemiologic investigations.

Key Words: Staphylococcus aureus; genotyping; variable number tandem repeats;
spa typing; epidemiology; DNA sequencing.

1. Introduction
Staphylococcus aureus has long been recognized as a major human pathogen

and remains a frequent cause of morbidity and mortality (1). According
to the National Nosocomial Surveillance System (NNIS), S. aureus is the
most common cause of nosocomial infections (2). These infections include
pneumonia, surgical site, and bloodstream infections, which can be complicated
by endocarditis, osteomyelitis, or septic shock (1). The versatile tissue tropism
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displayed by S. aureus is attributed to a remarkable array of cell-associated and
secreted virulence factors involved in pathogenesis, many of which are acquired
on mobile genetic elements. The control and prevention of S. aureus infections
in recent years have been further complicated by the wide spread of multidrug-
resistant S. aureus strains known as methicillin-resistant S. aureus (MRSA) in
nosocomial settings. Since the introduction of methicillin into clinical use in
1961, the occurrence of MRSA has steadily increased in health care institu-
tions worldwide (1). Recently, the epidemiology of MRSA, which is typically
associated with nosocomial environments, has changed dramatically, causing an
inordinate number of skin and soft tissue infections among an otherwise healthy
population in the community (3,4). Referred to as community acquired (CA-)
MRSA, it represents a contemporary epidemic of increasing global occurrence.

Control and prevention methods for methicillin-susceptible S. aureus
(MSSA) and MRSA have relied largely on prompt and appropriate antibiotic
treatment, use of universal precautions, and cohorting. The introduction of
molecular typing methods to sub-speciate and track strains of S. aureus
in institutional settings (e.g., hospital, nursing home) or in the community
has had a dramatic impact on epidemiologic analysis and in elucidating
transmission pathways, thereby aiding control efforts. Differentiation of S.
aureus isolates not only clarifies the epidemiologic scenario but also sets the
stage to pose biological questions about mechanisms of resistance, molecular
evolution, and pathogenesis. As such, the last decade has seen a plethora of
molecular tools become available for the sub-speciation of pathogens including
S. aureus. Common techniques include pulsed-field gel electrophoresis (PFGE)
of genomic macrorestriction fragments and multilocus sequence typing (MLST)
methods (5,6). The former is often used in short-term epidemiologic investi-
gations (e.g., outbreaks) while the later is applied to long-term epidemiologic
studies (e.g., phylogenetic studies). Recently, genotyping based on repetitive
DNA, and specifically the analysis of variable number tandem repeats (VNTRs),
has been used to provide resolution for both short- and long-term studies. In this
chapter, we focus on the methods, analysis, and application of VNTR analysis
in S. aureus.

1.1. Variable Number Tandem Repeats

The recent availability of numerous annotated bacterial genome sequences
has generated a rich source of data for the recognition of new and robust
genotyping targets. Many of these targets have given rise to methodological
approaches that are amenable to rapid, affordable, and high-throughput systems
that facilitate data storage and interlaboratory comparisons. However, a current
challenge is to identify a single-locus sequencing target that is conserved in a



VNTRs in the S. aureus Protein A Gene 287

given species, hypervariable, and provides epidemiologically and/or phyloge-
netically robust data. Repetitive DNA sequences in bacterial genomes offer such
possibilities at both the species and subspecies level. In fact, repetitive DNA and
VNTRs in particular have been used since the early 1990s in human genetics
and forensic studies (7,8). More recently, VNTR analysis has been employed
in a number of studies of pathogenic organisms, including S. aureus, Mycobac-
terium tuberculosis, Bacillus anthracis, and Yersinia pestis (9,10,11,12).

Numerous prokaryotic genomes contain monomeric sequences (repeat units)
that repeat periodically and are arranged in a head-to-tail configuration. These
DNA regions are catalogued on the basis of their repeat unit size, which ranges
from a single nucleotide to sequences >100 bp in length. Prokaryotic genomes
generally have microsatellite DNA that has repeat units ranging in size from
1–10 bp. These sequences are abundant throughout most bacterial genomes
and have been shown to play a significant role in both transcriptional and
translational control of gene expression. Many of the microsatellite sequences,
as well as larger minisatellite DNA (which has repeat units ranging in size
from 10 to 100), are commonly referred to as VNTRs. Such repeats have been
found in intergenic regions, gene expression control regions, and within open
reading frames (13,14).

In S. aureus, minisatellite VNTRs have been identified in two well-conserved
genes: protein A and coagulase. These genes are unique to S. aureus and
contain an in-frame region composed of VNTRs. Protein A (spa) has a 24-bp
repeating unit near the 3´ terminus (see Fig. 1A), and coagulase (coa) has
an 81-bp repeating unit in the 5´ region (10,15). Genetic alterations in these
repetitive sequences include point mutations as well as intragenic recombination
events that presumably arise by slipped-strand mispairing during chromosomal
replication (16) and, in the case of protein A repeats, result in a high degree
of genetic polymorphism. In contrast to most VNTR analysis where the total
number of repeats is counted, in the case of coagulase and protein A, the repeat
units differ in DNA sequence, and the overall genotypic diversity is reflected
in repeat content, number of repeats, and organization (10,15,17,18).

A comparative genotyping study conducted by the Centers for Disease
Control and Prevention evaluated 8 methods using a blinded collection of
S. aureus strains from three separate outbreaks. The blinded samples included
59 staphylococci, of which 58 were S. aureus, and 37 were methicillin resistant;
29 isolates had been previously grouped into four identifiable clusters based on
sound epidemiological links (10). When compared to PFGE, ribotyping, and
other genotyping methods, spa typing produced results better than the mean
score of 25 correct classifications and 5 misclassifications and showed that it
could correctly group epidemiologically related strains (10,19). Analysis using
spa and coa as target sequences to sub-speciate S. aureus isolates showed
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A.

B.

TIGR-RTIGR-F
Xr

polymorphic X region

Fig. 1. (A) Protein A gene organization. Boxes indicate segments of the gene
coding for the signal sequence (S); the immunoglobulin G-binding regions (A–D);
a region homologous to A–D (E); and the polymorphic X region, which includes
(Xr) the variable spa repeat region, shaded in alternating segments and (Xc) the cell
wall attachment sequence. Locations of primers described in the “Methods” section
are also shown (50). (B) Nucleotide sequence of Staphylococcus aureus USA300-
FPR3757 protein A gene (SAUSA300_0113) showing locations of spa type 1 repeats
and sequencing primers referred to in “Methods” section. Alternating repeats, are
highlighted as in the Xr region in Fig. 1(A). Individual repeats are named according to
eGenomics database nomenclature.

concordant results; however, spa typing was more discriminating, and the
smaller amplicon sizes were more amenable to single sequencing runs (10,20).
The variance in discriminatory power between spa and coa is largely attributed
to the evolutionary rate of the specific genetic locus, consistent with the obser-
vation that the level of discrimination afforded by VNTR analysis is propor-
tional to the molecular “clock-speed” of the target (21).

As epidemiologically related isolates are typically considered descendants
of a common precursor cell, outbreak investigations of S. aureus and other
pathogens are viewed as short-term events or cases of local epidemiology that
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are both temporally and geographically restricted (22). In these settings, the
primary objective is to identify common strains that are spreading within a larger
population (i.e., clonal spread) of unrelated isolates; consequently, the degree
of polymorphism among temporally restricted outbreak strains is expected to
be small. A number of studies have confirmed the validity and utility of spa
typing for local epidemiological investigations (23,24,25,26). However, as spa
typing is a single-locus genotyping method, it was not clear whether it would be
amenable to long-term or global epidemiologic studies, such as understanding
the relatedness of strains isolated from distal regions, the nature and extent of
genetic variation within the species, and the phylogenetic relationships among
all strains (21). In other words, a single-locus target may not accurately reflect
the relationships between distantly related isolates that have had substantial
time to diversify due to convergence and/or recombination events.

Staphylococcus aureus is a heterogenous (polymorphic) species that was
recently reported to possess a clonal population structure (27,28). It is thought
that this species diversifies largely by point mutations rather than undergoing
extensive recombination or horizontal transfer and displays a high degree
of linkage disequilibrium (non-random associations between genetic loci).
Therefore, to study global epidemiology and population genetics, a highly
discriminating marker that accumulates genetic variation relatively slowly is
required. Typically, multilocus enzyme electrophoresis (MLEE) is used to
discern amino acid changes in metabolic enzymes (29); more recently, MLST,
an analogous method that compares sequence variation in numerous house-
keeping gene targets is used for such studies (5). However, a single-locus
DNA sequence-based method that can simultaneously index micro- and macro-
variation by two independent mechanisms would offer a rapid and cost-effective
alternative.

A recent study reexamined a collection of 36 strains previously characterized
by DNA microarray analysis based on 90% of the annotated genome of the COL
strain (21,28). Isolates were selected to be representative of the most abundant
lineages derived from over 2000 spatio-temporally diverse isolates shown by
MLEE to provide a likely population structure of S. aureus. The strains were
genotyped by sequencing VNTRs in coa and spa, as well as by PFGE analysis,
and the extent of genetic clustering was compared to the phylogenetic structure
generated by MLEE and DNA microarray data. The results revealed spa typing
to be highly discriminating in grouping strains based on sequence changes in
the repeat region, which appears to have a clock-speed in register with the
overall evolutionary clock of this species. That is, point mutations occur at
a lower rate (clock speed) than repeat number variation, and therefore, the
dual dynamics of slow point mutations in combination with faster changes
in repeat number enable spa typing to be used for both micro- (local) and
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macro- (global) epidemiologic questions (21). Direct comparison against the
current gold standard, MLST analysis, suggests that spa typing is predictive
of the S. aureus genotype, and its resolution approaches the discrimination of
PFGE (21,30,31,32,33).

Although the exact biological function of protein A is not well understood,
there are no examples in the literature of a naturally occurring protein A-
negative S. aureus strain. While the inactivation of protein A does not appear
to affect the strain’s “fitness,” it is noteworthy that as a result of their in-
frame organization, the size and content of the repeat units appear to have
biological restrictions. Among the non-synonymous changes, the overall amino
acid composition of the repeat region appears to be maintained, suggesting
that the substitutions are not under strong selective pressures (see Fig. 2).
This observation is further supported by the dS/dN value, which is the ratio of
the number of synonymous substitutions per potential synonymous site to the
number of non-synonymous substitutions per potential non-synonymous site.
Analysis of 38 spa repeats showed a dS/dN value of 6.4, where a ratio of <1
indicates positive selection pressure, a value of 1 indicates neutral evolution,

Fig. 2. Sequence content of spa repeats at nucleotide and amino acid levels.
Repeats differing at the nucleotide level may be identical at the amino acid level.
Identical codons are depicted using the same colors; equivalent codons corresponding
to synonymous mutations are colored with similar hues. The translated sequence reveals
a conserved octapeptide motif comprised almost exclusively of charged amino acids
and is suggestive of a surface-exposed loop region with repeating turns. Repeats T1–Z1
bear a single codon insertion between positions 1 and 2; most common spa types begin
with one of these repeats, such that the initial repeat is usually 27-bp in length (vs.
24-bp).
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and a value of >1 is indicative of purifying or stabilizing selection (21). This
result strongly suggests that the variation seen in the VNTR region is not the
result of outside influences and that the polymorphism is reflective of intrinsic
changes in the evolution of the species. Therefore, spa typing while appropriate
for short-term investigations can also be useful for global epidemiological studies.

2. Materials
2.1. DNA Isolation

1. Solid media for isolation of S. aureus.
2. Sterile pipet tips.
3. Sterile water.
4. 1.5-mL tube microfuge tubes (or 96-well microtiter plate).
5. Boiling water bath (or thermocycler).
6. Centrifuge.
7. Lysostaphin (optional)

2.2. PCR

1. PCR primers as follows (see Fig. 1B):

a. (TIGR-F) 5´-GCCAAAGCGCTAACCTTTTA-3´
b. (TIGR-R) 5´-TCCAGCTAATAACGCTGCAC-3´

2. PCR reaction components (dNTPs, buffer, etc.).
3. 0.2-mL PCR reaction tubes (or 96-well microtiter plates).
4. Thermocycler.
5. Materials and apparatus for agarose electrophoresis.
6. PCR purification method (user-specific).

2.3. DNA Sequencing

1. Either or both primers used for PCR (see Subheading 2.2, step 1).
2. User-defined DNA sequencing platform and materials.
3. Software for trace chromatogram viewing.

3. Methods
3.1. DNA Isolation

spa typing is a simple, fast, and accurate method that involves the isolation,
amplification, and sequencing of the VNTR region near the 3´ end of the
protein A gene. The efficient lysis of S. aureus cells requires incubation with
lysostaphin, an endopeptidase that specifically cleaves the penta-glycine cross
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bridges found in the staphylococcal cell wall. For spa typing, however, a
simple boiling procedure in sterile water is sufficient to isolate enough target
DNA to produce robust amplicons for direct sequencing; for large numbers of
samples, however, greater lysis efficiency may be obtained by prior treatment
with lyso-staphin, as described below.

1. Grow cells overnight on solid media. S. aureus grows well on tryptic soy agar,
Columbia agar, GL agar, 5% sheep blood agar, and mannitol salt agar (a selective
medium on which S. aureus colonies produce yellow halos).

2. Isolate a small amount of bacterial colony using a sterile pipet tip; resuspend the
colony in 100 μL of sterile water in a 1.5-mL tube.

3. Boil contents of tube for 15 min in a water bath and microcentrifuge for 5 min
at maximum speed. The supernatant may be used directly for PCR, or it may be
diluted anywhere from 10- to 100-fold in sterile water. This minimizes the effects
of potential inhibitors or excess template concentration.

3.1.1. High-Throughput DNA Isolation

For higher throughput, up to 12 strains may be streaked in thin lines on
individual agar plates (see Fig. 3A), with each plate corresponding to one row
of a 96-well microtiter plate.

1. Aliquot 100 μL of a 100 μg/mL lysostaphin-water mixture into each well; inoculate
with 96 isolates using pipet tips. Mix well.

2. Seal plate and incubate at 37 ° C for 15–30 mins. Boil for 15 mins in water bath,
or place in thermal cycler for 15 mins at 100 ° C.

3. Centrifuge plate at 2500 rpm for 5–10 mins; dilute 5 μL of supernatant (1:40) in
sterile water in a new plate. Use a diluted template for PCR.

3.2. PCR

PCR reactions are typically set up in 30-μL volumes to ensure suffi-
cient volume for gel analysis, amplicon purification, and DNA sequencing
(see Fig. 3B). Any standard commercial DNA polymerase mixture containing
dNTPs may be utilized. Reaction mixtures include 0.1 μM of each of
the following primers shown in Fig. 1B: (TIGR-F) 5´-GCCAAAGCGCTA
ACCTTTTA-3´ and (TIGR-R) 5´-TCCAGCTAATAACGCTGCAC-3´.

1. Dispense reaction mixtures in 25 μL volumes into 0.2-mL PCR reaction tubes (or
into a 96-well microtiter plate) to which 5 μL of the 1:40 diluted lysate is then added.

2. Set cycling parameters as follows: An initial 2-min denaturation step at 94 °C,
followed by 35 cycles of denaturation at 94 °C for 30 s, annealing at 58 °C for
1 min, and extension at 72 °C for 1 min. Although the overall amplicon size
ranges from 100–500 bp, the longer annealing time seems to improve product
yield.
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B. PCR Amplification
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Fig. 3. High-throughput spa-typing protocol. (A) Isolation of DNA from boiled
lysates of Staphylococcus aurus culture in 96-well format; (B) PCR amplification and
verification by agarose gel electrophoresis; and (C) DNA sequencing and spa-type
assignment.

The cycling procedure lasts for approximately 2 h, following which 5 μL of
the reaction products is run on a 1% agarose gel, stained in ethidium bromide,
and visualized by UV light. The presence of a single amplicon ranging in size
from ∼100 to 500 bp is evidence of a successful amplification reaction; faintly
staining bands are sufficient to produce quality sequence data. Reactions that
produce multiple bands are suggestive of sample contamination with more than
one strain of S. aureus. Additionally, experience in our laboratory has suggested
potential specificity issues with primer TIGR-F; an alternative forward primer
may be useful for samples that fail to amplify as expected. Reactions that fail to
produce amplicons may be reboiled in individual tubes utilizing the water bath
method, diluted further (up to 1:100) in sterile water and reamplified. Samples
that fail to amplify multiple times should be set aside for further analysis and
should be confirmed to be S. aureus by other methods, such as isolation on
mannitol salt agar followed by coagulase testing, 16S rRNA sequencing, or
real-time PCR detection of the spa gene.
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3.3. Sequencing

Sequencing is performed using either of the primers used for PCR. Prior to
sequencing, PCR products must be purified to remove un-incorporated reaction
components. This may be performed in-house using commercially available
column-based methods or else by newer methods that utilize magnetic silica-
based technology. As a result of cost, speed, and quality, the sequencing of
PCR amplicons is frequently out-sourced to university-based core facilities or
commercial laboratories where the cost ranges from 3–12 dollars per sequence.
Some facilities currently include purification of PCR products as part of a
discounted package for high-throughput sequencing; in this case, 20 μL of
reaction product may be transferred to a new microtiter plate after verification
of amplification and shipped according to the facility’s specifications (see
Fig. 3C).

Following retrieval of sequence data, trace chromatograms should be
inspected for each sequence to ensure quality; individual samples may
also be sequenced in both directions for purposes of confirmation.
As individual spa repeats are defined by single nucleotide polymor-
phisms, sequences with high background or ambiguities should not be
utilized for spa-typing analysis. Good-quality sequences may be submitted
directly for spa-typing analysis using any of several available software
platforms (e.g., eGenomics: http://www.egenomics.com, New York; Ridom:
http://www.ridom.de, Würzburg, Germany); results are returned in text-based
format that is highly amenable to personalized database management. New or
atypical spa types should be confirmed by sequencing in the other direction,
especially those that include novel repeats.

3.4. Analysis/Interpretation

As the main source of variation within the polymorphic X region of the spa
gene seems to be driven by duplication or deletion of the repeat units, strain
lineages cannot be constructed by direct sequence comparison using standard
alignment algorithms (10). As such, visual depictions of strain typing results
using dendrograms are precluded as they rely primarily on sequence alignment.
Therefore, to examine strain relatedness, all possible variations of the repeat
units are first identified, following which the organization of the repeats in the
polymorphic X region is compared between different isolates. In this manner,
each spa type denotes a collection of specific repeat units organized in a
particular pattern to the exclusion of other known types. Other algorithms to
denote relatedness of spa types have been developed, such as based upon repeat
pattern (BURP) (34), a method that is similar to based upon related sequence
types (BURST) that is used for MLST analysis (35).
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As is the case for MLST, spa typing provides objective information that is
easily scored and stored in a relational database. In MLST analysis, sequencing
results of seven gene fragments are analyzed, whereby each unique genetic
alteration (nucleotide change, deletions, or insertions), regardless of whether
it is a synonymous or non-synonymous change, is assigned an allelic number
(5,20). The catenation of the allelic number for the seven gene fragments
defines the sequence type (ST); and the assignment of the allelic number and
ST is performed using a free web-based site (http://www.mlst.net) maintained
in London, England.

Analogous to the assignment of allelic numbers to genetic variants in MLST,
each repeat unit in the polymorphic X region of spa is given a unique identifier
(see Fig. 2). Based on two large international spa databases (eGenomics and
Ridom), there have been over 150 unique repeats identified to date. The alter-
ations in the repeats are primarily single nucleotide substitutions in the third
position (synonymous), more rarely codon insertions/deletions, and in each
case, the protein A sequence remains in-frame producing a functional protein.
Currently, of over 2100 different spa types from more than 30,000 S. aureus
isolates that have been identified in the eGenomics and Ridom databases, all
isolates contain at least one repeat unit and some strains contain up to 16 repeat
units. Conversely, there are no examples where the protein A gene is void of
repeats, where individual repeats are truncated, or where repeat sequences are
found out-of-frame. Although untested, this observation suggests a potential
biological significance underlying the intact, in-frame repeat sequences in the
polymorphic X region of the protein A gene. While protein A is a well-known
virulence factor in murine models of S. aureus infections including pneumonia
(36,37), the biological function of the polymorphic X region is not well under-
stood. It is thought that the protein A domain encoded by the X region may
serve to extend the N-terminal immunoglobulin G binding portion of the protein
through the cell wall (38). However, the biological function and significance
of the diverse repeat content and organization in isolates of S. aureus are not
clear.

As mentioned earlier, spa type determination is based on differences between
strains in the number and content of the VNTRs. Therefore, two strains with
the identical repeat sequence are assigned the same spa type (i.e., same repeat
content and organization) and considered genetically related; in short-term
investigations, identical spa types may be indicative of transmission events. As
spa typing does not have the resolving power of PFGE subtyping, identical
spa types can in some instances exhibit similar yet non-identical PFGE profiles
(33). Nevertheless, identical spa types are strongly suggestive of clonality, and
different spa types that share a similar repeat motif may likewise be related
by descent. For example, spa types 1 and 7 share a near identical repeat motif



296 Mathema et al.

expect for one unit, which differs by a single point mutation and changes the
amino acid (see Fig. 4). Therefore, while spa types 1 and 7 are not identical,
they are closely related and most likely arose directly from one another although
the directionality of ancestry cannot be determined by spa type comparison
only. Furthermore, a number of studies have grouped together strains with
similar repeat motifs into the same spa lineages or spa clonal complexes,
supporting the use of this method to examine macrovariation (10,21,33,39).
Although S. aureus as a whole does not undergo extensive recombination, the
occurrence of such events within the protein A gene can misalign spa types
relative to PFGE or MLST results; similarly, recombination events can also
alter MLST analysis (32,33).

There are currently three similar software programs (eGenomics, Ridom, and
Bionumerics) that are able to identify and name repeats, recognize repeat motifs
or order, and assign a spa type from a raw sequence file of the polymorphic
X region. The two most widely used applications, Ridom and eGenomics, use

Fig. 4. eGenomics (http://epigene.egenomics.com) spa-typing tool screenshots
showing aligned repeat sequences for the closely related spa types 1 and 7. The C →
A point mutation is highlighted, corresponding to the non-synonymous amino acid
replacement Asn (AAC) → Lys (AAA) and underscoring the need for quality assurance
in DNA sequencing data.
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similar algorithms to identify and name repeats and assign spa types; however,
they use different nomenclature. It is important to note that the numerical
notation used to express the various spa types is not an index of relatedness.
That is, spa types 1, 2, 3, and so on are named in the order that they were
analyzed. Different nomenclature systems can confuse the literature and make
interlaboratory comparison more difficult, therefore a consensus nomenclature
method is needed. Furthermore, a consensus nomenclature that indicates, along
with the spa type, information on the phylogenetic position of a particular
strain within the overall population structure of S. aureus would be helpful
in furthering our understanding of the relationship between the micro- and
macrovariation within this species.

3.5. Other Genotyping Techniques

The early 1980s witnessed the initial integration of molecular techniques to
discriminate between different isolates of S. aureus. While previous methods
that have historically relied on characterizing phenotypic properties such as
colony morphology, serology, phage typing, toxin production, and antibiotic
susceptibility profiles were useful, they did not provide sufficient discrim-
ination, thereby limiting their application in epidemiological studies. The
transition from phenotypic characterization to genotyping saw the introduction
of numerous DNA-based methods, including plasmid profiling, electrophoretic
profiling of restriction enzyme digests of the chromosome, and random PCR
typing. Southern blot hybridization using a rRNA gene probe, or ribotyping, has
become a commonly used genotyping method as it is applicable to all bacteria
although the limited number of ribosomal gene copies in most species limits the
number of restriction fragment length polymorphisms and the overall discrimi-
natory capabilities. Given the array of molecular tools available, it is important
to choose an appropriate method(s) to address a particular study question, for
example, outbreak investigations, transmission dynamics, or phylogenetics. In
general, key aspects of choosing a molecular technique to study S. aureus
epidemiology include the observed rate of polymorphism(s) of the biomarker,
the genetic diversity of the strains in the population and the spatial and temporal
distance between the study isolates.

3.5.1. PFGE

The most accepted bacterial genotyping method is PFGE, as it is applicable
to all bacteria and the DNA fingerprints are highly discriminating. In this
approach, restriction enzymes that cut infrequently in a given species are used
to generate a macrorestriction profile of the entire bacterial chromosome. The
resulting DNA fingerprint patterns are excellent tools in outbreak investigations,
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discriminating epidemiologically related isolates from those that are unrelated
isolates. Although the discriminatory power of PFGE is most likely higher than
that of spa typing, a number of studies have shown that the Simpson’s index of
diversity of the two typing techniques approximate one another (21). However,
PFGE analysis requires unique and costly equipment, and the method is consid-
erably more time and labor intensive compared to spa typing. Furthermore, as
PFGE produces image-based results, the storage and analysis of fingerprints
require sophisticated software and dedicated personnel to digitize and interpret
the image as well as maintain the database (6,40,41). In addition, the interpre-
tation is somewhat subjective, and protocol standardization poses difficulty in
establishing interlaboratory reproducibility.

Numerous networks have used PFGE analysis as the primary genotyping
tool for surveillance and monitoring of outbreak strains, including food-borne
pathogens and multidrug-resistant organisms such as MRSA (42,43,44). Here,
even with the assistance of sophisticated, commercially available, pattern-
matching software packages (45), such as BioImage and BioNumerics, there
has been limited success in generating reproducible and comparable images
between laboratories and in assessing genetic relatedness on the basis of subtle
restriction fragment length polymorphisms. Therefore, while this method is
useful for distinguishing recent or closely related S. aureus isolates from
unrelated ones, image-based systems are limited in their ability to objectively
discern the degree of relatedness between geographically and temporally distal
isolates. In contrast, a recent international multicenter study demonstrated that
spa typing showed 100% intra- and interlaboratory reproducibility without
extensive synchronization of protocols between the laboratories (39).

3.5.2. MLST

The limitations noted above have paved the way for genotyping methods
that are based on comparative DNA sequence analysis. Currently, the “gold-
standard” of DNA sequence-based genotyping methods is MLST, which
compares the DNA sequence variation of a number of housekeeping genes
dispersed around the bacterial genome and has been widely used to decipher the
population structure of bacterial pathogens, such as Streptococcus pneumoniae
and Neisseria meningitidis (5,46). While the target genes used for MLST are
similar to those in MLEE, the former generates objective and unambiguous
data that is highly amenable to database storage and analysis (47,48). However,
although MLST analysis provides a sound approach to assess genetic relat-
edness, the limited sequence variation within each target requires that numerous
genes be compared to increase discrimination. The number of MLST target
gene fragments needed to genotype bacterial isolates is dependent on the
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extent of homogeneity of the given species and on the level of discrimination
needed to answer a given epidemiological or evolutionary hypothesis. Among
monomorphic species such as M. tuberculosis or B. anthracis, where the genetic
clock-speed or rate of change in housekeeping genes is relatively slow, the
discriminatory power of MLST is limited. In contrast, S. aureus is an ideal
species for MLST analysis as it is relatively diverse, with limited evidence of
recombination (27). Consequently, MLST is able to address global epidemio-
logical questions where the isolates have had substantial time to diversify but
is less discriminating in detecting changes in closely related strains. It should
also be stressed that due to the sequencing of seven housekeeping genes for
S. aureus MLST analysis, this method, while objective and highly portable, is
also labor-intensive, time-consuming, and costly to use routinely in a clinical
or surveillance setting. In contrast, the results generated by spa typing have
been shown to approximate the population structure of S. aureus afforded by
MLST analysis while remaining objective, highly portable, and significantly
less costly.

3.6. Discussion

As a single locus sequence-based typing method, spa typing has many advan-
tages over other genotyping methods including cost, labor, ease of analysis,
and quality assurance. Initial concerns that spa typing was too variable and
not rooted in the phylogeny of S. aureus led to its limited acceptance as a
robust genotyping method, especially in regard to population-based studies.
However, numerous comparative genotyping studies have repeatedly showed
that spa typing is concordant with classical MLEE typing, MLST analysis, and
genome-wide microarray data. In fact, spa typing has proven to be superior to
MLST in discriminating MRSA strains, as its faster molecular clock provides
higher resolution that approaches the level provided by PFGE. For example, the
two closely related CA-MRSA clones, termed USA300 and USA500 by PFGE,
are distinguished by spa typing as types 1 and 7, respectively, but clustered
together as sequence type 8 (ST8) by MLST (3) (see Figs. 4 and 5). Consistent
with the fact that these two clones are members of the same clonal complex and
descendants of a common ancestral strain, the sequence of the 10 repeats in spa
types 1 and 7 are highly conserved and differ only by a single non-synonymous
point mutation (21,33). Figure 5 (bubble) shows an example where spa typing
is able to further resolve the MLST grouping among ST8 strains.

A current limitation of spa typing involves understanding the relatedness
among types with similar repeat organization, along with the weighting of
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Fig. 5. Bayesian reconstruction of Staphylococcus aureus phylogeny based on
concatenated sequences of MLST gene fragments, adapted from reference (49). The
three proposed groups (1a, 1b, and 2) are highlighted and the MLST sequence types
corresponding to each branch labeled. Individual spa types associated with ST8 are
indicated, corresponding to the “tips” of the ST8 branch; the phylogenetic relationships
are undetermined, so no topology is depicted. Additional spa types can be assigned
similarly to the other branches (not shown). Pulsed-field gel electrophoresis patterns for
different spa type 1 and 7 strains are shown, depicting the potential variation underlying
defined spa types, and corresponding to the “leaves” on the tips of the branches.

observed changes. That is, are two strains that differ by a single point mutation,
such as spa types 1 and 7, more closely related than strains 1 and 363 (which
differ by a single repeat) or strains 1 and 59 (which differ by two repeats)
or are they equivalent under the hypothesis that each of these genetic alter-
ations represent single events? A study by Robinson and Enright examined
the relationship between seven housekeeping MLST gene targets and eight
surface protein encoding genes (7 sas genes and spa) among 220 isolates repre-
senting major lineages of nosocomial MRSA, MSSA, and CA-MRSA (32).
Here, results of spa typing were concordant with the grouping of MLST and sas
gene targets. This study also lends credence to the idea that one can infer MLST
results on the basis of spa-typing data, an assumption that will be evaluated
over time as both methods continue to be used by S. aureus researchers.
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The recent study by Cooper and Feil revisited the population structure of S.
aureus, as derived by MLST analysis, by additionally comparing 33 gene loci
representing various functional categories in 30 genetically characterized strains
(49). Approximately 17.8 kb of DNA sequence data for each strain produced
an unrooted Bayesian tree that resembles the population structure established
by MLST but with higher resolution and without unresolved branches. Their
data sub-divides the S. aureus species into three genetic groups (1a, 1b, and 2),
and within each group, MLST branches can be mapped, thus providing a
robust framework onto which spa types may be assigned (see Fig. 5). One
could envision the future naming of spa types to include both the genetic
group as well as the MLST branch designation, thereby providing phyloge-
netic structure to spa-typing results. Molecular approaches such as spa typing
can therefore add further resolution to phylogenetically determined lineages
or clusters to elucidate microevolutionary processes that may have biomedical
significance; in turn, phylogenetic analysis can root molecular epidemiology-
derived genotypes (e.g., USA300) into broad groups that share informative
biologic traits and further our understanding of genotype–phenotype relation-
ships.
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Color Plate 1. Proteomic signatures of different stress/starvation conditions in
Staphylococcus aureus. Comparison of the protein synthesis profile of exponentially
growing cells (green) with that of stressed S. aureus cells (red) reveals changes in
protein synthesis that are particular for the certain stress stimuli. Cells were cultivated
in synthetic medium and exposed to the respective stimulus at an optical density at
500 nm (OD500) of 0.5. Protein synthesis was analyzed by [35S]-l-methionine labeling
(5 min pulse) under control conditions and 10 min after imposition to stress. All proteins
induced by one stimulus belong to a stimulon (Chapter 3, Fig. 2; see discussion on
p. 31).



RN6390 (rsbU -) OD5RN6911(Δagr rsbU-) OD5 RN6390 (RsbU+) OD5

Aur

Aly2Aly1Aly
Lip
2

Lip
1

Ge
h

GehF

GehF1 GehF2

GehF3 GehF4
LipF1

LipF2
SspB1SspB

SspB2 SspA1

SspA3
SspA2

SspA4

SspA

SceDIsaA

IsaA1

IsaA1

Plc
GlpQ

GlpQ1

SsaA SplASplB
SA0620

SplF1
SplF
SplE

SplCSplF2

SplA1

SasD

SA2097F

SA2097

EarH

Hla

Spa

Hla1 Hla2

Hlb Hlb1
Hlb2

LytM

Fhs
Fhs1

IsaAF

Hla3HlgC
HlgB
LukD

Aur

Aly2Aly1Aly
Lip
2

Lip
1

Ge
h

GehF

GehF1 GehF2

GehF3 GehF4
LipF1

LipF2
SspB1SspB

SspB2 SspA1

SspA3
SspA2

SspA4

SspA

SceDIsaA

IsaA1

IsaA1

Plc
GlpQ

GlpQ1

SsaA SplASplB
SA0620

SplF1
SplF
SplE

SplCSplF2

SplA1

SasD

SA2097F

SA2097

EarH

Hla

Spa

Hla1 Hla2

Hlb Hlb1
Hlb2

LytM

Fhs
Fhs1

IsaAF

Hla3HlgC
HlgB
LukD

Lip
Lip1 Lip2

Aly2Aly1AlyGeh

Geh
F
GehF

1

GehF2

GehF3 GehF4
LipF1

LipF2
SspB1SspB

SspB2 SspA1

SspA3
SspA2

SspA4

SspA

SceDIsaA
IsaA1

IsaA1

Plc
GlpQ

GlpQ1

SsaA
SplASplB

SA0620

SA1812

SplF1

SplF

SplE
SplCSplF2

SplA1

SasD1

SasD2

SasD

SA2097F

SA2097

EarH

SA0570

Lip
Lip1 Lip2

Aly2Aly1AlyGeh

Geh
F F

1

GehF2

GehF3 GehF4
LipF1

LipF2
SspB1SspB

SspB2 SspA1

SspA3
SspA2

SspA4

SspA

SceDIsaA
IsaA1

IsaA1

Plc
GlpQ

GlpQ1

SsaA
SplASplB

SA0620

SA1812

SplF1

SplF

SplE
SplCSplF2

SplA1

SasD1

SasD2

SasD

SA2097F

SA2097

EarH

SA0570

Aur

RN6390
rsbU+
RN6390
rsbU+

RN6911
Δagr

RN6390

RN6911
Δagr

RN6390 RN6390RN6390

Color Plate 2. Difference gel electrophoresis (DIGE) labeling technique to illustrate
differences in protein patterns of three protein extracts. Extracellular protein patterns
of wild-type RN6390 (blue), the isogenic agr mutant (green), and RN6390 comple-
mented with rsbU of Staphylococcus aureus COL (red). Prior to separation by 2D gel
electrophoresis technique, protein extracts of the respective strains were labeled with
CyDye fluorochromes [Cy2 RN6390, Cy3 RN6911, Cy5 RN6390 (RsbU+)]. A mixture
of 50 μg of each protein extract was separated on one gel. The proteins were detected
by using a Typhoon [Cy2: Blue2-Laser (488 nm), Cy3: Green-Laser (532 nm), Cy5:
the Red-Laser (633 nm)] (Chapter 3, Fig. 4; see discussion on p. 33).
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Color Plate 3. Dual-channel imaging technique. Bacterial cells were grown in
synthetic medium without nitrate to an optical density at 500 nm (OD500) of 0.5.
The proteins were labeled with [35S]-l-methionine 20 min after transfer to anaerobic
conditions. Protein extracts were separated on 2D gels. The resulting images from the
protein synthesis ([35S]-l-methionine labeling) and the protein accumulation (staining
with silver nitrate) were overlaid in “dual channel images.” Proteins whose synthesis
was induced in response to the stressor but have not accumulated yet are colored red,
repressed spots that are still present but not synthesized anymore are colored green, and
spots without changed expression behavior in response to stress are shown in yellow
(Chapter 3, Fig. 5; see discussion on p. 40).
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Color Plate 4. Multicolor imaging of protein expression patterns of Staphylococcus
aureus COL under anaerobic conditions in the presence and absence of nitrate. Delta2D
software is used to visualize complex protein expression patterns on the 2D image in
the standard pH range 4–7. The color code is represented on the right side (Chapter 3,
Fig. 6; see discussion on p. 42).

Color Plate 5. Images of Anaplasma phagocytophilum-infected HL60 cells. (A)
Cytofuge smear of highly infected HL60 cells. Arrow indicates intact, multiple
pathogen morulae within the HL60 cell cytoplasm (6). Arrowhead indicates HL60 cell
lysis with abundant extracellular bacteria (1000× magnification; Hema-Quik stain).
(B) Electron micrograph of a highly infected HL60 cell with abundant intracellular
bacteria found within cytoplasmic vacuoles (morula). The N labels the cell nucleus.
Arrows indicate the “reticulate,” possibly replicative, stage of organism development.
The arrowhead indicates the “dense cored,” possibly infective, stage of organism
development (Chapter 13, Fig. 1; see discussion on p. 162).



Color Plate 6. Interaction of Anaplasma phagocytophilum with human neutrophils.
(A) Ingestion of A. phagocytophilum by human neutrophils. Neutrophils were incubated
with ∼5–20 A. phagocytophilum/neutrophil for the indicated times, and percent ingestion
(number of neutrophils containing internalized A. phagocytophilum) was determined
by fluorescence microscopy. (B) Micrographs illustrating ingestion of A. phagocy-
tophilum by human neutrophils. Green, intracellular bacteria. Red or red-green (yellow),
extracellular bacteria. Reprinted with permission from reference (13). Copyright 2005
The American Association of Immunologists, Inc (Chapter 13, Fig. 2; see discussion on
p. 167).

Color Plate 7. Real-time in vivo bioluminescence monitoring of S. aureus Xen-29 in
the mouse model of soft-tissue biofilm infection during treatment with rifampin. Effect
of 4 days of rifampin treatment (twice a day with 30 mg/kg) on a 3-week-old biofilm.
A representative animal from the group receiving antibiotic or the untreated infected
group is shown. Note the response to treatment including relapse that can be monitored
non-invasively within the same animal throughout the study period (Chapter 18, Fig. 2;
see discussion on p. 230).



Color Plate 8. In vivo bioluminescent monitoring of the progression of P. mirabilis
Xen 44 in the mouse model of catheter-induced urinary track infection (UTI)
(Chapter 18, Fig. 4; see complete caption on p. 233 and discussion on p. 232).

Color Plate 9. Daily imaging of mice inoculated by tail vein injection with S. aureus
Xen 29 reveals the colonization of S. aureus around the indwelling catheter in jugular
vein catheterized mice as early as one day after infection (left). Six days later, evidence
of metastatic disease with staphylococci spreading to heart, kidney, and liver as a result
of seeding of bacteria from the infected vascular catheter (center). In contrast, whole-
body imaging of non-catheterized mice challenged with a similar dose of bacterial
suspension showed no sign of infection around heart or any other organ, even after
a week into the hematogenously induced infection (right) (Chapter 18, Fig. 5; see
complete caption and discussion on p. 235).
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