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v

 Since the fi rst edition of this book was published in 2007 signifi cant progress has been 
made on  Salmonella  and  Salmonella– host cell interactions spanning a variety of aspects on 
cellular, molecular, and genetic characterizations. Research on  Salmonella  has generated 
enormous new interest with the realization that many bacteria have developed resistance to 
the most common antibiotics and new strategies are in demand to overcome antibiotic 
resistance of harmful enterobacteria such as  Salmonella . Typhoid fever caused by  Salmonella  
can normally be treated with broad-spectrum antibiotics including tetracycline, chlortetra-
cycline, oxytetracycline, demeclocycline, methacycline, doxycycline, minocycline, and a 
number of other semisynthetic derivatives but  Salmonella  resistance to antibiotics has 
increasingly become a problem and new avenues are being explored to discover new anti-
biotics that interfere with bacterial components while not harming their mammalian host 
cells. Vaccine development has progressed signifi cantly and includes nanotechnology-based 
approaches with promising results for effective protection. 

  Salmonella  ranks second in causing food-borne illnesses, and every year millions of 
people worldwide become ill and many thousands die as a result of infections caused by 
food-borne pathogens in developed as well as underdeveloped countries. A whole host of 
basic discoveries have resulted in new approaches to prevent and treat  Salmonella  infections 
acquired through food contaminations, several of which are featured in the present book. 

 Aside from research to overcome  Salmonella  infections, genetic manipulations of 
 Salmonella  have led to a new line of research using genetically modifi ed attenuated 
 Salmonella  as oral vectors for targeted gene delivery and as tumor-targeting vectors that 
have been developed for applications in novel cancer therapies. 

 As in the previous edition, the second edition of this book on  Salmonella  presents 
detailed methods on a variety of different aspects and has selected those that have provided 
landmarks in advancing our knowledge on  Salmonella  research. The new edition features 
new methods including chapters on molecular assays for detection, identifi cation, and sero-
typing of  Salmonella , quantitative proteomic identifi cation of host factors involved in 
 Salmonella  infection, determination of antimicrobial resistance in  Salmonella , site-directed 
mutagenesis, chromosomal gene analysis, development of bacterial nanoparticle vaccine, 
attachment of nanoparticle cargo to biotinylated  Salmonella  for combination bacteriother-
apy against tumors, various microscopy methods to analyze  Salmonella  interaction with 
host cells, in vitro modeling of gallbladder-associated  Salmonella  colonization, analysis of 
 Salmonella  phages and prophages, and other methods as detailed in the specifi c chapters of 
this second edition. 

 As in the previous edition each chapter provides a short overview of the topic followed 
by detailed methods and protocols that are normally not described in regular research 
papers. Genetic manipulation, molecular methods, and molecular imaging are techniques 
that will be of interest to geneticists, cell and molecular biologists, microbiologists, envi-
ronmentalists, toxicologists, public health scientists, clinicians in human and veterinary 
medicine, agriculture, and other researchers who want to become familiar and apply 
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 techniques that are commonly not available in research papers. The methods presented 
here are in high demand and are expected to continue to be of value to researchers and to 
incoming investigators in the future. This book will also be of interest to students for the 
study of various aspects of research on  Salmonella . Because no recent comprehensive litera-
ture of this format is available on  Salmonella , this book will be of value to a wide variety of 
researchers. The methods presented are in high demand and are expected to continue to be 
of value to an increasing number of investigators in the  Salmonella  fi eld. 

 We are delighted to present the second edition of  Salmonella  protocols depicting spe-
cifi c methods that have impacted  Salmonella  research and we are indebted to Dr. John 
Walker for inviting this second edition on  Salmonella , and to the publisher with special 
thanks to David C. Casey. We are most grateful to our outstanding contributors for sharing 
their unique and specifi c expertise and experiences with the scientifi c community and for 
revealing details of practical insights that are not generally disseminated in regular research 
papers. Our sincere thanks to all for their most valuable contributions.  

  Columbia, MO, USA     Heide     Schatten   
      Abraham     Eisenstark    
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    Chapter 1   

 Luminex ®  Multiplex Bead Suspension Arrays 
for the Detection and Serotyping of  Salmonella  spp. 

           Sherry     A.     Dunbar      ,     Vivette     Brown Ritchie     ,     Michaela     R.     Hoffmeyer     , 
    Gunjot     S.     Rana     , and     Hongwei     Zhang    

    Abstract 

   In this chapter we describe two commercially available bead-based molecular assays for detection, identifi cation 
and serotyping of  Salmonella . The xTAG ®  Gastrointestinal Pathogen Panel (GPP) is a qualitative multiplex 
test for the simultaneous detection of nucleic acids from  Salmonella  plus 14 other gastroenteritis- causing 
bacteria, viruses, and parasites from stool specimens. xTAG GPP uses the Luminex ®  xTAG universal array 
technology for the identifi cation of specifi c target sequences combined with the xMAP ®  bead multiplexing 
platform for detection of the targets that were present in the starting sample. The xMAP Salmonella 
Serotyping Assay (SSA) is a multiplex nucleic acid-based direct hybridization assay for molecular identifi ca-
tion of the serotype of  Salmonella  isolates. In xMAP SSA, target sequences amplifi ed from cultured  Salmonella  
isolates are captured by hybridization to sequence-specifi c capture probes which have been coupled to the 
multiplexed bead sets. Herein we provide detailed protocols for each of these assays and present data which 
describe their performance characteristics for detection and serotyping  Salmonella .  

  Key words      Salmonella   ,   Gastrointestinal pathogen  ,   Luminex  ,   Multiplex  ,   Bead suspension array  

1      Introduction 

 Globally there are approximately 1.7 billion cases of diarrheal disease 
each year [ 1 ]. Diarrhea is a leading cause of malnutrition and the 
second leading cause of death in children under 5 years of age, 
killing 760,000 children under fi ve each year. In the USA, roughly 
48 million people become ill, 128,000 are hospitalized and 3,000 
die of foodborne diseases annually [ 2 ]. In 2011, the cost for hos-
pitalized patients suffering from gastrointestinal infections in the 
USA was over $6.7 billion [ 3 ]. Diarrheal disease can be caused by 
a number of pathogens including viruses, bacteria, and parasites 
with 20 % of cases due to infection with one (or more) of 31 patho-
gens known to cause foodborne illness. Gastroenteritis due to 
 Salmonella  spp. is a considerable burden in both developed and 
developing countries, with a global burden estimated at 93.8 
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million cases each year and 155,000 deaths due to nontyphoidal 
 Salmonella  [ 4 ]. Analysis of US surveillance data from 2000 to 
2008 has indicated that 58 % of illnesses were caused by norovirus, 
followed by 11 % caused by nontyphoidal  Salmonella  spp. [ 5 ]. 
Furthermore, nontyphoidal  Salmonella  spp. were the leading cause 
of hospitalization (35 %) and death (28 %) from diarrheal disease. 
Twelve of sixteen multi-state foodborne outbreaks caused by 
bacterial enteric pathogens occurring since 2002 have been caused 
by  Salmonella  [ 2 ]. 

 Due to similarity of symptoms, it is diffi cult to differentiate 
among viral, bacterial, and parasitic agents and 80 % of all causes of 
diarrhea currently go unidentifi ed, which could potentially result in 
inadequate or inappropriate treatment [ 6 ]. Identifi cation of the 
causal agent in symptomatic patients is important for diagnosis and 
patient management and can assist in treatment decisions, as appro-
priate antimicrobial therapy can shorten illness and reduce morbid-
ity in some bacterial and parasitic infections and can be life- saving in 
invasive infections [ 7 ]. For example, selective antimicrobial therapy 
is indicated for toxigenic  Escherichia coli ,  Shigella , and  Campylobacter  
but is not routinely recommended for  Salmonella . Conventional 
diagnostic procedures for gastrointestinal pathogens involve culture, 
microscopy, and/or stool antigen tests, and include enrichment 
steps, use of selective culture media, biochemical identifi cation, sero-
typing, and resistance profi ling [ 8 ,  9 ]. Each of these methods has 
limitations including varying sensitivities, specifi cities, and turn-
around times and can be time-consuming and labor- intensive. 
Maximal recovery of  Salmonella  from fecal specimens is obtained by 
using an enrichment broth; however, sensitivity of stool culture for 
recovery of  Salmonella  spp. is estimated to be only 70 % [ 10 ]. 
Traditional methods may fail to reveal a causative agent and may fail 
to identify coinfections when testing is only performed for a few 
suspect pathogens as requested by the physician.  Salmonella  spp., 
among other enteric pathogens, have been found to be involved in 
coinfections with rotavirus and other organisms [ 11 ,  12 ]. 

 Further analysis of  Salmonella  isolates by serotyping is com-
monly performed to facilitate public health surveillance and aid in 
recognition and investigation of outbreaks. Clinical diagnostic 
laboratories submit  Salmonella  isolates to state and territorial pub-
lic health laboratories where they are confi rmed and serotyped 
according to the White–Kauffmann–Le Minor scheme [ 13 ]. As of 
2007, more than 2,500  Salmonella  serotypes had been described 
[ 14 ]. In the USA, over 1,000 different  Salmonella  serotypes were 
reported from 2002 to 2006, however the 100 most common 
serotypes accounted for about 98 % of the isolates [ 15 ]. Traditional 
serotyping is performed via tube or plate agglutination methods 
which can be laborious and require subjective interpretation of 
results. To determine a  Salmonella  serotype, the somatic O antigen 
and all phases of the motility H antigen must be identifi ed, 
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requiring phase inversion. Furthermore, the serotype of rough and 
problematic isolates may not be determined by traditional agglutina-
tion methods. This process can be lengthy and may require 3–5 days 
or longer for full serotype determination, thus delaying the report-
ing of results to public health data information systems. 

 In the last two decades, in vitro nucleic acid amplifi cation and 
molecular detection techniques have transformed the microbiol-
ogy laboratory. Assays designed to directly detect microbial nucleic 
acid sequences from patient specimens have allowed for more rapid 
diagnosis and treatment of infectious diseases with high accuracy 
and reduced turnaround time as compared to traditional immuno-
logical and culture-based methods. Recent reports indicate that 
molecular methods exhibit high sensitivity and improve detection 
of gastrointestinal pathogens when used for stool testing [ 7 ,  16 ]. 
Molecular methods that permit multiplexing have a signifi cant 
advantage compared to single reaction detection methods in that 
they allow simultaneous detection and identifi cation of multiple 
nucleic acid sequences from the same sample. Multiplexed tests 
reduce the time, labor, and cost of laboratory testing, and in addi-
tion to improved effi ciency, also have a higher diagnostic yield by 
the ability to detect multiple infections. Thus, multiplexed molecu-
lar assays can be used in a panel-based approach to identify a spe-
cifi c infectious etiology from groups of organisms that present with 
similar symptoms and can also provide information on coinfections 
and secondary infections. 

 Among the various multiplexing technologies available, micro-
sphere or bead-based suspension arrays have emerged as a standard 
molecular multiplexing technology in the clinical microbiology 
laboratory and multiplex detection of respiratory viral pathogens by 
reverse transcription PCR (RT-PCR) has become part of the rou-
tine diagnostic algorithm over the last 5 years [ 17 ,  18 ]. Multiplex 
molecular bead arrays have also been developed for detection and 
quantitation of viral and bacterial agents of gastroenteritis and are 
highly sensitive and specifi c, correlating well with real-time PCR 
[ 19 – 21 ]. 

 The Luminex ®  xMAP ®  multiplexing system incorporates poly-
styrene beads that are internally dyed with precise amounts of mul-
tiple spectrally distinct fl uorochromes, creating an array consisting 
of different bead sets with specifi c spectral identities. The unique 
spectral characteristics within individual bead sets allow each bead 
set to be differentiated from all others in a multiplex. Each bead set 
can possess a different reactant on its surface which is associated 
with a specifi c analyte or target, and thus, they can be combined in 
a single reaction to measure up to 500 different analytes simultane-
ously. An additional fl uorochrome coupled to a reporter molecule 
quantifi es the biomolecular interaction that has occurred at the 
bead surface and after completion of assay incubations with a 
nucleic acid sample and the reporter molecule, the reactions are 
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analyzed within a Luminex reader, classifying the beads based on 
the bead identity and quantifying the bound fl uorophore in the 
reporter detection channel. 

 Several assay chemistries have been developed for nucleic acid 
detection on the xMAP system. One approach is to use direct 
hybridization of a labeled PCR-amplifi ed target DNA to bead sets 
bearing oligonucleotide capture probes specifi c for each sequence 
(Fig.  1 ). Another    approach is to use a solution-based enzymatic 
chemistry to simultaneously determine the presence of a specifi c 
target sequence and incorporate a unique capture sequence or 
“tag,” followed by hybridization to complementary “anti-tag” 
sequences precoupled to the multiplexed bead sets (Fig.  2 ). 
Commonly used enzymatic methods for sequence determination 
rely on the discriminating ability of DNA polymerases and DNA 
ligases, and include primer extension, oligonucleotide ligation, and 
target-specifi c PCR [ 22 – 24 ]. An example of this approach is 
Luminex’s xTAG ®  Technology, a proprietary universal tag sorting 
system consisting of a library of oligonucleotide sequences that 
have been optimized to be an isothermal set and have minimal 

     Fig. 1    xMAP ®  direct hybridization assay format       
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cross-reactivity. Target-specifi c primers are modifi ed with specifi c 
TAG sequences and used in conjunction with MagPlex ® -TAG™ 
Microspheres, which are superparamagnetic beads containing two 
or three internal fl uorescent dyes and precoupled with anti-TAG 
capture probes. The xTAG universal array platform simplifi es assay 
development and eliminates the need to couple content-specifi c 
capture probes to the beads.

    In this chapter we describe two multiplex molecular bead array 
assays for the detection and serotyping of  Salmonella  spp. using the 
xMAP bead-based array platform. The xTAG Gastrointestinal 
Pathogen Panel (GPP) is a qualitative test that can simultaneously 
detect and identify nucleic acids from multiple  gastroenteritis- causing 
viruses, parasites, and bacteria, including  Salmonella  spp., in human 
stool specimens (Table  1 ). This assay employs target- specifi c PCR 
to simultaneously amplify the target sequences, incorporate a 
unique TAG sequence for each target and incorporate a biotin 
label for subsequent detection using the xTAG universal array sys-
tem. The xMAP Salmonella Serotyping Assay (SSA) is a molecular 
serotyping assay that detects genes involved in the expression of 

  Fig. 2    xTAG ®  universal array with target-specifi c PCR assay format       
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 Salmonella  serotype-specifi c antigens. Multiplex PCR is used to 
amplify  Salmonella  antigen gene target sequences and incorporate 
a biotin label. The amplifi ed target sequences are then captured by 
direct hybridization onto bead sets coupled with complementary 
oligonucleotide capture probes and labeled with fl uorescent 
reporter for detection on the Luminex analyzer.

2       Materials 

      1.    xTAG ®  GPP Primer Mix, 120 μL × 2 vials.   
   2.    xTAG ®  OneStep Enzyme Mix, 57 μL × 4 vials.   
   3.    xTAG ®  OneStep Buffer, 5×, 1.0 mL × 1 vial.   
   4.    xTAG ®  RNase-Free Water, 1.9 mL × 1 vial.   
   5.    xTAG ®  BSA, 10 mg/mL, 1.0 mL × 1 vial.   
   6.    xTAG ®  MS2 (extraction/internal control), 1.5 mL × 2 vials.   
   7.    xTAG ®  GPP Bead Mix, 1.92 mL × 1 vial.   
   8.    xTAG ®  Reporter Buffer (contains 0.15 M NaCl), 12.0 mL × 1 vial.   
   9.    xTAG ®  0.22 SAPE, 188 μL × 1 vial.   
   10.    Data acquisition protocols for xPONENT ®  software (versions 

3.1, 4.1, and 4.2).   
   11.    xTAG ®  Data Analysis Software GPP (TDAS GPP).      

2.1  Materials 
Provided 
with the xTAG GPP 
Kit (for 96 Reactions) 
( See   Notes 1  and  2 )

   Table 1  
  Pathogen types and subtypes identifi ed by xTAG ®  GPP a    

 Pathogen class  Analytes detected 

 Bacteria   Campylobacter  ( C. jejuni ,  C. coli , and  C. lari  only) 
  Clostridium diffi cile  Toxin A/B 
  Escherichia coli  O157 
  Enterotoxigenic E. coli  (ETEC) LT/ST 
 Shiga-like toxin producing  E. coli  (STEC)  stx1 / stx2  
  Salmonella  
  Shigella  ( S. boydii ,  S. sonnei ,  S. fl exneri , and  S. dysenteriae ) 
  Vibrio cholerae  
  Yersinia enterocolitica  

 Viruses  Adenovirus 40/41 
 Norovirus GI/GII 
 Rotavirus A 

 Parasites   Cryptosporidium  ( C. parvum  and  C. hominis  only) 
  Entamoeba histolytica  
  Giardia lamblia  

   a Products and targets are region-specifi c and may not be approved in some countries/
regions. Contact Luminex at support@luminexcorp.com to obtain appropriate product 
information for the country of interest  
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      1.    NucliSENS ®  easyMAG ®  System with Specifi c A 1.0.2 protocol 
(bioMérieux/#280140, Marcy l’Etoile, France) or QIAamp ®  
MinElute ®  Virus Spin kit (Qiagen/#57704, Hilden, Germany) 
or an equivalent nucleic acid extraction method.   

   2.    NucliSENS easyMAG Lysis Buffer, 4 × 1 L (#280134) or 
48 × 2 mL (#200292).   

   3.    Bertin SK38 Soil Grinding Bead Tubes (Bertin 
Technologies/#03961-1-006, Aix-en-Provence, France or 
Luminex Corporation/#GR032C0442, Austin, TX).   

   4.    Luminex ®  100/200™ or MAGPIX ®  analyzer system (with 
heater block), including xPONENT ®  software.   

   5.    xMAP analyzer calibration and verifi cation kits.   
   6.    Mini centrifuge (InterScience/#C-1301, St Nom la Bretêche, 

France) or equivalent.   
   7.    Multichannel pipettes (1–10 μL or 5–50 μL, 50–200 μL).   
   8.    Pipettes (1–1,000 μL).   
   9.    Racks for 1.5 mL and 0.5 mL microcentrifuge tubes.   
   10.    Racks for 0.2 mL thin wall tubes for PCR.   
   11.    Ultrasonic cleaner (sonicator bath) (Cole- Parmer  ® /#A-08849-00, 

Vernon Hills, IL) or equivalent.   
   12.    Thermal cycler for 0.2 mL thin wall PCR tubes and 96-well 

plates.   
   13.    PCR cooler rack capable of holding a temperature range of 

0–7 °C for 1 h (Eppendorf/#022510509, Hamburg, 
Germany) or equivalent.   

   14.    Vortex-Genie ®  2 Model G560 (Scientifi c Industries/#SI-0236, 
Bohemia, NY).   

   15.    Vortex Adaptor for Vortex-Genie 2 (Mo-Bio Laboratories, 
Inc./#13000-V1-24, Carlsbad, CA), optional.   

   16.    10 μL disposable inoculating loops.   
   17.    0.2 mL thin wall polypropylene tubes for PCR, appropriate for 

thermal cycler.   
   18.    1.5 mL polypropylene microcentrifuge tubes.   
   19.    15 mL and 50 mL polypropylene tubes.   
   20.    Costar ®  Thermowell ®  thin-wall polycarbonate 96-well plates 

(Corning/#6509, Corning, NY) or equivalent.   
   21.    Microseal ®  ‘A’ fi lm to cover 96-well plate (Bio-Rad 

Laboratories/#MSA-5001, Hercules, CA).   
   22.    Aerosol resistant tips for pipettes.   
   23.    Reagent reservoirs.      

2.2  Materials 
Required but NOT 
Provided 
with the xTAG GPP Kit
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      1.    O-Antigen Microsphere Mix, 3.75×, 1.32 mL × 1 vial.   
   2.    H-Antigen Microsphere Mix, 3.75×, 1.32 mL × 1 vial.   
   3.    AT Microsphere Mix, 3.75×, 1.32 mL × 1 vial.   
   4.    O-Antigen Primer Mix, 280 μL × 1 vial.   
   5.    H-Antigen Primer Mix, 280 μL × 1 vial.   
   6.    AT Primer Mix, 280 μL × 1 vial.   
   7.    Streptavidin-Phycoerythrin (SAPE), 132 μL × 1 vial.   
   8.    Assay Buffer, 40 mL × 1 vial ( see   Note 4 ).      

      1.    Luminex 100/200 analyzer system (with heater block).   
   2.    Vortex.   
   3.    Ultrasonic cleaner (sonicator bath) (Cole- Parmer/#A-08849-00) 

or equivalent.   
   4.    Thermal cycler for 0.2 mL thin wall PCR tubes (with heated lid).   
   5.    Mini centrifuge.   
   6.    NanoDrop 2000 spectrophotometer (Thermo Scientifi c, 

NanoDrop products, Wilmington, DE, USA) or equivalent.   
   7.    Molecular Grade water.   
   8.    Microseal ‘A’ fi lm (Bio-Rad Laboratories/#MSA-5001).   
   9.    0.2 mL thin wall polypropylene PCR tubes (USA 

Scientifi c/#1402-3900, Orlando, FL).   
   10.    96-well PCR plates (Bio-Rad Laboratories/#MLL-9601).   
   11.    HotStarTaq Master Mix Kit (Qiagen/#203443, 203445 or 

203446).   
   12.    InstaGene matrix (Bio-Rad Laboratories/#732-6030).   
   13.    1 μL disposable inoculating loops (Thermo Fisher Scientifi c, 

Inc./#22-363-604, Waltham, MA).       

3    Methods 

 The xTAG GPP assay workfl ow includes (1) stool sample preparation 
and pretreatment, (2) nucleic acid extraction, (3) multiplex 
RT-PCR, (4) bead hybridization and detection, and (5) data acqui-
sition and analysis (Fig.  3 ). The xMAP SSA assay serotypes approx-
imately 85 % of the top 100 Salmonella serotypes most commonly 
encountered in testing laboratories and provides partial informa-
tion for many other serotypes. These serotypes represent more 
than 90 % of the serotypes routinely encountered in public health 
laboratories. xMAP SSA consists of three separate tests that deter-
mine O and H antigens simultaneously and identify some sero-
type-specifi c markers. The O antigen assay detects the following 
groups: B, C1, C2, D, E, G, and serotype Paratyphi A (ParaA). 

2.3  Materials 
Provided 
with the xMAP SSA Kit 
(100 Reactions) ( See  
 Note 3 )

2.4  Materials 
Required but NOT 
Provided 
with the xMAP SSA Kit
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The H antigen assay detects the following antigens: a, b, c, d, j, (e, h), 
i, k, r, z10, z, z29, z6, y, L-complex, v, z28, EN-complex, x, z15, 
1-complex, 2, 5, 6, 7, G-complex, f, (m/g,m), (m/m,t), p, s, t-1*, 
z51, z4-complex, and z24. The Additional Targets (AT) assay con-
sists of three targets:  sdf ,  fl jB , and Vi. The  sdf  and Vi targets are 
specifi c for  S. enterica  ser. Enteritidis and  S. enterica  ser. Typhi, 
respectively. The  fl jB  target is a positive control for the second motil-
ity phase of  Salmonella  ( see   Note 5 ). The xMAP SSA assay workfl ow 
consists of: (1) DNA extraction and quantifi cation, (2) multiplex 
PCR, (3) hybridization of the labeled amplicons to the appropriate 
oligonucleotide probe-coupled microsphere mixture, (4) labeling 
with SAPE reporter, and (5) analysis on the Luminex 100/200 ana-
lyzer at the high reporter gain setting (Fig.  4 ). The entire protocol 
and accompanying notes for the xTAG GPP and xMAP SSA assays 
should be read prior to performing these procedures.

     A pretreatment step consisting of bead beating in lysis buffer is 
required prior to nucleic acid extraction to ensure maximum 
extraction effi ciency, especially for parasites. Pretreatment steps are 
illustrated in Fig.  5 .

3.1  Specimen 
Preparation 
(Pretreatment) 
for xTAG GPP 
( See   Notes 6 – 8 )

  Fig. 3    xTAG ®  GPP assay workfl ow       
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  Fig. 4    xMAP ®  SSA assay workfl ow       

  Fig. 5    xTAG ®  GPP specimen pretreatment workfl ow       
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     1.    Add 1 mL of NucliSENS easyMAG Lysis Buffer to a Bertin 
SK38 bead tube for each sample and control.   

   2.    Add 10 μL of xTAG MS2 into all sample pretreatment tubes as 
an extraction/internal control. Do NOT add xTAG MS2 to 
the negative (extraction) control tube.   

   3.    Add the stool sample to the bead tube containing the lysis 
buffer. For solid stool samples (Bristol types 1–5), add approxi-
mately 100–150 mg of stool to the bead tube using a 10 μL 
disposable inoculating loop, fi lling the inside of the loop with a 
“fl at” loopful of stool ( see   Note 9 ). For liquid stool samples 
(Bristol types 6–7), add 100 μL of stool to the bead tube.   

   4.    For the negative extraction control tube, add 100 μL of Lysis 
Buffer.   

   5.    Vortex the pretreatment tube for 5 min. If processing multiple 
samples, a vortex adapter is recommended.   

   6.    Allow the pretreated sample to sit at room temperature for 
10–15 min.   

   7.    Centrifuge the pretreatment tubes at 14,000 rpm (20,800 rcf) 
for 3 min to pellet any insoluble material.   

   8.    Remove 200 μL of pretreatment supernatant from the middle 
of the tube for nucleic acid extraction. Avoid aspirating the 
beads at the bottom of the tube or lipids collected at the top.    

        1.    Load the 200 μL of pretreatment supernatant on to the 
BioMérieux NucliSENS easyMAG extraction system and use 
NucliSENS protocol Specifi c A 1.0.2 for extraction with a 
70 μL elution volume.   

   2.    Alternatively, extract 200 μL of pretreatment supernatant using 
the QIAamp MinElute Virus Spin kit and elute nucleic acids in 
70 μL.      

  For each sample, 10 μL of extracted nucleic acid is amplifi ed in a 
single multiplex RT-PCR/PCR reaction containing 15 μL Master 
Mix (25 μL total reaction volume). Each target or internal control 
in the sample results in PCR amplicons ranging from 58 to 293 
basepairs (not including the 24-nucleotide TAG sequence). During 
setup, the master mix and samples must be kept on ice or a cold 
block to avoid nonspecifi c amplifi cation.

    1.    Preheat thermal cycler to 53 °C.   
   2.    Thaw and bring to room temperature the xTAG OneStep 

Buffer (5×), xTAG RNase-free water, xTAG GPP Primer Mix, 
and xTAG BSA.   

   3.    Vortex and mix the xTAG OneStep Buffer for at least 20 s 
ensuring that any visible precipitates (including clear fl akes) are 
completely dissolved before use. Do NOT centrifuge the 
xTAG OneStep Buffer.   

3.2  Nucleic Acid 
Extraction for xTAG 
GPP ( See   Note 10 )

3.3  Multiplex 
RT-PCR/PCR for xTAG 
GPP

Bead Arrays for Salmonella Detection and Serotyping
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   4.    Vortex the xTAG RNase-free water, xTAG GPP Primer Mix, 
and the xTAG BSA for 2–5 s to mix reagents. Centrifuge for 
2–5 s to bring reagents to bottom of the tubes.   

   5.    Place the xTAG OneStep Buffer (5×), xTAG RNase-free water, 
xTAG GPP Primer Mix, and xTAG BSA on ice or in a pre-
cooled cold block to cool in preparation for making the mas-
ter mix.   

   6.    Remove the xTAG OneStep Enzyme Mix from the freezer 
when ready to use and return to the freezer immediately after 
use (alternatively, keep it on a precooled freezer block). Mix 
the xTAG OneStep Enzyme Mix by inverting and fl icking the 
tube. Centrifuge for 2–5 s to settle reagents to the bottom of 
the tube.   

   7.    Label the appropriate number of 0.2 mL thin wall PCR tubes. 
Include one PCR negative control tube for every 30 samples 
tested. The last tube included in a given run should be a nega-
tive control. Put tubes in a precooled PCR cooler rack.   

   8.    Label a 1.5 mL microcentrifuge tube for master mix and place 
on the ice or in the cold block. Add the reagents in the follow-
ing order (volumes are indicated for one reaction): 2.5 μL 
xTAG RNase-free water, 7.5 μL xTAG OneStep Buffer (5×), 
2.5 μL xTAG GPP Primer Mix, 0.5 μL xTAG BSA, 2.0 μL 
xTAG OneStep Enzyme Mix ( see   Note 11 ).   

   9.    Vortex the master mix for 2–5 s to mix reagents. Centrifuge for 
2–5 s to settle reagents to the bottom of the tube.   

   10.    Aliquot 15 μL of the master mix into each of the labeled 
0.2 mL PCR tubes racked in the PCR cooler rack.   

   11.    Add 10 μL of the appropriate extracted nucleic acid sample 
into each labeled tube. Cap the tube immediately after addi-
tion of the sample.   

   12.    Add 10 μL of xTAG RNase-free water to each negative control 
tube. Cap the tube immediately after addition of the water.   

   13.    Vortex the PCR tubes for approximately 2 s to mix the reagents 
and then centrifuge for 2–5 s to settle the reagents to the bot-
tom of the tubes ( see   Note 12 ). Return the tubes to the PCR 
cooler rack for transport to the preheated thermal cycler.   

   14.    Place the PCR tubes in a preheated 53 °C thermal cycler and 
cycle using the following conditions (at block temperature 
with heated lid enabled): 1 cycle at 53 °C for 20 min; 1 cycle 
at 95 °C for 15 min; 38 cycles of 95 °C for 30 s, 58 °C for 
30 s, 72 °C for 30 s; 1 cycle at 72 °C for 2 min; hold at 4 °C 
( see   Note 13 ).   

   15.    Completed RT-PCR/PCR reactions may be stored at 2–8 °C 
for up to 12 h until ready to use in hybridization and 
detection.      
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      1.    Preheat thermal cycler to 60 °C.   
   2.    Thaw and bring to room temperature the xTAG GPP Bead 

Mix and xTAG Reporter Buffer.   
   3.    Vortex the xTAG 0.22 SAPE for 2–5 s. Dilute the 0.22 SAPE 

1:75 with xTAG Reporter Buffer in a polypropylene tube. 
Each sample requires 75 μL of reporter solution ( see   Note 14 ).   

   4.    Close tube and vortex for 10 s to mix. Protect from light until 
ready to use.   

   5.    Cut the appropriate number of wells from a Costar 96-well 
plate and label the wells for the hybridization/detection 
reaction.   

   6.    Vortex the xTAG GPP Bead Mix tube for 10 s and sonicate for 
10 s to disperse the beads. Repeat  step 6 .   

   7.    Aliquot 20 μL of the xTAG GPP Bead Mix into each well.   
   8.    Vortex the tubes of PCR products for 2–5 s and centrifuge for 

2–5 s to settle reagents to the bottom of the tubes.   
   9.    Aliquot 5 μL of the PCR product for each sample into the 

appropriate wells containing the xTAG GPP Bead Mix. Gently 
pipette up and down 2–3 times to mix ( see   Note 15 ).   

   10.    Transfer the reporter solution into a reservoir basin. Using an 
8-channel pipette, add 75 μL of the reporter solution into each 
well. Gently pipette up and down 8 times ( see   Note 15 ).   

   11.    Cover the wells/plate with Microseal ‘A’ fi lm.   
   12.    Place the wells/plate in a thermal cycler and incubate using the 

following conditions (at block temperature with heated lid 
enabled): 60 °C for 3 min, 45 °C for 45 min, hold at 45 °C.      

  The Luminex analyzer should be prepared and ready for data 
acquisition prior to bead hybridization. Procedures for prepara-
tion and calibration are described in the appropriate instrument 
hardware and software manuals. The xTAG GPP data acquisition 
protocols and TDAS GPP software (included in the assay kit) 
must be imported/installed prior to data acquisition and analysis 
( see   Note 16 ). 

      1.    Turn on the Luminex analyzer and start the Luminex xPO-
NENT software.   

   2.    Ensure the instrument heater block is in place and set the plate 
heater temperature to 45 °C. All readings are carried out at 45 °C.   

   3.    Create and save a new batch:
   (a)    On the Batches menu, click  New Batch from Existing 

protocol .   
  (b)    Fill in the  Batch Name  information by providing a date, 

batch description, and operator name.   

3.4  Bead 
Hybridization 
and Detection for xTAG 
GPP

3.5  Data Acquisition 
and Analysis for xTAG 
GPP

3.5.1  Data Acquisition

Bead Arrays for Salmonella Detection and Serotyping
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  (c)    Navigate to select the  xTAG GPP (LX)  protocol for the 
Luminex 100/200 System or the  xTAG GPP (MP)  proto-
col for the MAGPIX System. Click  Next .   

  (d)    Select the appropriate wells where the samples will be ana-
lyzed and then click  Unknown . The selected wells are 
highlighted.   

  (e)    Enter an appropriate sample ID using the number of sam-
ples or patient information. Alternatively, import sample 
ID by clicking  Import List .   

  (f)    Click  Save . The batch is now saved as a pending batch and 
ready to run.       

   4.    When the hybridization is complete, remove the Microseal ‘A’ 
fi lm from the wells/plate and place into the preheated 45 °C 
heater block. Click  Retract  to retract the holder ( see   Note 17 ).   

   5.    Select the batch from the pending batches list and click  Run 
Batch .   

   6.    After the last sample is read, ensure that the batch data is 
exported.   

   7.    Remove the wells/plate from the heater block and turn the 
heater temperature to OFF.   

   8.    Wash and soak the Luminex analyzer, following the standard 
procedures described in the appropriate Luminex hardware 
user manual.       

  Once the data is acquired, an output fi le is created under the 
Luminex batch run folder. Use the xTAG Data Analysis Software 
(TDAS) GPP to analyze this fi le following the procedure below.

    1.    Verify that the Luminex output fi le is accessible by the com-
puter where TDAS GPP is installed.   

   2.    Launch TDAS GPP through the  Start  then  All Programs  
menu or by double-clicking the desktop icon.   

   3.    Click  Open  on the  File  menu.   
   4.    Browse to the output fi les by double-clicking the fi les to add 

them to the  File names  list box. Ensure that TDAS GPP recog-
nizes the selected fi les and will analyze them using the xTAG 
Gastrointestinal Pathogen Panel analysis module.   

   5.    Click  Open . TDAS GPP will automatically analyze the output 
data and present the results of the run ( see   Note 18 ).      

  A detailed and comprehensive description of xTAG GPP clinical 
studies can be found in the xTAG GPP Kit Package Insert. 

3.6  Data Analysis

3.7  Performance 
of xTAG GPP 
for Detection 
and Identifi cation 
of Salmonella
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  A total of 1,407 prospectively collected stool specimens were 
tested, of which 28 were positive for  Salmonella  by xTAG GPP. Ten 
of these specimens were confi rmed by culture. Two of the eighteen 
 Salmonella  xTAG GPP positive, culture-negative specimens were 
also confi rmed as positive by bidirectional sequencing using vali-
dated primers targeting genomic regions distinct from the xTAG 
GPP target regions. Typing results from the ten culture-positive 
specimens revealed that there were three  S. enterica  ser. 
Typhimurium, and one each of  S. enterica  ser. Typhi,  S. enterica  
ser. Salamae,  S. enterica  ser. Javiana,  S. enterica  ser. Bredeney,  S. 
enterica  ser. Mississippi,  S. enterica  ser. Heidelberg, and  S. enterica  
ser. Muenchen. The overall performance of xTAG GPP for 
 Salmonella  detection demonstrated a sensitivity of 100 % (10/10) 
with a 95 % confi dence interval (CI) of 72.2–100 %, and a specifi c-
ity of 98.4 % with a 95 % CI of 97.6–99.0 %.  

  A total of 203 archived stool specimens that were positive by refer-
ence methods for pathogens that were of low prevalence in the 
prospective sample set were collected at multiple sites in North 
America, Africa, and Europe. Of this set, 27 specimens were posi-
tive for  Salmonella  by bacterial culture. xTAG GPP detected 
 Salmonella  in 24 of these specimens, resulting in an 88.9 % (24/27) 
positive agreement with a 95 % CI of 71.9–96.1 %.  

  The limit of detection (LoD) for  Salmonella  was assessed by analysis 
of serial dilutions prepared from high titer stocks of  S. enterica  ser. 
Typhimurium (American Type Culture Collection [ATCC] 
13311) in a negative stool matrix. The dilution at the LoD was 
confi rmed with a minimum of 20 replicates. The titer correspond-
ing to the estimated LoD for  Salmonella  was 2.34 × 10 5  CFU/mL 
with an average median fl uorescent intensity (MFI) of 1377 
(CV = 17.87 %) for Salmonella Probe 1 and 1005 (CV = 25.29 %) 
for Salmonella Probe 2.  

  Repeatability was assessed by testing 20 replicates of each of two ana-
lyte concentrations: a very low positive sample at the LoD titer, and 
a moderate positive sample at a titer generating MFI values 5–10 
times above the analyte-specifi c negative threshold MFI. All repli-
cates for each dilution were examined in a single run starting with 
sample extraction on the NucliSENS easyMAG system followed by 
xTAG GPP. For each set of 20 replicates, the same operator 
performed the testing on the same instrument system, using the 
same lot of extraction kit and xTAG GPP reagents. Table  2  illustrates 
the repeatability of the assay for detection of  Salmonella .

   Site-to-site reproducibility was assessed by testing replicates of 
each of three analyte concentrations: a high negative sample at a 
titer yielding MFI values not less than 20–30 % of the analyte- 
specifi c negative threshold, a low positive sample at a titer 

3.7.1  Prospective 
Specimen Data Set

3.7.2  Preselected 
Positive Specimen Data 
Set

3.7.3  Limit of Detection

3.7.4  Repeatability 
and Reproducibility
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producing MFI values 1–5 times above the analyte-specifi c negative 
threshold, and a moderate positive sample at a titer generating 
MFI values 7–10 times above the analyte-specifi c negative thresh-
old. Samples were also prepared to simulate coinfections where 
one microbial target was present at the low positive titer and a 
second target was present at a high titer (10 5  PFU/mL for viruses 
and 10 6  CFU/mL or higher for bacteria). Replicates were tested at 
three sites by two operators at each site, with fi ve runs performed 
by each operator. Each sample (prepared by dilution of positive 
stool or pathogen spiked into negative stool) underwent a single 
pretreatment and extraction on the NucliSENS easyMAG system 
and extracted material was stored at −70 °C until testing. For dual 
analyte samples, all microbial targets generated a positive call for all 
replicates when at the high positive concentration, whereas three 
of six combinations generated a positive call for all replicates when 
at the low positive concentration. Two of ninety replicates of high 
positive enterotoxigenic  E. coli  plus low positive  Salmonella  gener-
ated a negative call for  Salmonella , and 4 of 90 replicates of high 
positive  Salmonella  plus low positive rotavirus generated a negative 
call for rotovirus. Site-to-site reproducibility for detection of 
 Salmonella  is shown in Table  3 .

     Reactivity for  Salmonella  was assessed through empirical testing of 
a wide range of clinically relevant  Salmonella  strains, serotypes, and 
isolates representing the temporal and geographical diversity of 
 Salmonella . Reactivity was established for a total of 113 unique 
 Salmonella  samples at a concentration 2–3 times the LoD. The 
113  Salmonella  strains that were detected by xTAG GPP are listed 
in Table  4  with reference numbers from the ATCC, National 
Collection of Type Cultures (NCTC), and/or the French National 
Reference Center (CNR).

     Cross-reactivity was assessed with bacterial, viral, and parasitic 
pathogens associated with gastrointestinal infections that are not 
probed by the assay. Potential cross-reactivity was also assessed for 
commensal fl ora and non-microbial agents. Organisms were tested 

3.7.5  Reactivity

3.7.6  Cross-Reactivity

   Table 2  
  Repeatability of xTAG ®  GPP for  Salmonella  detection   

 Analyte  Dilution level 
 Concentration 
(CFU/mL) 

 xTAG GPP 
positive calls 

 Mean 
MFI  %CV 

 Salmonella 
Probe 1 

 Moderate positive  9.38 × 10 5   20/20  2,100   6.42 
 Low positive  2.34 × 10 5   20/20  1,377  17.87 

 Salmonella 
Probe 2 

 Moderate positive  9.38 × 10 5   20/20  1,916  11.20 
 Low positive  2.34 × 10 5   20/20  1,005  25.29 
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at high positive titers and no cross-reactivity was observed for 
 Salmonella  (no false positive calls). Of 86 relevant pathogens 
tested, cross-reactivity was observed for only 2:  Campylobacter 
fetus  subsp.  fetus  (type strain, ATCC 27374, NCTC 10842) at a 
concentration of 6.00 × 10 8  CFU/mL resulted in a positive call for 
 Campylobacter , and  E. coli  serotype O124:NM (ATCC 43893) 
resulted in a positive call for  Shigella . For the 121 commensal fl ora 
tested, only  Salmonella subterranean  (ATCC BAA-836) at a con-
centration of 6.00 × 10 8  CFU/mL yielded a false positive call for 
 Shigella .   

      1.    Resuspend the InstaGene matrix by vortex ( see   Note 19 ).   
   2.    Add 20 μL of InstaGene matrix to each 0.2 mL PCR tube.   
   3.    Add a 1 μL loopful of fresh isolate to the appropriate 0.2 mL 

PCR tube ( see   Note 20 ).   
   4.    Cap the PCR tubes and vortex for 15 s.   
   5.    Place the PCR tubes in a thermal cycler (with heated lid 

enabled) and incubate under the following conditions: 1 cycle 
at 56 °C for 10 min, 1 cycle at 100 °C for 5 min, hold at 4 °C 
( see   Note 21 ).   

   6.    Add 100 μL of Molecular Grade water to each PCR tube.   

3.8  Extraction 
and Quantifi cation 
of Salmonella Isolate 
DNA for xMAP SSA

   Table 3  
  Reproducibility of xTAG ®  GPP for  Salmonella  detection   

 Sample  High negative  Low positive  Medium positive 

 Concentration  3.66 × 10 3  CFU/mL  1.17 × 10 5  CFU/mL  9.38 × 10 5  CFU/mL 

 Probe  1  2  1  2  1  2 

 Site 1  Agreement with 
expected result (%) 

 24/30 
(80) 

 29/30 
(96.7) 

 30/30 
(100) 

 29/30 
(96.7) 

 30/30 
(100) 

 30/30 
(100) 

 Median MFI  75.3  44.5  938.5  591  2,681.3  2,870 
 %CV  NA  NA  23.48  37.04  6.01  6.07 

 Site 2  Agreement with expect 
result (%) 

 23/30 
(76.7) 

 22/30 
(73.3) 

 30/30 
(100) 

 30/30 
(100) 

 30/30 
(100) 

 30/30 
(100) 

 Median MFI  42  30  867  565.5  3,089  3,289 
 %CV  NA  NA  28.89  44.35  15.27  13.89 

 Site 3  Agreement with 
expected result (%) 

 30/30 
(100) 

 28/30 
(93.3) 

 30/30 
(100) 

 30/30 
(100) 

 30/30 
(100) 

 30/30 
(100) 

 Median MFI  65.5  56.3  936  691  2,323.5  2,526.3 
 %CV  NA  NA  26.03  34.62  20.44  22.38 

 Overall  Agreement with 
expected result (%) 

 77/90 
(85.6) 

 79/90 
(87.8) 

 90/90 
(100) 

 89/90 
(98.9) 

 90/90 
(100) 

 90/90 
(100) 

 Median MFI  72.8  48  956  690  2,712.8  2,986.5 
 %CV  NA  NA  26.06  40.15  20.01  19.72 

   NA  not applicable  
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   Table 4  
   Salmonella  spp. recognized by xTAG GPP   

 Species  Subspecies  Serotype  Reference numbers for strains tested 

  S. enterica   subsp.  enterica   4:i:-  07-7741, CNR; 07-2537, CNR 

 Agona  ATCC 51957; 05-960, CNR; 1137/72, CNR 
 Anatum  ATCC 9270; 84K, CNR; 08-2926, CNR 
 Bareilly  ATCC 9115 
 Braenderup  ATCC 700136; 49K, CNR 
 Brandenburg  24K, CNR 

 CDC_ Salmonella  A 
 Cholerasuis  ATCC 7001 
 Cholerasuis var. 

Decatur 
 2/84, CNR 

 Cholerasuis var. 
Kunzendorf 

 36K, CNR 

 Cholerasuis 
sensu stricto 

 34K, CNR 

 Corvallis  236K, CNR 
 Derby  ATCC 6960; 20K, CNR; 354/67, CNR 
 Dublin  05-1078, CNR; 65K, CNR 
 Enteritidis  89-323, CNR; 02-131, CNR; 02-9053, CNR; 

89-329, CNR; 5-56, CNR; 03-3527, CNR; 
02-4884, CNR 

 Hadar  ATCC 51956; 02-2760, CNR; 2-74, CNR 
 Heidelberg  ATCC 8326; 16K, CNR; 08-2380, CNR 
 Infantis  ATCC BAA-1675;158K, CNR; 05-6334, CNR 
 Javiana  4-57, CNR; 214K, CNR 
 Kentucky  ATCC 9263; 98K, CNR; 07-6574, CNR; 06-5737, 

CNR 
 Mississippi  1933/77, CNR 
 Montevideo  ATCC8387; 126K, CNR; 06-7410, CNR; 46K, 

CNR; 06-8080, CNR; 06-8107, CNR; 05-8072, 
CNR 

 Muenchen  ATCC 8388; 54K, CNR 
 Newport  ATCC 6962; 05-815, CNR; 50K, CNR; 04-2487, 

CNR; 01-2174, CNR; 02-7891,CNR 
 Oranienburg  ATCC 9239; 42K,CNR 
 Panama  ATCC 7378; 73K, CNR 
 Paratyphi A  1K, CNR; 06-2065, CNR 
 Paratyphi B  ATCC 8759; CIPA214, CNR; 05-4862, CNR; 

02-9348, CNR; 5K, CNR; 02-2529, CNR; 
6332/88-1, CNR 

 Paratyphi B var. 
Java 

 ATCC 51962 

 Paratyphi B var. 
L(+) tartrate + 

 CDC_ Salmonella  B 

 Paratyphi C  32K, CNR 
 Saintpaul  ATCC 9712; 108K, CNR; 05-5166, CNR 
 Stanley  ATCC 7308; 15K, CNR; 397K, CNR 
 Tennessee  142K, CNR 

(continued)
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   7.    Vortex the PCR tubes for 15 s and centrifuge for 5 min.   
   8.    Without disturbing the pellet, carefully remove 50 μL of the 

supernatant from each PCR tube and place into a new tube 
( see   Note 22 ).   

   9.    Quantify the DNA using a NanoDrop spectrophotometer or 
another comparable DNA quantifi cation method.   

   10.    Dilute the DNA to 100 ng/μL using Molecular Grade water 
( see   Note 23 ).      

  For each sample, 2 μL of extracted DNA is used in each of three 
PCR reactions (O, H and AT). During setup, the master mixes 
and samples should be kept on ice or a cold block to avoid high 
background in the assay.

    1.    Thaw the PCR master mix components.   
   2.    Label the appropriate number of 0.2 mL thin wall PCR tubes 

(three for each sample). Include one no-template control 
reaction for each of the three master mixes.   

   3.    Briefl y vortex and centrifuge the primers and HotStarTaq 
Master Mix before use.   

   4.    Prepare three separate PCR master mixes (one for the O antigen, 
one for the H antigen, and one for the AT assay). For one reac-
tion, add the following for each master mix: 12.5 μL Qiagen 
HotStarTaq Master Mix, 2.5 μL appropriate Primer Mix, and 
8 μL Molecular Grade water ( see   Note 25 ).   

   5.    For each sample, dispense 23 μL of each of the three master 
mixes into a separate PCR tubes.   

3.9  PCR for xMAP 
SSA ( See   Note 24 )

Table 4
(continued)

 Species  Subspecies  Serotype  Reference numbers for strains tested 

 Thompson  ATCC 8391; 40K, CNR 
 Typhimurium  38 (98) MN, CNR; 49 (98) MN, CNR; 150 (98) 

MN, CNR; 226 (97) MN, CNR; 31 (98) MN, 
CNR; 02-1180,CNR; 14-58, CNR; 00-7866, CNR; 
75-2099, CNR; 75/67, CNR; SonLa1/Hoang63, 
CNR; 02-3215, CNR; 02-4577, CNR; DK4, CNR; 
LT2,CNR; 01-1639, CNR; 02-4496, CNR 

 Virchow  ATCC 51955; 41K, CNR; 03-5167, CNR 
 subsp.  arizonae   53:g,z51:-  SO 8/9, CNR 
 subsp.  diarizonae   17:z10:e,n,z15  1458/74, CNR 
 subsp.  salamae   11:l,z28:enx  1368K, CNR 
 subsp.  houtenae   6,7:z4,z24:-  575K, CNR 
 subsp.  indica   11:b:1,7  437/68, CNR 

  S. bongori   Type strain  ATCC 43975 (NCTC 12419) 
 66:z35:-  1900/76, CNR 
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   6.    Add 2 μL of the diluted sample DNA (100 ng/μL) to each of the 
labeled PCR tubes. Cap the tube immediately after addition of 
the sample.   

   7.    Add 2 μL of Molecular Grade water to each no-template control 
tube. Cap the tube immediately after addition of the water.   

   8.    Mix the PCR tubes by vortex and centrifuge for 5 s to ensure 
all reaction components are at the bottom of the tubes.   

   9.    Place the PCR tubes in the thermal cycler and cycle using the 
following conditions (with heated lid enabled): 1 cycle at 
95 °C for 15 min; 30 cycles of 94 °C for 30 s, 48 °C for 90 s, 
72 °C for 90 s; 1 cycle at 72 °C for 10 min; hold at 4 °C.      

      1.    Vortex and sonicate the bead mixes for 10 s to resuspend the 
microspheres ( see   Note 26 ).   

   2.    Prepare the working bead mixes by individually diluting the 
3.75× stock O, H, and AT bead mixes provided to 1× using 
Assay Buffer (dilute 1:3.75). Each hybridization reaction 
requires 45 μL of diluted bead mix ( see   Note 27 ).   

   3.    For each sample, dispense 45 μL of each 1× bead mix into a 
separate well in a 96-well PCR plate. Each sample requires 
three wells, one for each microsphere mix.   

   4.    Add 5 μL of each PCR product to the wells that contain the 
corresponding microsphere mix. Add O group PCR products 
to the wells containing O group microsphere mix, H group 
PCR products to the wells containing H group microsphere 
mix, and AT PCR products to the wells containing AT group 
microsphere mix.   

   5.    Seal the PCR plate with Microseal ‘A’ fi lm.   
   6.    Transfer the PCR plate to the thermal cycler and incubate 

under the following conditions (with heated lid enabled): 
95 °C for 5 min, 52 °C for 30 min, hold at 52 °C.   

   7.    During the hybridization, set the heater block in the Luminex 
100/200 to 52 °C ( see   Note 28 ).   

   8.    When 10 min are remaining in the hybridization step, prepare a 
SAPE solution by diluting the 1 mg/mL stock solution 1:167 in 
Assay Buffer to a fi nal concentration of 6 μg/mL. Each hybrid-
ization reaction requires 50 μL of diluted SAPE ( see   Notes 29  
and  30 ).   

   9.    When the hybridization is complete, transfer the PCR plate to the 
preheated 52 °C heater block in the Luminex 100/200 analyzer 
and carefully remove the Microseal ‘A’ fi lm. Add 50 μL of the 
diluted SAPE (6 μg/mL) solution to each well ( see   Note 31 ).   

   10.    Pipette the contents of each well up and down 5 times to mix 
and retract the PCR plate into the Luminex 100/200 analyzer 
( see   Note 32 ).   

3.10  Bead 
Hybridization 
and Detection 
for xMAP SSA
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   11.    Incubate the PCR plate in the heater block in the Luminex 
100/200 analyzer at 52 °C for 10 min.   

   12.    Analyze the completed reactions on the Luminex 100/200 
analyzer calibrated to the high reporter gain setting.      

  The Luminex analyzer should be prepared and ready for data acqui-
sition prior to bead hybridization. Procedures for preparation and 
calibration are described in the appropriate instrument hardware 
and software manuals. The xMAP SSA data acquisition protocols 
and instructions for setting up batches using xMAP SSA protocols 
are available on the Downloads section of the Luminex website at: 
  http://www.luminexcorp.com/Downloads/index.htm    . 

 The xMAP SSA uses the MFI values to make positive or nega-
tive calls for each probe or antigen. The raw output fi le (.csv) is 
interpreted manually to identify positive probes which are then cross 
referenced to the White–Kauffmann–Le Minor scheme [ 13 ]. In 
general, any probe with a MFI value greater than 1,000, a signal- 
to-noise (S/N) of 6 or greater, or both is considered positive.

    1.    Evaluate the results for the no-template control wells. The 
MFI value should be less than 300 for any probe in the no-
template control reactions ( see   Note 33 ).   

   2.    Evaluate the results for each sample. A MFI value equal to or 
greater than 1,000 for any probe in a sample well is considered 
positive.   

   3.    Calculate the S/N ratio for each probe for each sample by 
 dividing the MFI value of the probe in the sample well by the 
MFI value of the same probe in the no-template control well. 
A S/N ratio of 6 or greater is considered positive ( see   Note 34 ).   

   4.    Compare the scored results to the White–Kauffmann–Le 
Minor scheme to determine the  Salmonella  serotype ( see   Notes 
35  and  36 ).    

    A panel of 189  Salmonella  isolates received from six different loca-
tions, including poultry producers, food safety testing laboratories, 
state public health laboratories, and the Centers for Disease Control 
and Prevention (CDC), were analyzed (Table  5 ). Serotype identity 
of these isolates had been previously determined by agglutination 
by the source laboratory. This panel included one to three isolates 
each of the top 100 most prevalent  Salmonella  serotypes in the 
USA (as listed by the CDC), plus additional serotypes. The panel 
was divided into three subsets for analysis by one of three indepen-
dent operators and each sample subset was analyzed on a different 
Luminex 200 analyzer. Data were scored as described above. Of 
the 189 isolates tested, 185 were correctly serotyped by xMAP 
SSA, yielding a concordance of 97.8 % to the agglutination method. 
xMAP SSA could not determine the serotype for four of the 
 Salmonella  isolates tested. One of these was B:z4:-, which is not 

3.11  Data 
Acquisition 
and Interpretation 
for xMAP SSA

3.12  Performance 
of xMAP SSA 
for Salmonella 
Serotyping
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   Table 5  
  Panel of  Salmonella  isolates evaluated by xMAP ®  SSA   

 Ranking a   Serotype 
 Number 
tested  Ranking  Serotype 

 Number 
tested 

 50  Adelaide  2  65  Johannesburg  2 

 73  Agbeni  1  43  Kentucky  2 

 15  Agona  2  53  Kiambu  2 

 76  Alachua  2  92  Kintambo  2 

 67  Albany  2  Kokomlemle  1 

 23  Anatum  2  91  Kottbus  1 
 B:i:-  1  28  Litchfi eld  2 
 B:z4:- b   1  Liverpool  1 

 84  Baildon  2  80  Lomalinda  2 
 Bandia  1  62  London  2 

 60  Bardo  2  Madelia  1 

 22  Bareilly  1  47  Manhattan  2 

 18  Berta  1  25  Mbandaka  2 

 52  Blockley  2  90  Meleagridis  2 

 42  Bovismorbifi cans  2  39  Miami  2 

 11  Braenderup  2  57  Minnesota  2 

 34  Brandenburg  1  13  Mississippi  3 

 61  Bredeney  2  87  Monschaui  1 

 66  Cerro  1  6  Montevideo  2 

 68  Chester  2  7  Muenchen b   2 

 89  Choleraesuis  2  45  Muenster  2 

 93  Corvallis  1  3  Newport  2 

 77  Cubana  2  98  Nima  1 

 31  Derby b   2  36  Norwich  3 

 46  Dublin  2  51  Ohio  2 

 85  Ealing  2  10  Oranienburg  2 

 79  Eastbourne  2  Orientalis  1 

 82  Edinburg  1  72  Oslo  2 

 2  Enteritidis  3  83  Othmarschen  1 

 40  Gaminara  2  26  Panama  2 

 38  Give  2  32  Paratyphi A  2 

(continued)
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among the top 100 serotypes. Of the remaining three discordant 
isolates, other isolates of the same serotype were correctly detected 
by xMAP SSA.

4        Notes 

     1.    Use caution when handling xTAG GPP kit components. Store 
kit components under the proper conditions as indicated in the 
xTAG GPP Kit Package Insert. Reagents have been validated 
for six freeze-thaws. For a 96-test kit, this assumes a maximum 
of six batches would be run with reagents provided from a 
given lot.   

   2.    Do not use the kit or any kit components past the expiry 
date indicated on the kit carton label. Do not interchange kit 

Table 5
(continued)

 Ranking a   Serotype 
 Number 
tested  Ranking  Serotype 

 Number 
tested 

 74  Grumpensis  1  27  Paratyphi B b   2 

 78  Haardt  1  16  Paratyphi B var. L 
(+) tartrate + 

 2 

 19  Hadar  2  100  Pensacola  1 

 24  Hartford  2  48  Pomona  2 

 64  Havana  2  21  Poona  2 

 4  Heidelberg  2  49  Reading  2 

 59  Hvittingfoss  2  96  Rissen  1 
 I 11:a:-  1  37  Rubislaw  2 
 I 4,[5],12:b:-  2  9  Saintpaul  2 
 I 4,[5],12:i:-  2  29  Sandiego  2 

 94  I 9,12:I,z28:-  2  30  Schwarzengrund  1 

 95  Ibadan  2  35  Senftenberg  2 
 II 50:b:z6  1  20  Stanley  2 

 70  Indiana  2  63  Telelkebir  2 

 12  Infantis  2  33  Tennessee  2 

 58  Inverness  2  14  Thompson  2 

 99  Irumu  1  17  Typhi  2 

 88  IV 44:z4,z23:-  1  1  Typhimurium  2 
 IV 44:z36:-  1  54  Uganda  2 

   a Indicates the rank of the serotype within the top 100 serotype list as provided by the CDC 
  b xMAP SSA result for one isolate of the serotype did not match agglutination results  
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components from different kit lots. Kit lots are identifi ed on 
the kit carton label.   

   3.    Store kit components under the proper conditions as indicated 
in the xMAP SSA Kit Package Insert.   

   4.    TMAC (Tetramethylammonium Chloride), a component of 
the Assay Buffer, is toxic and may be fatal if swallowed. Do not 
ingest and do not get on skin or clothing. Wash hands thor-
oughly after handling.   

   5.    Although the Vi antigen may be present in  S. enterica  ser. 
Paratyphi C and  S. enterica  ser. Dublin, the AT assay Vi target 
is specifi c for  S. enterica  ser. Typhi Vi gene sequence. The  fl jB  
probe may be positive even if the second phase is not detected 
in the H antigen assay. This implies the presence of a second 
phase that is not a part of the 35 targets included in the H 
antigen assay.   

   6.    Stool specimens should be collected as soon after onset of 
symptoms as possible. Fresh stool specimens should be 
placed in sterile, leak-proof, wide-mouthed, preservative-
free containers.   

   7.    Unpreserved raw stool specimens should be transported to the 
laboratory at 4 °C. Raw stool specimens should be tested by 
xTAG GPP as soon as they are received in the laboratory or 
frozen at −70 °C until testing. Repeat freezing and thawing of 
specimens is not recommended.   

   8.    Cultured material can be extracted with or without sample 
pretreatment. Use 200 μL of culture material directly and fol-
low manufacturer’s specifi cations for a given extraction 
method.   

   9.    Use the recommended amount of stool specimen for best 
results. Adding too much stool may result in an increased rate 
of PCR inhibition. Adding too little stool may result in low 
sensitivity.   

   10.    Leftover pretreated supernatant (in the SK38 bead tube) can 
be stored at −80 °C for up to 30 days. Extracted nucleic acid 
can be stored at −80 °C for up to 30 days.   

   11.    When calculating master mix volumes for multiple reactions, 
include a 10 % overage to account for pipetting variability.   

   12.    Do not over mix. Froth generation during mixing is undesir-
able. Avoid bubbles in the tube prior to placing in the ther-
mal cycler.   

   13.    The total thermal cycling run time for xTAG GPP should be 
approximately 2 h and 10 min. Adjust ramp speed as needed to 
reach the recommended total run time.   
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   14.    When calculating reporter solution for multiple reactions, 
include a 20–25 % overage to account for pipetting variability 
and reservoir dead volume.   

   15.    When mixing samples, care must be taken to prevent cross- 
contamination. Pipette up and down using a slow deliberate 
motion and avoid generating bubbles by keeping the pipette 
tip immersed in the liquid while mixing.   

   16.    For protocol installation, refer to the  Instructions for Installing 
the Data Acquisition Protocol  section of the xTAG GPP Kit 
Package Insert. For TDAS GPP installation, refer to the 
 Installing TDAS GPP  section of the xTAG GPP Kit Package 
Insert.   

   17.    Use caution when removing the Microseal ‘A’ fi lm from the 
wells to avoid cross-contamination.   

   18.    xTAG GPP includes two  Salmonella  probes to enhance sensi-
tivity for  Salmonella . Results for  Salmonella  are determined 
from the two  Salmonella  probes through a dependent call 
algorithm. TDAS GPP fi rst evaluates the MFI signal for 
Salmonella Probe 1. If the MFI is less than the analyte-specifi c 
negative threshold, the sample is negative for  Salmonella . If 
the MFI is equal to or greater than the positive threshold, the 
sample is positive for  Salmonella . If the MFI for Salmonella 
Probe 1 is equal to or greater than the analyte-specifi c negative 
threshold, but less than the positive threshold (Equivocal 
Zone), TDAS GPP evaluates Salmonella Probe 2. If the MFI 
for Salmonella Probe 2 is equal to or greater than the positive 
threshold in combination with an equivocal MFI for Salmonella 
Probe 1, the sample is positive for  Salmonella .   

   19.    Ensure that the InstaGene matrix is vortexed thoroughly 
before use. The matrix tends to settle, reducing the effi ciency 
of the extraction.   

   20.    Use the side of the PCR tube to remove the cells from the loop.   
   21.    These steps can also be performed using heat blocks instead of 

a thermal cycler.   
   22.    The genomic DNA is in the supernatant. Care should be taken 

when pipetting as any pelleted material accompanying the 
DNA may adversely affect PCR effi ciency.   

   23.    The diluted DNA may be stored at −20 °C.   
   24.    Primers and PCR reagents should be used in a PCR grade 

hood to avoid contamination. Do not work with DNA in close 
proximity to the PCR reagents to avoid contamination of the 
reagents.   

   25.    When calculating volumes for master mix, include a two reaction 
overage for every eight reactions to account for pipetting waste.   
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   26.    Luminex beads are photosensitive. Avoid prolonged exposure 
to light. Prepare a fresh dilution of the microsphere mixes before 
each use. Microsphere mixes are not stable in Assay Buffer for 
extended periods.   

   27.    Prepare a suffi cient volume of the microsphere mixes for the 
number of wells plus a few reactions overage for pipetting 
waste.   

   28.    Ensure that the heater block is in place inside the Luminex 
100/200 analyzer before turning on the heater.   

   29.    SAPE is photosensitive. Prepare a fresh aliquot of the SAPE 
solution at the working concentration (6 μg/mL) before each 
use. SAPE is not stable in Assay Buffer for extended periods. 
Never freeze the vial of SAPE.   

   30.    Prepare suffi cient volume of SAPE reporter solution for the 
number of reactions plus a 4 reaction overage for every 24 
wells to account for pipetting waste.   

   31.    Care should be taken to ensure that the plate remains at target 
temperature of 52 °C as increase or decrease in temperature 
may adversely affect results.   

   32.    Mix carefully to prevent formation of bubbles and potential 
cross-contamination of reactions.   

   33.    In certain cases the MFI value in the no-template control can 
be greater than 300. The H;f probe is known to have higher 
background values between 300 and 500 MFI. Therefore the 
acceptable negative control value for such probes may be 
higher than 300 MFI.   

   34.    The MFI value for a positive sample may be slightly less than 
1,000, or approach but not meet the S/N threshold of 6.0, or 
both. Each laboratory should establish its own acceptable 
threshold values.   

   35.    For additional information on interpretation of the results 
obtained by xMAP SSA, refer to the xMAP SSA Kit Package 
Insert.   

   36.    The Additional Targets (AT) assay includes several serotype- 
specifi c targets. The  fl jB  target is a positive control for the 
second motility phase of Salmonella and indicates a second 
phase of the H antigen exists. Some serotypes or isolates may 
yield false negative results for  fl jB . Refer to the xMAP SSA 
Kit Package Insert for a list of serotypes that may have false 
negative results for  fl jB . A positive signal on the  sdf  probe 
indicates that the isolate is  S. enterica  ser. Enteritidis. The Vi 
probe is specifi c for the Vi gene sequence found in  S. enterica  
ser. Typhi.         
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    Chapter 2   

 Quantitative Proteomic Identifi cation of Host Factors 
Involved in the  Salmonella  typhimurium Infection Cycle 

              Dora     Kaloyanova    ,     Mijke     Vogels    ,     Bas     W.M.       van Balkom    , 
and     J.     Bernd     Helms    

    Abstract 

   Quantitative proteomics, based on stable isotope labeling by amino acids in cell culture (SILAC), can be 
used to identify host proteins involved in the intracellular interplay with pathogens. This method allows 
identifi cation of proteins subject to degradation or upregulation in response to intracellular infection. 
It can also be used to study intracellular dynamics (traffi cking) of proteins in response to the infection. 
Here, we describe the analysis of changes in protein profi les determined in Golgi-enriched fractions 
isolated from cells that were either mock-infected or infected with  Salmonella typhimurium.  Using the 
SILAC approach we were able to identify 105 proteins in Golgi-enriched fractions that were signifi cantly 
changed in their abundance as a result of  Salmonella  infection.  

  Key words     Host–pathogen interactions  ,    Salmonella typhimurium   ,   SILAC  ,   Cellular fractionation  , 
  Golgi membrane enrichment  

1      Introduction 

 In the last decade a powerful quantitative proteomic approach has 
been developed in which proteins are marked using stable isotope 
labeling by amino acids in cell culture (SILAC). This technique 
was developed by Ong et al. [ 1 ] in 2002 and makes use of in vivo 
incorporation of stable isotopes allowing mass spectrometry (MS)-
based quantitative proteomic analyses. Typically, two cell pools are 
used for SILAC experiments: one with cells grown in normal 
medium (containing the “light” amino acids) and one with cells in 
medium in which one or two essential amino acids are replaced by 
the “heavy” isotope forms of these amino acids, allowing for the 
identifi cation of peptides from each sample in MS-MS spectra. 
After a few cell passages, all proteins produced by the cells in the 
“heavy” medium have incorporated the “heavy” amino acids. Cells 
in the “light” and “heavy” medium can then be treated differently, 
e.g., treated versus non-treated or infected versus non-infected cells. 
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The cells from both treatments are then combined in a 1 to 1 ratio 
and differences in protein abundance due to the treatment can be 
assessed and quantifi ed by MS (Fig.  1 ) [ 2 ]. SILAC has become a 
powerful tool to investigate changes in the host cell proteome 
upon infection with an intracellular pathogen, allowing elucidation 
of host–pathogen interactions [ 3 – 9 ].

   Most proteomic approaches published so far deal with the 
analysis of cellular proteomes of total cell lysates rather than spe-
cifi c cellular compartments [ 6 ,  7 ,  9 ]. However, a major advantage 
of using quantitative proteomics to study host–pathogen interac-
tions is the ability to fractionate the samples before analysis. In this 
way, specifi c compartments of the host cell, such as the organelles 
that make up the secretory pathway, can be studied. 

 In this chapter we describe the procedure recently used in our 
lab [ 10 ] to investigate  Salmonella –host interactions in more detail 

  Fig. 1    Stable isotope labeling by amino acids in cell culture (SILAC). Schematic representation of the SILAC 
procedure. Two cell pools incubated under different conditions are used for SILAC experiments; one pool with 
cells growing in normal media (containing “light” amino acids) and one pool with cells growing in media con-
taining “heavy” amino acids. Cells from the two pools are combined to a 1:1 ratio, proteins are separated and 
digested in gel with trypsin. Subsequently, the peptides are applied to a mass spectrometer (MS), analyzed and 
quantifi ed. Ratios are calculated between the “light” and “heavy” peptides, which refl ect differences between 
protein abundance in the two cell pools. Adapted and modifi ed from Oda et al. [ 2 ]       
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by using a quantitative proteomics approach (SILAC) in combination 
with cell fractionation. We compared the protein profi les of iso-
lated Golgi-enriched fractions from cells that were either infected 
with  S. typhimurium  or mock-infected. After statistical analysis, 
105 proteins were identifi ed that were signifi cantly changed in 
their abundance in the Golgi-enriched fraction upon  Salmonella  
infection. This technique was also previously applied in our labora-
tory to investigate interactions of coronaviruses with the host 
secretory pathway [ 11 ].  

2    Materials 

      1.    HeLa cells.   
   2.    Dulbecco’s Modifi ed Eagle medium (DMEM; Cambrex).   
   3.    Fetal calf serum (FCS; Life Technologies (Paisley)).   
   4.    Penicillin and streptomycin (pen/strep); both from Life 

Technologies (Paisley).   
   5.    PBS.   
   6.    Trypsin.   
   7.    T75, T175 fl asks (Corning) and 24-well plates (Corning) for 

cell culture.   
   8.    Luria–Bertani (LB) broth and agar plates ( see   Note 1 ).   
   9.    Gentamycin (Gibco).      

      1.    DMEM lacking  L -arginine and  L -lysine (PAN-biotech cat.no. 
P04-04510S2).   

   2.     L -arginine- 13 C 6  15 N 4  hydrochloride (heavy; Spectra Stable 
Isotopes, cat.no. 548ARG98).   

   3.     L -lysine- 13 C 6  15 N 2  hydrochloride (heavy; Spectra Stable 
Isotopes, cat.no. 548LYS98).   

   4.     L -arginine- 12 C 6  14 N 4  hydrochloride (light; Sigma, cat.no. 
A5131).   

   5.     L -lysine- 12 C 6  14 N 2  hydrochloride (light; Sigma, cat.no. L5626).   
   6.    Dialyzed FCS (Invitrogen, cat.no. 26400-044).   
   7.    Lysisbuffer: 20 mM Tris–HCl, pH 7.6; 150 mM NaCl; 1 % 

nonidet P-40; 0.5 % NaDOC; 0.1 % SDS; 2 μg/ml aprotinin; 
2 μg/ml leupeptin; 1 μg/ml pepstatin; 1 mM PMSF.      

      1.    Homogenization buffer: 250 mM sucrose in 10 mM Tris–
HCl, pH 7.4.   

   2.    Mixtures of protease inhibitors as tablets (Roche). Each tablet 
is suffi cient for a 50 ml solution.   

2.1  Cells 
and Bacteria

2.2   13 C 15 N-Arginine- 
and  13  C  15  N-Lysine -
Labeling of HeLa Cells

2.3  Isolation 
of Golgi-Enriched 
Fractions

Quantitative Proteomic Identifi cation of Host Factors Involved…
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   3.    PBS buffer prepared as 10× buffer: 1.37 M NaCl, 81 mM 
Na 2 HPO 4 , 15 mM KH 2 PO 4  and 27 mM KCl, pH of the 10× 
buffer is adjusted to pH 7.4.   

   4.    EDTA stock solution: 100 mM EDTA/KOH, pH 7.1.   
   5.    Sucrose solutions: 29 % w/w, 35 % w/w, and 62 % w/w sucrose 

in 10 mM Tris–HCl, pH 7.4 ( see   Note 2 ).      

      1.    Laemmli sample buffer: 50 mM TRIS, pH 6.8; 2.5 % 
β-Mercaptoethanol; 2 % SDS; 0.02 % Bromophenol; 10 % 
Glycerol.   

   2.    Bio-Rad Gel electrophoresis system.   
   3.    Ingredients for 5 % stacking gel: 30 % Acrylamide/Bis solution; 

1 M Tris–HCl, pH 6.8; Demi water; 10 % SDS solution; 10 % 
Ammonium Persulfate (APS) solution; TEMED.   

   4.    Ingredients for 12 % running gel: 30 % Acrylamide–Bis solution; 
1.5 M Tris–HCl, pH 8.8; Demi water; 10 % SDS solution; 
10 % APS solution; TEMED.   

   5.    Fixing solution: 5 % acetic acid/30 % methanol.   
   6.    Coomassie staining (GelCode Blue reagent (Pierce)).   
   7.    Destain solution: 30 mM potassium ferricyanide (K 3 Fe(CN) 6 ; 

9.9 mg/ml), 100 mM sodium thiosulfate (Na 2 S 2 O 3 ⋅5H 2 O; 
24.8 mg/ml) (Merck 6516).      

      1.    50 mM ammonium bicarbonate, pH 8.5 (NH 4 HCO 3 ; 4 g/L) 
(Ambic).   

   2.    Acetonitrile (AcN).   
   3.    6.5 mM DTT (1 mg/ml in 50 mM ammonium bicarbonate, 

pH 8.5) (ICN 194821).   
   4.    54 mM iodoacetamide (10 mg/ml in 50 mM ammonium 

bicarbonate, pH 8.5) (Sigma 16125).   
   5.    Trypsin: Dissolve 100 μg Trypsin in 1 ml 0.1 M HCl (store in 

10–50 μl aliquots at −80 °C). During the experiment, dilute 
stock 10× with 50 mM bicarbonate (10 ng/μl fi nal concentration) 
just before addition to gel piece.       

3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. 

  This step describes how the HeLa cells are cultured and kept in 
culture before performing experiments. Specifi c requirements for 
HeLa cells, necessary for the experiments, are described in the 
paragraphs of the respective experiments.

2.4  SDS 
Polyacrylamide Gel 
Components

2.5  In-Gel Tryptic 
Digestion

3.1  Cell Culture

Dora Kaloyanova et al.
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    1.    DMEM medium, used for the cell culture, is supplemented 
with 10 % fetal calf serum (FCS), 100 IU of penicillin/ml, and 
100 μg of streptomycin/ml (pen/strep).   

   2.    HeLa cells are grown in T75 fl asks and incubated overnight in 
an incubator at 37 °C/5 % CO 2 .   

   3.    When 80 % confl uency is reached, cells are trypsinized using 
trypsin ( see   Note 3 ) and plated in other flasks or plates 
( see   Note 4 ).      

   This step describes how an infection of HeLa cells with  Salmonella  
bacteria is performed in general [ 12 ]. Specifi c adjustments made 
in the experiments are described in the protocols of these 
experiments.

    1.     S. typhimurium  cultures are grown in LB broth for 16–18 h at 
37 °C with continuous shaking. On the day of the experiment, 
bacteria from the overnight culture are diluted 33 times in LB 
broth and incubated for another 3.5 h to reach the exponential 
phase as described before [ 13 ] ( see   Note 5 ).   

   2.    To follow a synchronized population of intracellular bacteria, 
HeLa cells are infected with  Salmonella  at a multiplicity of 
infection (MOI) of 100, for 15 min at 37 °C in DMEM with 
10 % FCS ( see   Note 6 ).   

   3.    Cells are washed thoroughly with PBS and incubated in 
DMEM with addition of 100 μg/ml gentamycin (Gibco) for 
1 h to kill all extracellular bacteria ( see   Note 7 ).   

   4.    The medium is replaced by DMEM with 10 % FCS and 10 μg/
ml gentamycin and the infection is continued for 5 h.    

    This step describes how labeling of HeLa cells works in general. 
Before performing SILAC experiments, it must be ensured that 
cells are labeled completely and how many passages this takes to 
accomplish. Therefore, this should be tested using the protocol 
below. Upon complete incorporation of labeled amino acids, the 
protocol described here results in peptide mass shifts of 8 and 
10 amu for each lysine and arginine in the peptide, respectively.

    1.    For the  13 C 15 N-arginine- and  13 C 15 N-lysine-labeling of HeLa 
cells, cells are cultured in specialized medium: DMEM lacking 
 L -arginine and  L -lysine, which is reconstituted with the heavy 
amino acids,  L -arginine- 13 C 6  15 N 4  hydrochloride and  L -lysine- 
13 C 6  15 N 2     hydrochloride (referred to as heavy medium). As a 
control for the extent of labeling, cells are also cultured in 
medium with the normal, light amino acids,  L -arginine-
 12 C 6  14 N 4  hydrochloride and  L -lysine- 12 C 6  14 N 2  hydrochloride 
(referred to as light medium) ( see   Note 8 ).   

   2.    The heavy and light culture media are supplemented with 
dialyzed FCS and pen/strep ( see   Note 9 ).   

3.2   Salmonella  
Infection

3.3   13 C 15 N-Arginine- 
and  13  C  15  N-Lysine -
Labeling of HeLa Cells

Quantitative Proteomic Identifi cation of Host Factors Involved…
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   3.    Cells are passaged in fresh medium when 80–90 % confl uency 
is reached. The extent and effi ciency of the stable isotope label-
ing of the HeLa cells are checked using MALDI-TOF-TOF 
analysis as shown previously [ 8 ] ( see   Note 10 ).   

   4.    When the mass spectrometry analysis shows that the incorpora-
tion of the  13 C 15 N amino acids is complete (Fig.  2 ), the SILAC 
experiments can be performed. In our case, incorporation was 
complete after 1 or 2 passages, but for practical reasons, cells 
that had been passaged six times in the heavy medium were 
used in the SILAC experiments.

         The SILAC procedure, which was described by Ong et al. [ 1 ], are 
performed with certain adjustments as we describe below and as 
was published previously [ 10 ,  11 ].

    1.    Two pools of HeLa cells are used that have been passaged six 
times in either the heavy or the light medium.   

   2.    The HeLa cells are grown in T175 fl asks (Corning) until 
confl uency of 80–90 % was reached (approximately 1 × 10 7  
cells per fl ask).   

   3.    Cells from eight culture fl asks are used per experiment, four 
fl asks per labeling condition.   

   4.    In each SILAC experiment, cells cultured either in the light or 
the heavy medium are mock-infected or infected with WT  S. 
typhimurium  at a MOI of 100 for 6 h ( see   Note 11 ). In our 
case a 6 h infection is used since that is the time point when 
 Salmonella  reaches the Golgi apparatus.    

        1.    Six hours post infection (p.i.), the  Salmonella -infected cells are 
harvested in homogenization buffer and combined in a 1:1 
ratio with the mock-infected cells ( see   Note 12 ).   

   2.    A Golgi-enriched fraction is isolated from the cells using an 
established method [ 11 ,  14 ,  15 ].
   (a)    Cells from 8 culture fl asks are trypsinized and harvested at 

500 ×  g  for 10 min and washed twice in cold PBS with sub-
sequent centrifugation at 500 ×  g  for 10 min.   

  (b)    The pellet is washed with cold homogenization buffer and 
the cells are spun down at 500 ×  g  for 10 min ( see   Note 13 ).   

  (c)    The pellet is resuspended in 5 volumes of cold homogeni-
zation buffer ( see   Note 14 ), followed by homogenization 
using a Balch homogenizer (Fig.  3 ) [ 16 ].

      (d)    Cells are homogenized with the Balch homogenizer (gap 
size 9 μm) with approximately 50–60 strokes ( see   Note 15 ).   

  (e)    Post nuclear supernatant (PNS) is obtained after centrifuga-
tion of the cell homogenate at 600 ×  g  for 10 min at 4 °C.   

3.4  SILAC 
Experiments; 
 Salmonella 
Typhimurium  Infection

3.5  SILAC 
Experiments; Isolation 
of a Golgi- Enriched 
Fraction
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  (f)    To 12 ml of PNS, 11 ml of 62 % (w/w) sucrose solution 
and 250 ml of 100 mM EDTA (pH 7.1) are added to 
obtain a homogenate with 37 % (w/w) sucrose concen-
tration ( see   Note 16 ).   

  (g)    Four milliliter of this homogenate is placed into a SW40 
tube Beckman) and overlaid with a 5 ml 35 % (w/w) and 
a 4 ml 29 % (w/w) layer of sucrose solution (in 10 mM 
Tris, pH 7.4) ( see   Note 17 ).   

  (h)    This gradient is centrifuged for 2 h and 40 min at 
100,000 ×  g .   

  (i)    Approximately 1 ml of a Golgi-enriched fraction is 
collected at the interphase of 35–29 % sucrose layers 
( see   Note 18 ).   

  (j)    For further analysis, the collected membranes are pelleted 
by centrifugation for 30 min at 100,000 ×  g  at 4 °C after 
the addition of 4 volumes of PBS to 1 volume of the Golgi-
enriched fraction. Alternatively, the collected membranes 
are stored at −80 ºC ( see   Note 19 ). Golgi-enrichment of 
the isolated fraction is verifi ed by western blot analysis using 
established organelle marker proteins.    

  Fig. 3    Balch homogenizer. To keep the homogenate at 4 °C, precool the homog-
enizer for 15 min on ice. Depending of the volume of PNS use a suitable syringe 
size (from 1 to 10 ml). The volume of the PNS to be homogenized should not 
exceed half of the maximum volume of the syringe [ 16 ]       
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            1.    Golgi-enriched membranes (80 μg protein) are dissolved in 
Laemmli sample buffer containing 10 mM DTT and heated 
for 5 min at 95 °C ( see   Note 20 ).   

   2.    Clean the glass plates of the Bio-Rad Gel Electrophoresis sys-
tem. Prepare the 12 % running gel by mixing 1.98 ml 30 % 
Acrylamide/Bis, 1.25 ml 1.5 M Tris–HCl, pH 8.8, 1.7 ml 
demi water, 50 μl 10 % SDS, 50 μl APS, and 3 μl TEMED and 
cast the gel between the glass plates into the cassette. Allow 
space for the stacking gel, gently overlay it with water, and let 
it solidify for 45 min at room temperature.   

   3.    Prepare the 5 % stacking gel by mixing 170 μl 30 % Acrylamide/
Bis, 130 μl 1 M Tris–HCl pH 6.8, 700 μl demi water, 10 μl 
10 % SDS, 10 μl APS, and 1 μl TEMED. Remove the water 
from the solid running gel and cast the stacking gel on top of 
the running gel and insert a 10-well gel comb immediately 
without introducing air bubbles. Let it solidify for 30 min at 
room temperature.   

   4.    Remove the comb and add loading standard to the fi rst lane. 
Samples are loaded in the other lanes of the gel. Electrophoresis 
is performed at 100 V (15 mA) for 5 min until the samples 
have entered the stacking gel. Then continue at 150–200 V 
(20–30 mA) until the dye front has reached the bottom of the 
running gel ( see   Note 21 ).   

   5.    After the electrophoresis run, open the glass plates using a 
spatula, leaving the gel on one of the glass plates. Carefully 
remove the gel from the plate by rinsing the plate and the gel 
in deionized water. Transfer the gel into a container fi lled with 
fi xing solution and fi x the gel for 30–45–60 min.   

   6.    After fi xation, rinse the gel with ultrapure Milli-Q (MQ) water 
and stain using GelCode Blue reagent for 45–60 min. After 
this, distain the gel using MQ water and incubate for 60 min 
(for publication quality pictures refresh MQ and distain 
overnight).   

   7.    Each gel lane is cut into 24 equally sized slices ( see   Note 22  and 
Fig.  4 ) and each slice is transferred into an Eppendorf tube.

         The 24 gel slices are subjected to in-gel tryptic digestion as 
described below ( see   Note 23 ) and before [ 8 ]:

    1.    Add 100 μl AcN per tube, leave it for a few seconds and then 
remove it from the tube.   

   2.    Reduction of proteins is performed by adding with 100 μl 
DTT (6.5 mM in 50 mM ambic) and incubation at room 
temperature for 60 min.   

3.6  SDS-PAGE 
and Coomassie 
Staining

3.7  Mass 
Spectrometry
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   3.    Remove the DTT and add 100 μl AcN per tube, leave it for a 
few seconds and then remove it again from the tube.   

   4.    Alkylate the proteins by adding 100 μl iodoacetamide (54 mM 
in 50 mM ambic) and incubating at room temperature for 
60 min in the dark.   

   5.    Shrink the gel slice by adding (and removing) 100 μl AcN, 
swell the slice by adding (and removing) 100 μl ambic and 
shrink again by adding (and removing) 100 μl AcN.   

   6.    Dry the samples in the air (leave cups open).   
   7.    Add 10 μl of diluted trypsin (10 ng/μl fi nal concentration) 

and incubate on ice for 60 min. Remove supernatant (if there 
is any) and add 50 μl ambic to cover the gel pieces. Digest the 
peptides overnight at 37 °C.   

   8.    20–80 % of the supernatants obtained after the digestion is 
used for LC-MS/MS analysis on a Thermo Finnigan FT-ICR 
equipped with a 7 Tesla magnet coupled to an Agilent Series 
1100 binary pump system (Agilent Technologies).   

  Fig. 4    SDS-PAGE protein profi le of a Golgi-enriched fraction after a gel electro-
phoresis. Separation separation of 80 μg of proteins from a purifi ed Golgi frac-
tion. ( a ) Coomassie GelCode Blue stained gel. ( b ) Illustration of the size of the 24 
gel slices used for MS analysis       
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   9.    Peptide mixtures are trapped on an in-house packed 
5 cm × 100 μm Aqua™ C18 reversed phase column 
(Phenomenex) at a fl ow rate of 5 μl/min ( see   Note 24 ).   

   10.    Peptide separation is achieved on an 15 cm × 75 μm Aqua™ 
C18 reversed phase column using a gradient of 0–70 % solu-
tion B (solution A = 0.1 M acetic acid; solution B = 80 % [v/v] 
acetonitrile, 0.1 M acetic acid) in 60 min at a constant fl ow rate 
of 200 nl/min ( see   Note 25 ).    

        1.    Finnigan *.raw fi les are converted to *.dta fi les using BioWorks 
software, version 3.1 SR1 (Thermo Electron Corporation).   

   2.    For this process the program is set to track the scan limits auto-
matically and calculate for peptides with a mass from 300 to 
5,000 amu, automatically detecting the charge state and MS 
level (MS or MS/MS). The threshold was set to 100 counts.   

   3.    Subsequently, Mascot generic fi les were generated through 
in- house developed software.   

   4.    These fi les were used to search the IPI_Human 3.36 database 
[ 17 ] on an in-house Mascot server [ 4 ] allowing up to 2 missed 
cleavages, a peptide mass tolerance of 50 ppm and a fragment 
mass tolerance of 0.8 Da ( see   Note 26 ).   

   5.    Peptide modifi cations allowed in the searches were carbamidomethyl 
modifi cation of cysteine (fi xed) and oxidation of methionine, trypto-
phan, and histidine (variable) ( see   Note 27 ).   

   6.    Proteins matching the criteria for at least two reliable peptides 
(rank 1; unique; individual score higher than 29 [1 % false pos-
itive rate]), and with a protein score higher than 64 were con-
sidered as positive identifi ed proteins.   

   7.    Raw data fi les and Mascot html results pages were loaded into 
the MSQuant program [ 5 ] adapted for SILAC-based quantita-
tive analysis.   

   8.    All quantifi ed peptides are verifi ed by manual inspection of the 
spectra used for quantifi cation. To identify statistically signifi -
cant (and removing) different protein abundances between 
samples ( p  < 0.05), data from 3 independent experiments were 
loaded into the StatQuant program for statistical analysis [ 18 ] 
( see   Note 28 ).       

4    Notes 

        1.    For 200 ml LB broth, dissolve 2 g tryptone, 1 g yeast extract, 
2 g sodium chloride in 200 ml deionized water. For agar plates, 
add 3 g agar to the mixture. Autoclave for 20 min and allow 
the solution to cool to 55 °C. Store the liquid LB broth at 

3.8  Mass 
Spectrometry Data 
Analysis
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room temperature or 4 ºC. For agar plates, pour approximately 
15 ml into petri dishes and let solidify at room temperature. 
Store the plates at 4 ºC.   

   2.    For 29 % w/w sucrose solution dissolve 65.08 g sucrose in 
200 ml of 10 mM Tris, pH 7.4; for the 35 % w/w: 80.60 g 
sucrose in 200 ml of 10 mM Tris, pH 7.4 and for the 62 % 
w/w sucrose: 161 g sucrose in 200 ml of 10 mM Tris, pH 7.4. 
Prepare the solutions in advance and dissolve with rotation 
ON at 4 °C. Sucrose solutions can be stored at −80 °C.   

   3.    Medium is removed from the cells and cells are washed by rins-
ing them carefully with PBS, 2 ml of trypsin is added to the 
cells and the fl ask is incubated in the incubator at 37 °C/5 % 
CO 2  for a few minutes. Cells are removed from the surface by 
carefully tapping the fl ask. Add medium (10 ml) and transfer 
the cells into a 15 ml tube (Corning). Cells are centrifuged at 
500 ×  g  for 5 min. Resuspend the cell pellet in 1 ml medium 
and the cell density is determined by cell countering under 
the microscope using a cell counter. A specifi c number of cells 
( see   Note 4 ) is transfered to new fl asks or plates in medium 
and incubated in the incubator at 37 °C/5 % CO 2 .   

   4.    Different volumes of DMEM and number of HeLa cells are 
used, depending on the type of plate, indicated at the specifi c 
steps of the protocol.   

   5.    For overnight cultures, add 1  Salmonella  colony (from a freshly 
grown agar plate) into 4 ml LB broth in a 15 ml tube (Corning) 
and incubate for 16–18 h at 37 °C with continuous shaking. 
Add 1 ml of the overnight culture to 32 ml of LB broth in a 
50 ml tube (Corning) and incubate for another 3.5 h at 37 °C 
with continuous shaking to reach the exponential phase, as 
described before [ 13 ].   

   6.    HeLa cells are infected with  Salmonella  at a multiplicity of 
infection (MOI) of 100. This means that 100 times more 
bacteria then HeLa cells are added to the cells. For this, the 
bacteria from the 33 ml culture are centrifuged for 15 min 
at 1,000 ×  g  after which the pellet is resuspended in 1 ml 
DMEM supplemented with 10 % FCS (no pen/strep!). By 
performing a growth curve of  Salmonella , we determined 
that after 3.5 h the concentration of bacteria in the 33 ml 
culture 3.5 h is 8.3 × 10 8  bacteria/ml. The growth curve of 
 Salmonella  should be repeated for the strain that is used in 
the experiments. Since the number of HeLa cells is known 
(specified in the specific steps of the protocol), the volume 
of bacteria that corresponds with an MOI of 100 can be 
calculated. HeLa cells are carefully rinsed with PBS and 
incubated in DMEM, supplemented with 10 % FCS (no 
pen/strep) and the right amount of bacteria. Cells are 
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incubated for 15 min at 37 °C. During these 15 min, the 
 Salmonella  bacteria attach to the HeLa cells.   

   7.    After the attachment of the bacteria to the cells, the medium is 
removed from the cells and the cells are washed with PBS 
(adding and removing of 15 ml of PBS) to get rid of cell debris 
and any loose bacteria. Cells and bacteria are then incubated in 
medium containing 100 μg/ml gentamycin. The stock solu-
tion of gentamycin has a concentration of 10 mg/ml. 
Therefore, this solution should be diluted 1,000 times in 
DMEM/10 % FCS.   

   8.    The “heavy” amino acids  L -arginine- 13 C 6  15 N 4  hydrochloride 
and  L -lysine- 13 C 6  15 N 2  hydrochloride, or the “light” amino 
acids  L -arginine- 12 C 6  14 N 4  hydrochloride and  L -lysine- 12 C 6  14 N 2  
are added to specialized DMEM lacking  L -arginine and  L -lysine, 
at a fi nal concentration of 84 mg/L and 146 mg/L for argi-
nine and lysine, respectively. Instead of using commercially 
available normal “light” DMEM, we choose to add the light 
amino acids to specialized DMEM lacking  L -arginine and 
 L -lysine. In this way, we prepared the heavy and light media in 
exactly the same manner.   

   9.    10 % Dialyzed FCS and 100 IU of penicillin/ml and 100 μg of 
streptomycin/ml are added to specialized DMEM. Dialyzed 
FCS is used because dialysis depletes FCS of small molecules 
such as amino acids, hormones and cytokines while avoiding 
the precipitation of serum proteins. In this way, “normal” 
 L -arginine and  L -lysine remains absent in specialized DMEM.   

   10.    To check the incorporation of the “heavy” amino acids into 
the cells, MALDI-TOF-TOF analysis is performed as described 
[ 8 ]. For this analysis, cells passaged in light and heavy medium 
are trypsinized, centrifuged for 10 min at 500 ×  g  and pellets 
are resuspended in 1 ml lysis buffer (20 mM Tris–HCl, pH 7.6, 
150 mM NaCl, 1 % nonidet P-40, 0.5 % NaDOC, 0.1 % SDS, 
2 μg/ml aprotinin, 2 μg/ml leupeptin, 1 μg/ml pepstatin, 
1 mM PMSF). After an incubation on ice for 10 min, the 
nuclei are spun down by centrifugation for 5 min at 600 ×  g  at 
4 ºC, and the supernatant is used for MALDI-TOF-TOF 
analysis.   

   11.    For the SILAC experiments 4 T175 fl asks with 1 × 10 7  cells are 
infected with  Salmonella  at a MOI of 100. Therefore, 100 × 10 7  
bacteria are needed per fl ask, which is 400 × 10 7  bacteria in 
total. Since the 1:33 culture contains 8.3 × 10 8   Salmonella /ml, 
400 × 10 7  bacteria corresponds with 4.8 ml of bacterial culture. 
This volume of bacteria is taken and centrifuged for 5 min at 
1,000 ×  g  after which the pellet is resuspended in 40 ml of 
DMEM/10 % FCS. 10 ml is added per fl ask and infection is 
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carried out as described in Subheading  3.2 . The other 4 fl asks 
are mock-infected. In that case, the same procedure is followed 
but instead of  Salmonella  bacteria, DMEM is used. The SILAC 
experiments must be repeated at least three times; 2 experi-
ments in which the “heavy” cells are infected with  Salmonella  
and 1 experiment in which the “light” cells are infected.   

   12.    After  Salmonella  infection, remove the medium from the cells, 
and wash the cells carefully with PBS. Add 5 ml homogeniza-
tion buffer per fl ask. Using cell scrapers harvest the cells from 
the fl asks and combine them in a 1:1 ratio in a 50 ml tube. 
Centrifuge the cells at 500 ×  g  for 10 min (4 ºC). In order to 
wash the cells, resuspend the pellet in cold Homogenization 
Buffer (HB) and transfer them to a 15 ml tube (10 min, 
500 ×  g , 4 ºC). Measure the volume of the pellet and add four 
times HB with protease inhibitors, incubate on ice.   

   13.    Carefully remove the HB as the pellet is loose after this step.   
   14.    It is important to estimate as good as possible the volume of 

the pellet and to add not more than 5 volumes (of the pellet 
estimated volume) of HB to ensure suffi ciency and reproduc-
ibility of the homogenization.   

   15.    Check the homogenization effi ciency at the microscope using 
a vital stain such as Trypan Blue after every 10–20 strokes. 
In general 50–60 strokes are needed to ensure disruption of 
about 90 % of the cells. However, the number of strokes are 
dependent of the pressure given by the operator. Be careful not 
to homogenize the cells excessively as too harsh conditions may 
affect the integrity of intracellular membranes and contaminate 
your preparation.   

   16.    If the sucrose concentration is out of the range 36.5–37.5 
(w/w), adjust by adding either 10 mM Tris–HCl buffer 
(pH 7.4) or sucrose solution (2 M). Use the following formu-
las to calculate the required volume:

  

V C C

C C
Voriginal wanted original

stock solution wanted

to a

´ -( )
-( )

= ddd

   

When the sucrose concentration is higher than 37.5: 
 When sucrose concentration of the homogenate is lower 

than 36.5:

  

V C C

C
Voriginal wanted original

wanted
to add

´ -( )
( )

=
   

 V  original  = Volume of homogenate solution after the addition 
of 62 %(w/w) sucrose. 

  V  to add  = Volume to add of either 2 M sucrose solution or 
10 mM Tris–HCl buffer. 
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  C  original  = Sucrose concentration (in M) of homogenate 
solution after adding 62 % (w/w) sucrose. 

  C  wanted  = Desired concentration of sucrose (i.e., 37 % (w/w)). 
  C  stock solution  = Stock solution of sucrose (2 M).   

   17.    When preparing the sucrose gradient use a bent pipet tip to 
slowly overlay the sucrose layers without disturbing the inter-
faces. The interfaces have to be easily recognized after layering. 
Only then the fl oated Golgi-enriched fraction is easy to see and 
collect.   

   18.    After centrifugation carefully remove the tube from the 
centrifuge bucket. Use a syringe with a needle of 22G to 
puncture the tube and to collect the Golgi-enriched band 
( see  Fig.  5 ).

       19.    Determine the protein concentration of the collected fraction 
(usually 0.15 μg/μl), aliquot the Golgi fraction into Eppendorf 
tubes, snap-freeze the tubes in liquid nitrogen and then store 
at −80 °C.   

   20.    Protein concentration of the Golgi-enriched fraction is 
 measured using the Bradford protein assay. The volume cor-
responding to 80 μg of protein is added to an Eppendorf 
tube, centrifuged at maximal speed for 10 min (4 ºC). Pellet 
is resuspended in 20 μl of Laemmli sample buffer containing 
10 mM DTT and heated for 5 min at 95 °C. Samples are 
cooled on ice.   

  Fig. 5    Floated Golgi-enriched fraction. After fl otation an opalescent band at the 
interface between 35 and 29 % sucrose will be visible. Collect the band by using 
1 ml syringe with a 22G needle. The collected fraction is about 1 ml and has a 
protein concentration of about 0.15 μg/μl. The sucrose concentration is about 
30 % (w/w)       
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   21.    Adding a drop of sample buffer to un-used wells will help to 
form straight dye front during the electrophoresis.   

   22.    After Coomassie staining, each gel lane is cut into 24-equally 
sized pieced, using a razor blade. Cut around the edges of the 
complete lane and remove this lane from the gel. Next, equally 
divide the lane into 24 pieces ( see  Fig.  4 ). Transfer each piece 
into a Eppendorf tube.   

   23.    DTT is added to reduce cysteines and to disrupt sulfur bridges. 
Iodoacetamide is added to prevent the formation of new sulfur 
bridges. The cycle with AcN and Ambic dehydrates and rehy-
drates the minced gel slices for washing and absorbance of 
reagents and trypsin in the gel slices. During this cycle, the 
solutions have only to be added for a few seconds, after which 
the solutions can be removed again.   

   24.    In this step, the peptides derived from trypsin-digested proteins 
are loaded onto the trapping column. This step can be compared 
to the loading of proteins into the stacking gel when performing 
a SDS-PAGE gel. No separation takes place at this step.   

   25.    After loading of all peptides onto the column, valves are 
switched and the gradient from solution A to B starts running. 
More complex samples, e.g., samples containing peptides from 
various proteins, require longer run times. Peptides are eluted 
from the trapping column, with the most hydrophilic peptides 
coming off fi rst, and the most hydrophobic peptides coming 
off last.   

   26.    In the identifi cation of peptides, some room for error (incor-
rect measurements of peptide and peptide fragment masses) 
is allowed. The more accurate the mass spectrometer can 
determine peptide and fragment mass, the smaller the error 
will be, yielding higher confi dence in identifi cations.   

   27.    During preparation of peptide mixtures, some peptide modifi -
cations can occur. As such modifi cations affect peptide (and 
fragment) mass, and mass changes have to be taken into account 
to deduce to identity of each peptide and fragment. All cysteine 
residues in the sample are reduced and subsequently alkylated 
using iodoacetamide, yielding a mass addition of 57.02146 amu 
on  each  cysteine. Oxidation, which can occur but does not 
necessarily affect all methionine, tryptophan or histidine 
residues, yields a mass change of 15.99491 amu.   

   28.    Nowadays, many programs for quantitative analysis of mass 
spectrometry are available. Many of them have the option to 
calculate differential quantities based on different labeling 
methods such as SILAC, iTRAQ or label-free quantitation. 
Also protein identifi cation is integrated, generating a robust 
quantitative proteomics analysis pipeline.         

Dora Kaloyanova et al.



45

     1.    Ong SE, Blagoev B, Kratchmarova I, Kristensen 
DB, Steen H, Pandey A et al (2002) Stable iso-
tope labeling by amino acids in cell culture, 
SILAC, as a simple and accurate approach to 
expression proteomics. Mol Cell Proteomics 
1(5):376–386  

     2.    Oda Y, Huang K, Cross FR, Cowburn D, Chait 
BT (1999) Accurate quantitation of protein 
expression and site-specifi c phosphorylation. 
Proc Natl Acad Sci U S A 96(12):6591–6596  

    3.    Mannova P, Fang R, Wang H, Deng B, 
McIntosh MW, Hanash SM et al (2006) 
Modifi cation of host lipid raft proteome upon 
hepatitis C virus replication. Mol Cell Proteomics 
5(12):2319–2325  

    4.    Perkins DN, Pappin DJ, Creasy DM, Cottrell 
JS (1999) Probability-based protein identifi ca-
tion by searching sequence databases using 
mass spectrometry data. Electrophoresis 
20(18):3551–3567  

    5.    Schulze WX, Mann M (2004) A novel pro-
teomic screen for peptide-protein interactions. 
J Biol Chem 279(11):10756–10764  

    6.    Shi L, Chowdhury SM, Smallwood HS, Yoon 
H, Mottaz-Brewer HM, Norbeck AD et al 
(2009) Proteomic investigation of the time 
course responses of RAW 264.7 macrophages 
to infection with Salmonella enterica. Infect 
Immun 77(8):3227–3233  

    7.    Shui W, Gilmore SA, Sheu L, Liu J, Keasling 
JD, Bertozzi CR (2009) Quantitative pro-
teomic profi ling of host-pathogen interactions: 
the macrophage response to Mycobacterium 
tuberculosis lipids. J Proteome Res 8(1):
282–289  

      8.    van Balkom BW, van Gestel RA, Brouwers JF, 
Krijgsveld J, Tielens AG, Heck AJ et al (2005) 
Mass spectrometric analysis of the Schistosoma 
mansoni tegumental sub-proteome. J Proteome 
Res 4(3):958–966  

     9.    Vester D, Rapp E, Gade D, Genzel Y, Reichl U 
(2009) Quantitative analysis of cellular pro-
teome alterations in human infl uenza A virus- 
infected mammalian cell lines. Proteomics 
9(12):3316–3327  

     10.    Vogels MW, van Balkom BW, Heck AJ, de 
Haan CA, Rottier PJ, Batenburg JJ et al (2011) 
Quantitative proteomic identifi cation of host 
factors involved in the Salmonella typhimurium 
infection cycle. Proteomics 11(23):
4477–4491  

      11.    Vogels MW, van Balkom BW, Kaloyanova DV, 
Batenburg JJ, Heck AJ, Helms JB et al (2011) 
Identifi cation of host factors involved in coro-
navirus replication by quantitative proteomics 
analysis. Proteomics 11(1):64–80  

    12.    Steele-Mortimer O (2008) Infection of epithe-
lial cells with Salmonella enterica. Methods 
Mol Biol 431:201–211  

     13.    Beuzon CR, Meresse S, Unsworth KE, Ruiz- 
Albert J, Garvis S, Waterman SR et al (2000) 
Salmonella maintains the integrity of its intra-
cellular vacuole through the action of SifA. 
EMBO J 19(13):3235–3249  

    14.    Balch WE, Dunphy WG, Braell WA, Rothman JE 
(1984) Reconstitution of the transport of protein 
between successive compartments of the golgi 
measured by the coupled incorporation of 
N-acetylglucosamine. Cell 39(2 Pt 1):405–416  

    15.    Brugger B, Sandhoff R, Wegehingel S, Gorgas 
K, Malsam J, Helms JB et al (2000) Evidence 
for segregation of sphingomyelin and choles-
terol during formation of COPI-coated vesi-
cles. J Cell Biol 151(3):507–518  

     16.    Balch WE, Rothman JE (1985) Characterization 
of protein transport between successive com-
partments of the golgi apparatus: asymmetric 
properties of donor and acceptor activities in a 
cell-free system. Arch Biochem Biophys 240(1):
413–425  

    17.    Kersey PJ, Duarte J, Williams A, Karavidopoulou 
Y, Birney E, Apweiler R (2004) The interna-
tional protein index: an integrated database for 
proteomics experiments. Proteomics 
4(7):1985–1988  

    18.    van Breukelen B, van den Toorn HW, Drugan 
MM, Heck AJ (2009) StatQuant: a post- 
quantifi cation analysis toolbox for improving 
quantitative mass spectrometry. Bioinformatics 
25(11):1472–1473    

   References 

Quantitative Proteomic Identifi cation of Host Factors Involved…





47

Heide Schatten and Abraham Eisenstark (eds.), Salmonella: Methods and Protocols, Methods in Molecular Biology, 
vol. 1225, DOI 10.1007/978-1-4939-1625-2_3, © Springer Science+Business Media New York 2015

    Chapter 3   

 Determination of Antimicrobial Resistance 
in  Salmonella  spp. 

           Belgode     N.     Harish      and     Godfred     A.     Menezes    

   Abstract 

   Infections with  Salmonella  are an important public health problem worldwide.  Salmonella  are one of the 
most common causes of food-borne illness in humans. There are many types of  Salmonella  but they can 
be divided into two broad categories: those that cause typhoid and those that do not. The typhoidal 
 Salmonella  (TS), such as  S. enterica  subsp.  enterica  serovars Typhi and  S.  Paratyphi only colonize humans 
and are usually acquired by the consumption of food or water contaminated with human fecal material. 
The much broader group of non-typhoidal  Salmonella  (NTS) usually results from improperly handled 
food that has been contaminated by animal or human fecal material. Antimicrobials are critical to the 
successful outcome of invasive  Salmonella  infections and enteric fever. Due to resistance to the older 
antimicrobials, ciprofl oxacin [fl uoroquinolone (FQ)] has become the fi rst-line drug for treatment. 
Nevertheless, switch to FQ has led to a subsequent increase in the occurrence of salmonellae resistant to 
this antimicrobial agent. The exact mechanism of this FQ resistance is not fully understood. FQ resistance 
has driven the use of third-generation cephalosporins and azithromycin. However, there are sporadic 
worldwide reports of high level resistance to expanded-spectrum cephalosporins (such as ceftriaxone) in 
TS and in NTS it has been recognized since 1988 and are increasing in prevalence worldwide. Already 
there are rare reports of azithromycin resistance leading to treatment failure. Spread of such resistance 
would further greatly limit the available therapeutic options, and leave us with only the reserve antimicro-
bials such as carbapenem and tigecycline as possible treatment options. Here, we describe the methods 
involved in the genotypic characterization of antimicrobial resistance in clinical isolates of salmonellae.  

  Key words      Salmonella   ,   Fluoroquinolones  ,   Cephalosporins  ,   Clinical and laboratory standards institute  , 
  Mutations  ,    gyrA   ,   β-Lactamases  

1      Introduction 

 On a global scale it has been estimated that  Salmonella  is responsible 
for an estimated three billion human infections each year. The World 
Health Organization (WHO) has estimated that annually typhoid 
fever accounts for 21.7 million illnesses (217,000 deaths) and 
paratyphoid fever accounts for 5.4 million of these cases. Infants, 
children, and adolescents in south-central and Southeastern Asia 
experience the greatest burden of illness [ 1 ]. However, infection by 
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the NTS serovars is estimated to cause a large burden worldwide, 
with a higher morbidity rate than mortality. The NTS are primarily 
food-borne zoonotic pathogens causing acute gastroenteritis in 
humans all over the world [ 1 ]. 

 A suitable antibiotic is essential for the treatment of patients 
with invasive  Salmonella  infections and should commence as soon as 
clinical diagnosis is made. The utility of chloramphenicol for the 
treatment of typhoid fever was an unexpected discovery. 
Chloramphenicol has a broad spectrum of activity. Chloramphenicol 
interferes with microbial protein synthesis by binding to the 
prokaryotic 50S ribosomal subunit [ 2 ]. Chloramphenicol has the 
drawbacks of a high relapse rate, a high rate of continued and chronic 
carriage, bone marrow toxicity, and high mortality rates. Ampicillin 
and trimethoprim–sulfamethoxazole are used as alternative antibi-
otics. Ampicillin inhibits the enzymes necessary for peptidoglycan 
synthesis and triggers membrane associated  autolytic enzymes. 
Trimethoprim and sulfamethoxazole inhibit various stages in folate 
metabolism and prevent synthesis of bacterial DNA. There was 
emergence of plasmid-mediated chloramphenicol resistance in the 
typhoid bacillus. The chloramphenicol-resistant strains from outbreaks 
showed combination resistance to streptomycin, sulfonamides, and 
tetracyclines (R-type CSSuT), encoded by a plasmid of the H1 
incompatibility group (now termed HI1) [ 3 ]. 

 The plasmid was thermosensitive and encoded chlorampheni-
col acetyl transferase (catA1); not long after genes encoding resis-
tance to ampicillin ( bla  TEM-1 ) and trimethoprim/sulfamethoxazole 
( dfrA14  and  sul2  respectively) are also acquired [ 4 ]. Resistance to 
all fi rst line antimicrobials—ampicillin, trimethoprim–sulfamethox-
azole, and chloramphenicol—is defi ned as multidrug resistance 
(MDR) [ 5 ]. Chloramphenicol acetyl transferase inactivates the 
drug by adding 2 acetyl groups to it [ 2 ]. A second mechanism of 
resistance to chloramphenicol is based on the loss of an OMP [ 6 ]. 
Ampicillin resistance is mediated by the production of β-lactamases 
(usually TEM-1, and therefore inhibited by clavulanic acid). MDR 
strains are more resistant to amoxicillin–clavulanic acid than sensi-
tive isolates and so other mechanisms may be involved as well. 
Trimethoprim–sulfamethoxazole resistance is mediated by alteration 
in the enzyme targets dihydrofolate reductase and dihydropteroate 
synthase respectively [ 2 ]. 

 Resistance to the older antimicrobials, chloramphenicol, ampicil-
lin, and trimethoprim–sulfamethoxazole (co-trimoxazole), termed 
multidrug resistant (MDR) isolates has been present for many 
years. In this respect, the fl uoroquinolone (FQ) ciprofl oxacin has 
become the fi rst-line drug for treatment, particularly since the 
global emergence of  S.  Typhi isolates that MDR. Treatment fail-
ures have been defi ned in strains displaying decreased ciprofl oxa-
cin susceptibility (DCS) [ciprofl oxacin minimum inhibitory 
concentration (MIC) of 0.125–1.0 μg/mL] [ 7 ]. However, for 
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ciprofl oxacin susceptible isolates, the Clinical and Laboratory 
Standards Institute (CLSI) in 2012 has revised the breakpoints 
from ≤1 μg/mL to ≤0.06 μg/mL. 

 Nalidixic acid resistance has been a reliable indicator of such 
isolates, which has become common in many regions. Nevertheless, 
switch to ciprofl oxacin has led to a subsequent increase in the 
occurrence of typhoidal salmonellae resistant to this antimicrobial 
agent [ 8 ]. 

 In salmonellae, quinolone resistance is usually associated with 
mutations in the quinolone resistance-determining region (QRDR) 
of the A subunit target site of DNA gyrase, though the presence of 
plasmid-mediated quinolone resistance  qnr  genes and  aac(6′)-
Ib-cr  has also been described in quinolone-resistant non-Typhi 
 Salmonella . Recent reports confirm the  qnrS1  and  qnrB2  from 
 S.  Typhi, demonstrating the role of plasmid-mediated FQ resistance. 
The exact mechanism of this DNA gyrase-mediated resistance in 
 S.  Typhi is not fully understood, though various studies have found 
that single point mutations in this region confer resistance to 
nalidixic acid and hence reduced susceptibility to FQs. In contrast, 
high-level ciprofl oxacin resistance may be due to either (a) the 
cumulative impact of mutations in many genes, (b) decreased 
membrane permeability, (c) active effl ux pump, and/or (d) the 
presence of plasmid-encoded qnr genes [ 9 ]. 

 FQ resistance has driven the use of third-generation cephalo-
sporins, such as ceftriaxone and other agents for the management 
of enteric fever. Worldwide, there are sporadic reports of high level 
resistance to expanded-spectrum cephalosporins (such as ceftriax-
one) in typhoidal salmonellae, due to the presence of CTX-M-15 
and SHV-12 extended spectrum β-lactamases (ESBLs). NTS 
serovars have been found to possess a wide variety of ESBL 
enzymes, including TEM, SHV, PER, CTX-M, as well as plasmid 
mediated AmpC β-lactamase enzymes (e.g., CMY, DHA, ACC-1). 
FQ and ESBL mediated resistance are major problems in the effec-
tive treatment of bacterial infections, both in the community and 
in the nosocomial setting [ 1 ]. 

 Here, we describe the determination of predominant molecu-
lar mechanisms of antimicrobial resistance to antimicrobials in use 
for salmonellae.  

2    Materials 

  Bacterial isolates are identifi ed by standard biochemical methods as 
 Salmonella  spp. ( see   Note 1 ). The identifi cation was confi rmed 
using specifi c antisera (Murex Biotech, England).  

      1.    EET buffer: 100 mM Na 2  EDTA, 10 mM EGTA, 1 M Tris–
HCl, pH 8.0 ( see   Note 2 ).   

2.1  Bacterial Isolates

2.2  PFGE Reagents
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   2.    Lysis solution: EET buffer, lysostaphin 100 μg/ml.   
   3.    Proteinase-K solution (60 mg/ml): Proteinase-K, 10 mM 

Tris–HCl, 10 mM NaCl.   
   4.    “depro” solution: EET buffer, Proteinase-K, SDS 1 %.   
   5.    T 10 E 0.1  buffer: 10 Mm Tris–HCl, 0.1 mM Na 2  EDTA.   
   6.    T 10 E 1  buffer: 10 mM Tris–HCl 1 mM Na 2  EDTA.   
   7.    TBE buffer 0.5×: 0.045 M Tris–HCl, 0.045 M Boric acid, 

0.001 M EDTA.       

3    Methods: Molecular-Biological Studies 

  A single bacterial colony from an overnight grown culture is sus-
pended in 100 μl of sterile Milli-Q water and boiled for 5 min. The 
suspension is centrifuged at 8,000 rpm for 10 min. The supernatant 
containing bacterial DNA is used as template for PCR, ( see   Note 3 ).  

  The mechanism of quinolone resistance is determined by investi-
gating mutations in the QRDRs of DNA gyrase ( gyrA  and  gyrB ) 
and DNA topoisomerase IV ( parC  and  parE ) genes [ 10 – 12 ]. The 
sequences of the primers and the thermocycling conditions used 
are as follows;

    gyrA : Template DNA is amplifi ed by PCR with the use of oligo-
nucleotide primers;  

  5′-ATGAGCGACCTTGCGAGAGAAATTACACCG-3′ and  
  5′-TTCCATCAGCCCTTCAATGCTGATGTCTTC-3′. The pro-

gram for amplifi cation includes a step of initial denaturation at 
95 °C for 2 min, followed by 35 cycles of 94 °C for 30 s, 70 °C 
for 60 s, and 72 °C for 90 s and a fi nal extension step at 72 °C 
for 5 min.  

   gyrB : Template DNA is amplifi ed by PCR with the use of oligo-
nucleotide primers;  

  5′-GGACAAAGAAGGCTACAGCA-3′ and  
  5′-CGTCGCGTTGTACTCAGATA-3′. The program for amplifi -

cation includes a step of initial denaturation at 95 °C for 5 min, 
followed by 30 cycles of 94 °C for 15 s, 53 °C for 20 s, and 
72 °C for 1 min and a fi nal extension step at 72 °C for 5 min.  

   parC : Template DNA is amplifi ed by PCR with the use of oligo-
nucleotide primers;  

  5′-ATGAGCGATATGGCAGAGCG-3′ and  
  5′-TGACCGAGTTCGCTTAACAG-3′. The program for amplifi -

cation includes a step of initial denaturation at 94 °C for 3 min, 
followed by 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and 
72 °C for 30 s and a fi nal extension step at 72 °C for 10 min.  

3.1  Preparation 
of Template DNA

3.2  Quinolone 
Resistance

Belgode N. Harish and Godfred A. Menezes



51

   parE : Template DNA is amplifi ed by PCR with the use of oligo-
nucleotide primers;  

  5′-GACCGAGCTGTTCCTTGTGG-3′ and  
  5′-GCGTAACTGCATCGGGTTCA-3′. The program for amplifi -

cation includes a step of initial denaturation at 94 °C for 3 min, 
followed by 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and 
72 °C for 30 s and a fi nal extension step at 72 °C for 10 min.    

 The PCR is performed in a fi nal reaction volume of 25 μl con-
taining 10 mM Tris–HCl (pH 8.3); 50 mM KCl, 3.0 mM MgCl 2 ; 
6.6 pmol of each primer, 1 U of Taq polymerase, dNTP 0.2 mM 
each, and 1 μl of template DNA. The PCR products are loaded in 
1 % wt/vol agarose gel prepared in Tris–borate–EDTA buffer and 
detected by ethidium bromide staining after electrophoresis. The 
PCR products are stored at −20 °C.  

  The amplifi ed 620-bp fragment of the  gyrA  gene has three  Hinf I 
restriction sites, one of which lies at Ser 83. Therefore,  Hinf I 
restriction digestion of the PCR product is done to detect muta-
tion at Ser 83. A volume of 20 μl of the PCR product is digested 
with 10 U of  Hinf I (Fermentas, USA) at 37 °C. The restriction 
fragments are run on 2 % agarose gel prepared in Tris–borate–
EDTA buffer and detected by ethidium bromide staining after 
electrophoresis [ 13 ], ( see   Note 4 ).  

  Sequencing is performed with both forward and reverse primers 
(same as used for the PCR) on Thermal Cycler and analyzed in an 
automatic DNA sequencer. DNA sequences are analyzed by using 
commercial software (Lasergene; DNAStar, Inc., Madison, Wis.). 
The BLASTN program is used for database searching (  http://
www.ncbi.nlm.nih.gov/BLAST/    ). The QRDR DNA sequences 
are compared with those of  S.  Typhi strain Ty2 (GenBank acces-
sion no. AE014613), ( see   Notes 5  and  6 ).  

  Plasmid-mediated quinolone resistance,  qnr  ( qnrA ,  qnrB , and 
 qnrS ) [ 14 ] is detected using sequences of the primers and the ther-
mocycling conditions, as follows:

   Template DNA is amplifi ed by simplex PCR with the use of 
oligonucleotide primers:  
   qnrA , 5′- TTCAGCAAGAGGATTTCTCA-3′ and  
  5′-GGCAGCACTATTACTCCCAA-3′;  
   qnrB , 5′-CCTGAGCGGCACTGAATTTAT-3′ and  
  5′-GTTTGCTGCTCGCCAGTCGA-3′;  
   qnrS , 5′-CAATCATACATATCGGCACC-3′ and  
  5′-TCAGGATAAACAACAATACCC-3′.    

3.3  Restriction 
Fragment Length 
Polymorphisms 
(RFLP) Analysis 
as a Screening Method 
for gyrA Mutations

3.4  Sequence 
Analysis of gyrA, gyrB, 
parC, and parE PCR 
Products

3.5  Screening 
for qnr Genes
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 The program for amplification includes a step of initial 
denaturation at 94 °C for 5 min, followed by 35 cycles of 94 °C for 
30 s, 54 °C for 90 s, and 72 °C for 60 s and a fi nal extension step 
at 72 °C for 5 min. Control strains are used for the detection meth-
ods. The PCR is performed in a fi nal reaction volume of 25 μl 
containing 10 mM Tris–HCl (pH 8.3); 50 mM KCl, 3.0 mM 
MgCl 2 ; 6.6 pmol of each primer, 1 U of Taq polymerase, dNTP 
0.2 mM each, and 1 μl of template DNA. The PCR products are 
loaded in 1 % wt/vol agarose gel prepared in Tris–borate–EDTA 
buffer and detected by ethidium bromide staining after 
electrophoresis.  

  PCR screening for  aac(6 ′ )-Ib-cr  gene is performed using sequences 
of the primers and the thermocycling conditions as follows;

   Template DNA is amplifi ed by simplex PCR with the use of 
oligonucleotide primers;  
   aac(6\ ′ )-Ib.1 ,  
  5′-ATATGCGGATCCAATGAGCAACGCAAAAACAAAG

TTAG-3′ and  
  5 ′ - ATAT G C G A AT T C T TA G G C AT C A C T G C G T G T T

CGCTC-3′;  
   aac(6\ ′ )-Ib.2 , 5′-TTGCAATGCTGAATGGAGAG-3′ and  
  5′-CGTTTGGATCTTGGTGACCT-3′;  
   aac(6 ′ )-Ib.qnrA , 5′-TTGCGATGCTCTATGAGTGG-3′ and  
  5′-CTCGAATGCCTGGCGTGTTT-3′.    

 The program for amplifi cation includes a step of initial dena-
turation at 94 °C for 5 min, followed by 35 cycles of 94 °C for 30 s, 
54 °C for 90 s, and 72 °C for 60 s and a fi nal extension step at 72 °C 
for 5 min. Known positive control strains are included in each run. 
The PCR is performed in a fi nal reaction volume of 25 μl containing 
10 mM Tris–HCl (pH 8.3); 50 mM KCl, 3.0 mM MgCl 2 ; 6.6 pmol 
of each primer, 1 U of Taq polymerase, dNTP 0.2 mM each, and 1 μl 
of template DNA. The PCR products are loaded in 1 % wt/vol 
agarose gel prepared in Tris–borate–EDTA buffer and detected by 
ethidium bromide staining after electrophoresis.  

  Isoelectric focusing of β-lactamase enzymes is performed using the 
following procedure. Briefl y, an overnight culture of the relevant 
isolate is made in 5 ml Brain Heart Infusion (BHI) broth with 
100 μg/ml ampicillin. After overnight incubation the culture is 
diluted 20 times in 5 ml fresh BHI and incubated at 37 °C for 4 h 
and with shaking at 200 rpm. The culture tubes are centrifuged for 
5 min at 4,000 rpm at 4 °C, the pellet resuspended in 200 μL 
50 mM Tris–HCl pH 7.4. Five microliters of lysozyme solution 
is added (40 mg/mL), and mix rotated for 60 min at 37 °C. 

3.6  Screening 
for aac(6′)-Ib-cr 
Gene [ 15 ]

3.7  Isoelectric 
Focusing of 
β-Lactamase Enzymes
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After 60 min, 10 μL of 0.5 M EDTA is added and the mix rotated 
for further 10 min at room temperature. The mix is centrifuged for 
5 min at 14,000 rpm and the supernatant transferred to a clean 
tube. The isoelectric point (pI) of the β-lactamase is determined by 
isoelectric focusing, applying the supernatants of crude cell extracts 
to Phast gels (GE HealthCare, Fairfi eld, CT, USA) with a pH gra-
dient of 3–9 in a Phast system (GE HealthCare). Extended-
spectrum β-lactamases (ESBLs) with known pI values (TEM-1, 
SHV-2) are included as pI markers [ 16 ].  

  Non-typhoidal salmonellae are initially screened (optional) for the 
presence of TEM and SHV β-lactamases using a commercially 
available antimicrobial resistance gene microarray (Check-Points 
BV, The Netherlands). 

 PCR screening is performed to identify genes coding for 
β-lactamases;  bla  TEM ,  bla  SHV ,  bla  OXA-1  group,  bla  CTX-M  and  ampC  
[ 17 – 21 ]. 

  S.  Typhi isolates with ampicillin MIC of ≥256 μg/mL and all 
NTS are screened for these genes. Known positive controls are 
included in all PCR protocols. 

 The sequences of the primers and the thermocycling condi-
tions used are as follows:

    bla  TEM : Template DNA is amplifi ed by PCR with the use of oligo-
nucleotide primers;  

  5′-ATAAAATTCTTGAAGACGAAA-3′ and  
  5′-GACAGTTACCAATGCTTAATCA-3′. The PCR is performed 

in a fi nal reaction volume of 25 μl containing 10 mM Tris–HCl 
(pH 8.3); 50 mM KCl, 3.0 mM MgCl 2 ; 6.6 pmol of each 
primer, 1 U of Taq polymerase, dNTP 0.2 mM each, and 1 μl 
of template DNA. The program for amplifi cation includes a 
step of initial denaturation at 94 °C for 5 min, followed by 35 
cycles of 94 °C for 30 s, 54 °C for 90 s, and 72 °C for 60 s and 
a fi nal extension step at 72 °C for 5 min. The PCR products 
are loaded in 1 % wt/vol agarose gel prepared in Tris–borate–
EDTA buffer and detected by ethidium bromide staining after 
electrophoresis.  

   bla  SHV : Template DNA is amplifi ed by PCR with the use of oligo-
nucleotide primers;  

  5′-CGCCGGGTTATTCTTATTTGTCGC-3′ and  
  5′-TCTTTCCGATGCCGCCAGTCA-3′. The PCR is performed 

in a fi nal reaction volume of 25 μl containing 10 mM Tris–HCl 
(pH 8.3); 50 mM KCl, 3.0 mM MgCl 2 ; 6.6 pmol of each 
primer, 1 U of Taq polymerase, dNTP 0.2 mM each, and 1 μl 
of template DNA. An Eppendorf thermocycler is used for 
amplifi cation. The program for amplifi cation included a step of 
initial denaturation at 94 °C for 5 min, followed by 30 cycles 

3.8  Molecular 
Detection 
of β-Lactamase Genes
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of 94 °C for 30 s, 68 °C for 30 s, and 72 °C for 50 s and a fi nal 
extension step at 72 °C for 10 min. The PCR products are 
loaded in 1 % wt/vol agarose gel prepared in Tris–borate–
EDTA buffer and detected by ethidium bromide staining after 
electrophoresis.  

   bla  OXA-1  group: Template DNA is amplifi ed by PCR with the use of 
oligonucleotide primers:  

  5′-GGATAAAACCCCCAAAGGAA-3′ and  
  5′-TGCACCAGTTTTCCCATACA-3′. The PCR is performed in 

a fi nal reaction volume of 25 μl containing 10 mM Tris–HCl 
(pH 8.3); 50 mM KCl, 3.0 mM MgCl 2 ; 6.6 pmol of each 
primer, 1 U of Taq polymerase, dNTP 0.2 mM each, and 1 μl 
of template DNA. The program for amplifi cation includes a 
step of initial denaturation at 94 °C for 5 min, followed by 30 
cycles of 94 °C for 25 s, 60 °C for 40 s, and 72 °C for 50 s and 
a fi nal extension step at 72 °C for 5 min. The PCR products 
are loaded in 1 % wt/vol agarose gel prepared in Tris–borate–
EDTA buffer and detected by ethidium bromide staining after 
electrophoresis.  

   bla  CTX-M : After initial optimization (simplex PCR), template DNA 
is amplifi ed by multiplex PCR, with the use of oligonucleotide 
primers:  

  group 1, 5′-AAAAATCACTGCGCCAGTTC-3′ and  
  5′-AGCTTATTCATCGCCACGTT-3′;  
  group 2, 5′-CGACGCTACCCCTGCTATT-3′ and  
  5′-CCA GCGTCAGATTTTTCAGG-3′;  
  group 9, 5′-CAAAGAGAGTGCAACGGATG-3′ and  
  5′-ATTGGAAAGCGTTCATCACC-3′.  
  Fragments of alleles encoding enzymes of groups 8 and 25 are 

amplifi ed with two specifi c forward primers and a shared 
reverse primer:  

  5′-TCGCGT TAAGCGGATGATGC-3′ (group 8 forward);  
  5′-GCACGATGACATTCGGG-3′ (group 25 forward); and  
  5′-AACCCACGATGTGGGTAGC-3′ (groups 8/25 reverse).    

 The PCR is performed in a fi nal reaction volume of 50 μl con-
taining 25 mM Tris–HCl, 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM 
each dNTP, 20 pmol of each primers, 2.5 U Taq polymerase, and 
5 μL template DNA. The program for amplifi cation includes a step 
of initial denaturation at 94 °C for 5 min, followed by 35 cycles of 
94 °C for 2 min, 60 °C for 1 min and 72 °C for 2 min and a fi nal 
extension step at 72 °C for 10 min. The PCR products are loaded 
in 1 % wt/vol agarose gel prepared in Tris–borate–EDTA buffer 
and detected by ethidium bromide staining after electrophoresis 
(Bio-Rad, USA).
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    ampC : Template DNA is amplifi ed by multiplex PCR, ( see   Note 7 ) 
with the use of oligonucleotide primers:  

  MOXM, 5′-GCTGCTCAAGGAGCACAGGAT-3′ and  
  5′-CACATTGACATAGGTGTGGTGC-3′;  
   CITM , 5′-TGGCCAGAACTGACAGGCAAA-3′ and  
  5′-TTTCTCCTGAACGTGGCTGGC-3′;  
   DHAM , 5′-AACTTTCACAGGTGTGCTGGGT-3′ and  
  5′-CCGTACGCATACTGGCTTTGC-3′;  
   ACCM , 5′-AACAGCCTCAGCAGCCGGTTA-3′ and  
  5′-TTCGCCGCAATCATCCCTAGC-3′  
   EBCM , 5′-TCGGTAAAGCCGATGTTGCGG-3′ and  
  5′-CTTCCACTGCGGCTGCCAGTT-3′  
   FOXM , 5′-AACATGGGGTATCAGGGAGATG-3′ and  
  5′-CAAAGCGCGTAACCGGATTGG-3′.    

 Each reaction contains 20 mM Tris–HCl (pH 8.4); 50 mM 
KCl; 0.2 mM each deoxynucleoside triphosphate; 1.5 mM MgCl 2 ; 
0.6 μM primers MOXMF, MOXMR, CITMF, CITMR, DHAMF, 
and DHAMR; 0.5 μM primers ACCMF, ACCMR, EBCMF, and 
EBCMR; 0.4 μM primers FOXMF and FOXMR; and 1.25 U of 
Taq DNA polymerase. Template DNA (2 μl) is added to 48 μl of 
the master mixture. The PCR program consists of an initial dena-
turation step at 94 °C for 3 min, followed by 25 cycles of DNA 
denaturation at 94 °C for 30s, primer annealing at 64 °C for 30s, 
and primer extension at 72 °C for 1 min. After the last cycle, a fi nal 
extension step at 72 °C for 7 min is added. The PCR products are 
loaded in 2 % wt/vol agarose gel prepared in Tris–borate–EDTA 
buffer and detected by ethidium bromide staining after electro-
phoresis. AmpC β-lactamase control strains are used.  

  Sequencing of the β-lactamases gene PCR products is performed 
using both forward and reverse PCR primers and standard meth-
ods. The BLASTN program is used for database searching (  http://
www.ncbi.nlm.nih.gov/BLAST/    ). Additional sequencing primers 
are required for  bla  TEM  PCR product sequencing (Lagging strand 
7, 5′-TTACTGTCATGCCATCC-3′ and Lagging strand 3, 
5′-AGAGAATTATGCAGTGC-3′). PCR primers corresponding 
to sequences downstream (ORF 1) of the  bla  CTX-M  genes (M3 int 
upp, 5′-TCACCCAGCCTCAACCTAAG-3′ and ORF1 pol M3, 
5′-GCACCGACACCCTCACACCT-3′ are also used. Finally, PCR 
products of  bla  CTX-M  are subjected to sequencing using primers, 
CTX-M-1 fw multi 5′-AAAAATCACTGCGCCAGTTC-3′, CTX-
M-1 multi (REV)F seq 5′-AACGTGGCGATGAATAAGCT-3′, 
and ORF1 pol M3 5′-GCACCGACACCCTCACACCT-3′ [ 9 ], 
( see   Note 8 ).  

3.9  Sequence 
Analysis
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  The presence of individual plasmid types is determined by PCR 
screening of  I1 ,  FIA ,  FIB ,  FIIs ,  A/C ,  HI1 ,  FrepB ,  K/B , and  B/0  
replicons [ 22 ], ( see   Note 9 ). 

 After initial optimization (simplex PCR), template DNA is 
amplifi ed by multiplex PCR, with the use of oligonucleotide primers 
for  I1 ,  FIA ,  FIB ,  FIIs ,  A/C  replicons. Simplex PCR is performed 
for the following replicons,  HI1 ,  FrepB ,  K/B , and  B/0 . 

 The sequences of the primers and the thermocycling condi-
tions used are as follows:

   Template DNA is amplifi ed by PCR with the use of oligonucle-
otide primers:  
   I1 , 5′-CGAAAGCCGGACGGCAGAA-3′ and  
  5′-TCGTCGTTCCGCCAAGTTCGT-3′;  
   FIA , 5′-CCATGCTGGTTCTAGAGAAGGTG-3′ and  
  5′-GTATATCCTTACTGGCTTCCGCAG-3′;  
   FIB , 5′-GGAGTTCTGACACACGATTTTCTG-3′ and  
  5′-CTCCCGTCGCTTCAGGGCATT-3′;  
   FIIs , 5′-CTGTCGTAAGCTGATGGC-3′ and  
  5′-CTCTGCCACAAACTTCAGC-3′;  
   A/C , 5′-GAGAACCAAAGACAAAGACCTGGA-3′ and  
  5′-ACGACAAACCTGAATTGCCTCCTT-3′;  
   HI1 , 5′-GGAGCGATGGATTACTTCAGTAC-3′ and  
  5′-TGCCGTTTCACCTCGTGAGTA-3′;  
   FrepB , 5′-TGATCGTTTAAGGAATTTTG-3′ and  
  5′-GAAGATCAGTCACACCATCC-3′;  
   K/B , 5′-GCGGTCCGGAAAGCCAGAAAAC-3′ and  
  5′-TCTTTCACGAGCCCGCCAAA-3′;  
   B/0 , 5′-GCGGTCCGGAAAGCCAGAAAAC-3′ and  
  5′-TCTGCGTTCCGCCAAGTTCGA-3′.    

 Because of the high level of homology between the K and 
B/O replicons the same forward primer is used in both these sim-
plex PCRs. The PCR is performed in a fi nal reaction volume of 
25 μl containing 10 mM Tris–HCl (pH 8.3); 50 mM KCl, 3.0 mM 
MgCl 2 ; 6.6 pmol of each primer, 1 U of Taq polymerase, dNTP 
0.2 mM each, and 1 μl of template DNA. An Eppendorf thermo-
cycler is used for amplifi cation. 

 Touchdown PCR (uses a cycling program with varying anneal-
ing temperatures) is employed. It is a useful method to increase the 
specifi city of PCR. The annealing temperature in the initial cycle 
should be 5–10 °C above the Tm of the primers. In subsequent 
cycles, the annealing temperature is decreased in steps of 1–2 °C/
cycle until a temperature is reached that is equal to, or 2–5 °C 

3.10  Screening 
for Plasmids in Non-
typhoidal Salmonellae
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below, the Tm of the primers. Touchdown PCR enhances the 
specifi city of the initial primer–template duplex formation and 
hence the specifi city of the fi nal PCR product. Thermocycling con-
ditions are initial denaturation at 94 °C for 4 min, followed by 15 
cycles of 94 °C for 30 s, 70 °C for 1 min and 72 °C for 2 min. In 
the subsequent cycles, 20 cycles of 94 °C for 30 s, 55 °C for 1 min, 
72 °C for 2 min and a fi nal extension step at 72 °C for 10 min. The 
PCR products are loaded in 1 % wt/vol agarose gel prepared in 
Tris–borate–EDTA buffer and detected by ethidium bromide 
staining after electrophoresis. Control plasmid strains are used.  

  The presence or absence of class 1 integrons is determined using 
5′-CS and 3′-CS primers specifi c for the variable regions of inte-
grons [ 23 ]. The sequences of the primers and the thermocycling 
conditions used are as follows: 

 Template DNA is amplifi ed by PCR with the use of oligonu-
cleotide primers:

   5′- GGCATCCAAGCAGCAAG-3′ and  
  5′-AAGCAGACTTGACCTGA-3′. The PCR is performed in a 

fi nal reaction volume of 25 μl containing 10 mM Tris–HCl 
(pH 8.3); 50 mM KCl, 3.0 mM MgCl 2 ; 6.6 pmol of each 
primer, 1 U of Taq polymerase, dNTP 0.2 mM each, and 1 μl 
of template DNA. An Eppendorf thermocycler is used for 
amplifi cation. The program for amplifi cation includes a step of 
initial denaturation at 94 °C for 4 min, followed by 35 cycles 
of 94 °C for 1 min, 55 °C for 2 min and 72 °C for 2 min and 
a fi nal extension step at 72 °C for 7 min. The PCR products 
are loaded in 1 % wt/vol agarose gel prepared in Tris–borate–
EDTA buffer and detected by ethidium bromide staining after 
electrophoresis.     

  PCR targeting the flagellin gene ( fliC ) of ceftriaxone resistant 
 S.  Typhi to confi rm the identity of the isolate Nested PCR target-
ing the fl agellin gene of  S.  Typhi is used to confi rm the identity of 
the isolate.

   Primers Used  
  ST1 (5′-TATGCCGCTACATATGATGAG-3′) and  
  ST2 (5′-TTAACGCAGTAAAGAGAG-3′), which are used for 

regular PCR to amplify a 495 bp fragment, corresponded to 
nucleotides 1036–1056 and 1513–1530, respectively, in the 
fl agellin gene of  S.  Typhi.  

  For nested PCR,  
  ST3 (5′ACTGCTAAAACCACTACT-3′) and  
  ST4 (5′-TGGAGACTTCGGTCGCGTAG-3′) are used to amplify 

a 363 bp fragment [ 24 ].  

3.11  Detection 
of Class 1 Integrons 
in NTS

3.12  PCR Targeting 
the Flagellin Gene 
(fl iC) of Ceftriaxone 
Resistant S. Typhi 
to Confi rm the Identity 
of the Isolate
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  PCR Conditions  
  For regular PCR, a 25 μl amplifi cation mixture containing 10 μl of 

commercial master mix, 7 μl of Milli-Q water, 2 μl ST1 and 
2 μl ST2 primers with 4 μl of the extracted DNA is used. Using 
a thermal cycler, the reaction mixture is subjected to 40 cycles 
of 2 min each at 94 °C for denaturation followed by annealing 
at 57 °C for 15 s and elongation at 72 °C for 1 min. A fi nal 
elongation of 7 min duration is done at 72 °C.  

  Nested PCR  
  A 1 in 5 diluted amplifi ed product from the regular PCR is used as 

template for nested PCR. Amplifi cation conditions are similar 
to the fi rst round PCR except annealing at a higher tempera-
ture at 63 °C at 15 s.  

  The sequencing of the fl agellin gene product is carried out and 
analyzed.     

      (a)    Pulsed Field Gel Electrophoresis (PFGE): Briefl y, isolates are 
incubated overnight at 37 °C in 7 ml Mueller Hinton broth. 
After incubation, 1 ml of bacterial cells are harvested, pelleted, 
and washed three times using 1 ml EET buffer, before being 
adjusted to a cell density of 0.5 at 560 nm. A 100 μL of cell 
suspension and 100 μL of 1.4 % PFGE grade agarose in EET 
buffer are mixed and poured into PFGE plug molds. The 
plugs are incubated at 4 °C for 30 min to harden and 1 ml of 
lysozyme is added before incubation at 37 °C for 3 to 4 h. 
Lysozyme is removed from the plugs and 1 ml each of depro-
teinizing solution is added prior to overnight incubation at 
37 °C. Next, the plugs are washed six times every 30 min with 
T10E1 buffer, and then soaked in T10E0.1 buffer for 30 min. 
Restriction digestion is carried out using 40 U of  Xba I 
(Fermentas) at 37 °C for typhoidal salmonellae and using 
40 U each of both  Xba I and  Spe I (Fermentas) at 37 °C, for 
non-typhoidal salmonellae. PFGE is performed in a 1 % 
agarose gel in a CHEF DR-II system (Bio-Rad) with the fol-
lowing conditions 0.5× Tris–Borate–EDTA buffer, 140 °C, 
6 V/cm for 22 h (with switch times ranging from 5 to 40 s). 
Lambda ladder PFGE marker (Bio-Rad) is used as a molecular 
weight standard.   

   (b)    Enterobacterial Repetitive Intergenic Consensus (ERIC PCR):  
 Extracted DNA is amplifi ed by PCR with the use of oligonu-
cleotide primers: ERIC-1: 5′-ATGTAAGCTCCTGGGGA
TTCAC-3′ and ERIC-2: 5′-AAGTAATGACTGGGGTG
AGCG-3′. The PCR is performed in a fi nal reaction volume of 
25 μl containing 10 mM Tris–HCl (pH 8.3); 50 mM KCl, 3.0 mM 
MgCl 2 ; 6.6 pmol of each primer, 1 U of Taq polymerase, 
dNTP 0.2 mM each, and 1 μl of template DNA. An Eppendorf 

3.13  Genotyping
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thermocycler is used for amplifi cation. The program for 
amplifi cation includes a step of initialdenaturation at 95 °C 
for 7 min, followed by 30 cycles of 95 °C for 30 s, 50 °C for 
1 min, and 65 °C for 8 min and a fi nal extension step at 65 °C 
for 16 min. The PCR products are loaded in 2 % wt/vol aga-
rose gel prepared in Tris–borate–EDTA buffer and detected by 
ethidium bromide staining after electrophoresis [ 25 ].       

4    Notes 

        1.    Biochemical characterization: H 2 S production is a variable 
factor (there as exceptions) as far as typhoidal salmonellae are 
concerned; one should not rule out or rule in any serotype of 
salmonellae based on H 2 S production.   

   2.    EET buffer (PFGE reagent preparation): Both EDTA and 
EGTA dissolved at pH 8.0. It is preferred to adjust the pH 
starting with NaOH pellets and continue with 4 N NaOH 
for the “fi ne tuning”. EGTA = ethylene glycol-bis (beta 
aminoethylene)- N ,  N ,  N ′,  N ′ tetra acetic acid. EGTA is a 
sodium chelate and does not bind magnesium.   

   3.    Template DNA: The supernatant should be quantifi ed for 
DNA or run electrophoresis and seen for the intensity of the 
band. If the DNA is not found, the sediment from the centri-
fuged tube could be checked for DNA.   

   4.    Restriction fragment length polymorphisms (RFLP) analysis as 
a screening method for  gyrA  mutations: PCR-RFLP of the 
 gyrA  gene of typhoidal salmonellae also revealed an unusual 
and stable RFLP that points to the existence of mixed geno-
types. The  gyrA  gene locus has never been used as an epide-
miological marker, so it is unclear whether strain variation can 
be manifested in this gene. It is possible that these mixed geno-
types may be an outcome of evolving FQ resistance; they may 
very well represent the efforts of typhoidal salmonellae to 
acquire an FQ resistant phenotype.   

   5.    In typhoidal salmonellae, mutations found in the gene outside 
of the QRDR of  gyrA  are not associated with quinolone resis-
tance. Meanwhile, more studies are warranted in order to 
determine whether such mutations, when present alone, con-
fer resistance or DCS in vitro.   

   6.    Despite mutations in the  gyrA  and  parC  genes being the most 
commonly found and well characterized in conferring quino-
lone resistance, mutations in the  gyrB  and  parE  genes have also 
been described, although their contribution, if any, to the resis-
tance phenotype seems to be lesser. It may be important to 
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include both  gyrB  and  parE  genes in routine sequencing in 
order to clarify the possible role of these secondary mutations.   

   7.    The  ampC  gene screening PCR is initially optimized using 
simplex PCR.   

   8.    There are sporadic reports of high resistance to ceftriaxone in 
typhoidal salmonellae, where ESBLs and AmpC β-lactamase 
has been reported.   

   9.    The presence of individual plasmid types are determined by 
PCR screening, where the control strains are made use of for 
optimizing the test.         
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    Chapter 4   

 Red-Mediated Recombineering of  Salmonella enterica  
Genomes 

           Frederik     Czarniak     and     Michael     Hensel    

    Abstract 

   The mutagenesis of enterobacterial genomes using phage λ Red recombinase functions is a rapid and 
 versatile experimental tool. In addition to the rapid generation of deletions in the genome of  Salmonella 
enterica , variations of the method allow site-directed mutagenesis, generation of reporter fusions, genera-
tion of chimeric genes, or transplantation of regulatory elements directly in the chromosome. We describe 
the application of these approaches with focus on practical aspects and critical steps.  

  Key words     Genetic manipulation  ,   Recombineering  ,   Reporter fusion  ,   In-frame deletion  ,   Genetic 
transplantation  

1      Introduction 

     Mutagenesis of  Salmonella enterica  is an essential tool for the inves-
tigation of  Salmonella  pathogenesis. Many previous approaches 
relied on random mutagenesis, e.g., by transposons, and selection 
of mutant strains with altered virulence phenotypes. Today, the 
availability of genome sequences of a large number of  Salmonella  
spp. isolates and the broad knowledge on virulence functions 
favors targeted rather than random mutagenesis approaches. 
For example, the characterization of virulence genes located 
on  Salmonella  Pathogenicity Islands (SPI), or genes encoding 
metabolic functions, is necessary to understand the molecular 
mechanisms of manipulations of host cells by  Salmonella  and its 
unique pathogenic lifestyle. The analyses usually include the gen-
eration of specifi c mutations and the subsequent comparison of 
virulence properties of the mutant strains to that of the isogenic 
wild-type strain. A considerable effort in these studies is the gen-
eration of sets of isogenic mutant strains lacking one or several 
target genes, harboring in-frame deletions or generation of the 
C- or N-terminal protein fusions. 

1.1  Mutagenesis 
in  Salmonella enterica  
Serovar Typhimurium
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 Here we describe a set of highly effi cient methods for genetic 
manipulation of  Salmonella  spp. The basic method is on tech-
niques developed in the groups of Don Court [ 1 ] and Barry 
Wanner [ 2 ] for  Escherichia coli  K-12 ( E. coli ). This allows a rapid 
and precise one-step inactivation of selected target genes and was 
already used to create a genome-wide set gene-specifi c mutant 
strains of  E. coli , named the Keio collection [ 3 ]. The original 
approaches were slightly modifi ed for use in  Salmonella  and have 
advanced further over the last years [ 4 – 6 ]. Red-mediated recom-
bineering protocols are available for generation of scarless chromo-
somal mutations, allelic exchange, and generation of reporter 
fusions.  

  For effi cient mutagenesis of  Salmonella  spp., the phage λ Red 
recombination system is used. Genes  redαβγ  were cloned into a 
low-copy plasmid under control of an arabinose-inducible pro-
moter (pKD46), thus reducing unwanted Red activity and recom-
bination events under non-inducing conditions [ 2 ]. The λ Red 
system harbors the genes necessary for homologous recombina-
tion, i.e.,  redα  encoding a 5′ to 3′ exonuclease,  redβ  encoding for 
a single-strand annealing protein, and  redγ  encoding an inhibitor 
of RecBCD exonuclease [ 7 ]. 

 Several template plasmids are available for creating linear tar-
geting DNA fragments containing the antibiotic resistance cassette 
of interest. These are pKD4 or pKD13 harboring the kanamycin 
resistance gene ( aph ), or pKD3 harboring the chloramphenicol 
resistance gene (CAT), and different priming sites upstream and 
downstream of the targeting cassette [ 2 ]. Furthermore, two FRT 
sides are fl anking the antibiotic resistance gene, providing the 
option for FLP-mediated excision after successful recombination.  

  The fi rst step is the design of a pair of bi-specifi c oligonucleotides 
composed of about 5′ 40 nt homologous to the selected target 
region in the genome, and a template-specifi c sequence of about 3′ 
20 nt for amplifi cation of the targeting DNA fragment (Fig.  1 ). 
After amplifi cation of the targeting cassette, the linear double- 
stranded DNA is introduced by electroporation into  S . Typhimurium 
cells harboring pKD46. Mediated by arabinose- induced activity of 
the Red system, the linear DNA fragment is then integrated into 
the genome at a defi ned position by homologous recombination 
(Fig.  1 ). Yeast FLP recombinase-mediated recombination is used 
as an optional step to cure the recombinant clones from the anti-
biotic resistance genes. For this purpose, the newly generated 
 S . Typhimurium mutant strains are electroporated with pCP20, 
leading to expression of FLP. FLP recognizes FRT sites and causes 
excision of the introduced resistance cassette by leaving an FRT 
scar of 82 or 85 bp [ 8 ].

1.2  Red-Mediated 
Recombination

1.3  Generic 
Recombineering 
Procedure
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     An extension of Red-mediated recombination was the recom-
bineering of epitope tags to the 3′ end of chromosomal genes of 
interest [ 9 ]. This modifi cation allowed the fusion of tags such as 
6His, FLAG, Myc, or HA that can be used for detection of pro-
teins or protein purifi cation (Fig.  2a ). A further use of the gene 
fusion approach is the introduction of promoter-less reporter genes 
that allows the in-frame fusion of a variety of genes encoding 
reporter enzymes or fl uorescent proteins to genes of interest in the 
 Salmonella  spp. genome [ 5 ] (Fig.  2b ). For example, this approach 
was used for luciferase reporter gene fusion for analyses of 
the SsrAB regulon [ 10 ], and the rapid generation of  phoA  and  bla  
fusions for the determination of membrane topologies of subunits 
of a protein secretion system [ 11 ]. Reporter genes can be fusing to 
any position of the target gene, allowing precise analysis of regula-
tory elements or versatile generation of protein fusions.

1.4  Insertion 
of Epitope Tags 
and Reporter Genes

  Fig. 1    Basic procedure for Red recombineering. The target gene ( orfX ) is shown as  blue symbol  and promoter 
( P  x ), ribosome-binding site (RBS) and terminator (Ω) of the gene are indicated. A gene cassette consisting of 
an antibiotic resistance gene (for example kanamycin resistance gene  aph ,  green symbols ) fl anked by FRT 
sites ( black triangles ) is amplifi ed by a primer set. Primers consist of 60mer oligonucleotides with sequences 
complementary to the target gene ( dark blue bars ) and to the gene cassette ( arrows ). The linear targeting DNA 
is electroporated into a  Salmonella  spp. target strain expressing Red functions. Red-mediated recombination 
replaces  orfX  by the targeting DNA, resulting in a gene deletion tagged by the resistance gene (Δ orfX :: aph ). 
If required, the antibiotic resistance gene may be deleted FLP-mediated recombination between FRT sites, 
resulting in an antibiotic sensitive strain with a gene deletion tagged by a remaining FRT scar (Δ orfX ::FRT)       
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     Red-mediated recombination is also used to integrate expression 
cassettes into defi ned positions in the  Salmonella  chromosome 
(Fig.  3 ). For this approach, the generic gene cassettes were modi-
fi ed by introduction of foreign genes, for example for expression of 
vaccine antigens [ 12 ] or sigma factors [ 13 ]. This way, strains are 
generated with stable single-copy chromosomal integrations of 
expression cassettes that are cured of antibiotic resistance genes.

     It is possible to avoid FRT scars using a modifi ed method that 
deploys positive selection for the loss of selection markers. We  initially 
applied the selection for loss of tetracycline resistance using selection 
of recombinant clones on Bochner-Maloy plates [ 6 ]. This approach 
requires two rounds of recombineering: (1) the insertion of the 
 tetRA  resistance cassette in the target region of the genome, and 
(2) the replacement of the  tetRA  cassette by mutant allele of the tar-
get gene or any kind of gene cassette (Fig.  4a ). The resulting strains 
are devoid of tetracycline resistance and any other resistance marker 
as well as of any undesired foreign sequences. The known disadvan-
tages of this approach are the small time window for selection of 
 Tet-sensitive recombinants on Bochner-Maloy plates [ 14 ,  15 ], and 
the requirement for two rounds of Red- mediated recombineering.

   As an alternative positive selection approach, the loss of a rec-
ognition site for the meganuclease I- Sce I has been deployed [ 4 ] 
(Fig.  4b ). Gene cassettes containing the recognition site for intron-
encoded endonuclease I- Sce I from  Saccharomyces cerevisiae  are fi rst 
recombined into the target location of the  Salmonella  genome. 
The 18 bp I- Sce I recognition sequence is absent from  Salmonella  
genomes. Next, plasmid pWRG99 encoding I- Sce I under control 

1.5  Insertion of Gene 
Cassettes and Genetic 
Transplantation

1.6  Scarless 
Mutagenesis

  Fig. 2    Workfl ow for fusions to epitope tags or reporter genes. ( a ) Red recombineering is used to generate 
 in-frame fusions of various sequences encoding epitope tags ( magenta bars ) to the 3′ end of the gene of inter-
est. ( b ) A similar strategy is used to generate fusions of reporter genes (for example luciferase,  luc ,  yellow 
symbols ) to a gene of interest. Red recombineering allows generation of protein fusions as depicted, as well 
as positioning of a promoter-less reporter gene under control of a promoter of interest. Primers consist of 
60mer oligonucleotides with sequences complementary to target genes ( dark blue bars ), or downstream 
of target genes ( light blue bars ), and to the gene cassette ( arrows )       
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of an inducible promoter is introduced. Expression of I- Sce I causes 
DNA double-strand breaks (DSB), which are lethal to most cells 
[ 16 ]. The replacement of the I- Sce I site by Red- mediated intro-
duction of a mutant allele or gene cassette can remove the I- Sce I, 
thus protecting recombinant clones from I-Sce I- mediated killing. 
The I- Sce I selection approach allowed the generation of point 
mutations in the chromosomal genes of  Salmonella . The approach 
is versatile, but also requires careful selection of recombinant clones 
against non-recombinant background clones.   

2    Materials 

 General materials and reagents required for Red recombineering 
are listed in Table  1 . Plasmid required for Red recombineering as 
listed in Table  2 :

     Oligonucleotides: 
    1.    Synthetic oligonucleotides for generation of target constructs 

are usually 60mers: of 40 nt or more 5′ sequence complemen-
tary to the target sequence in the  Salmonella  genome and 

  Fig. 3    Workfl ow for insertion of expression cassettes. Red-mediated recombineering is used to insert gene cas-
settes consisting of the  aph  resistance gene fl anked by FRT sites and a foreign gene ( red , for example encoding 
a vaccine antigen) under control of a regulated promoter ( P  ivi ). Insertion of expression cassettes may lead to 
deletion of target genes as depicted, but may also be designed to avoid disruption of chromosomal genes       
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20 nt or more 3′ sequence complementary to the target 
 construct template.   

   2.    Further oligonucleotides for PCR-based confi rmation of suc-
cessful recombination and scarless mutagenesis: The sequence 
depends on target gene sequence and position of mutation.   

   3.    For scarless mutagenesis approaches, double-stranded DNA is 
generated by annealing of two complementary, 5′ phosphory-
lated oligonucleotides of 80 nt or more.    

3      Methods 

    Protocol 1: Generation of linear DNA fragments 

   1.    Use appropriate template plasmid for generation of target 
 constructs containing chloramphenicol or kanamycin resis-
tance genes. For amplifi cation use oligonucleotides made up of 
a 40 nt long homolog region for the gene of interest and 20 nt 
specifi c for the used template DNA.   

3.1  Methods for 
Red-Mediated 
Recombination (Basic 
Approach)

  Fig. 4    Workfl ow for scarless Red recombineering. In approach ( a ), the tetracycline resistance cassette  tetRA  is 
amplifi ed and inserted into a target gene by Red-mediated recombination. In approach ( b ), the fi rst recombina-
tion is performed for insertion of a cassette consisting of the chloramphenicol resistance gene (CAT) and a 
recognition site for the meganuclease I- Sce I ( red bar  ). The resulting strains are electroporated with double- 
stranded (ds) DNA (e.g., annealed oligonucleotides, synthetic DNA) and a second Red-mediated recombination 
is performed, replacing the  tetRA  cassette ( a ) or the I- Sce I CAT cassette ( b ). Recombinant clones are selected 
for sensitivity to tetracycline on Bochner-Maloy plates ( a ), or by selection for resistance to I- Sce I-induced 
double-strand breaks ( b ). The mutant alleles comprise in-frame deletion, insertions, or codon exchanges       
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   Table 2  
  Plasmids for Red recombineering in  Salmonella    

 Designation  Relevant characteristics  Reference 

 Helper plasmids 

 pKD46  P  BAD   λ  redαβγ  ts  ori , Amp R   [ 2 ] 

 pCP20  FLP helper plasmid encoding FLP recombinase ts  ori , Amp R   [ 8 ] 

 pWRG99  pKD46 with I- Sce I endonuclease under tetracycline-inducible 
promoter, ts  ori , Amp R  

 [ 4 ] 

 Template plasmids 

 pKD3  FRT-fl anked CAT cassette  [ 2 ] 

 pKD4  FRT-fl anked  aph  cassette  [ 2 ] 

 pKD13  FRT-fl anked  aph  cassette, in-frame scar  [ 2 ] 

 pWRG100  pKD3 with I- Sce I recognition site Amp R , Cm R   [ 4 ] 

 p2795  Basic vector for generation of template vectors, FRT-fl anked  aph   [ 12 ] 

 p3121  Firefl y  luc  in p2795  [ 5 ] 

 p3126   phoA  in p2795  [ 5 ] 

 p3138   lacZ  in p2795  [ 5 ] 

 p3174  GFTmut3 in p2795  [ 5 ] 

 p3253   araC  P  BAD   in p2795  This work 

 p3773   tetR  P  tetA   in p2795  This work 

   2.    Run PCR using the following cycling conditions ( see   Note 1 ):
   Initial denaturation, 95 °C, 4.5 min  
  30 cycles of denaturation, 95 °C, 45 s; annealing, 58 °C, 45 s; 
elongation, 72 °C, X min (1 min per kb of template) ( see   Note 2 )  
  Final elongation, 72 °C, 10 min      

   3.    Purifi cation of PCR product (Qiagen PCR purifi cation kit or 
other suppliers).   

   4.    Optional:  Dpn I digest to remove residual template plasmid 
(NEB/Fermentas) ( see   Note 3 ).    

  Protocol 2: Preparation of competent cells (standard procedure) 

   1.    Grow target  Salmonella  strain harboring pKD46 overnight at 
30 °C in LB containing 50 μg/ml carbenicillin.   

   2.    Inoculate 50 ml culture LB + 50 μg/ml carbenicillin using 
500 μl overnight culture and add  L -arabinose at a fi nal concen-
tration of 10 mM (use fl ask with baffl es).   
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   3.    Incubate at 30 °C with agitation at 160 rpm to OD 600  of about 
0.6 (0.5–0.8).   

   4.    Keep the cells on ice and use pre-chilled solutions, tubes, and 
centrifuges for the following steps. Transfer the culture to 
50 ml Falcon tubes and incubate on ice for 20 min followed by 
centrifugation for 10 min at 7,000 ×  g  at 4 °C.   

   5.    Discard supernatant, resuspend pellet in 50 ml ice-cold ddH 2 O, 
and incubate on ice for 20 min followed by centrifugation for 
10 min at 7,000 ×  g  at 4 °C.   

   6.    Discard supernatant, resuspend pellet in 25 ml ice-cold ddH 2 O, 
and incubate on ice for 20 min followed by centrifugation for 
10 min at 7,000 ×  g  at 4 °C.   

   7.    Discard supernatant, resuspend pellet in 2 ml ice-cold 10 % 
glycerol, and incubate on ice for 20 min followed by centrifu-
gation for 10 min at 7,000 ×  g  at 4 °C.   

   8.    Discard supernatant and resuspend pellet in 500 μl ice-cold 
10 % glycerol.   

   9.    Use cells for electroporation (keep on ice) or store aliquots of 
competent cells at −70 °C ( see   Note 4 ).    

  Protocol 3: Preparation of competent cells (alternative rapid method) 
( see   Note 5 ) 

   1.    Grow overnight culture of required strains in LB under appro-
priate selection.   

   2.    Inoculate 3 ml “terrifi c broth” (TB) medium in glass test tube 
with overnight culture at a ratio of 1:100.   

   3.    Incubate in roller drum to log phase (about OD 600  of 1.5).   
   4.    Transfer 1.5 ml culture in sterile Eppendorf tube, and keep in 

ice for all subsequent steps.   
   5.    Centrifuge for 40 s at 13,000 rpm at 4 °C in microfuge (max. 

speed).   
   6.    Decant supernatant, and resuspend pellet in 1.5 ml ice-cold 

H 2 O dd  by mixing on a vortex mixer.   
   7.    Centrifuge for 40 s at 13,000 rpm at 4 °C in microfuge.   
   8.    Decant supernatant, and resuspend pellet in 1.0 ml ice-cold 

H 2 O dd  by mixing.   
   9.    Centrifuge for 40 s at 13,000 rpm at 4 °C in microfuges.   
   10.    Decant supernatant, and resuspend pellet in 1.0 ml ice- cold 

10 % glycerol by mixing.   
   11.    Centrifuge for 40 s at 13,000 rpm at 4 °C in microfuges.   
   12.    Decant supernatant, remove remaining puffer with pipette tip. 

Resuspend pellet in 50 μl ice-cold 10 % glycerol by pipetting 
up and down.   

   13.    Use directly for electroporation.    
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  Protocol 4: Transformation and selection ( see   Note 6 ) 

   1.    Transfer competent cells (~40 μl) into pre-chilled electropo-
ration cuvette and add appropriate amount of purifi ed PCR 
product (usually 1–4 μl, but other volumes are possible). 
Gently mix suspension by pipetting.   

   2.    Electroporation: 2.5 kV, 200 Ω, 25 μF for cuvettes with 2 mm 
gap width (alternative settings:  EC2  for Bio-Rad Micropulser).   

   3.    Recover cells immediately in pre-warmed SOC medium and 
incubate for 1 h at 37 °C with shaking.   

   4.    Spread up to 100 μl bacterial suspension on appropriate selec-
tion plates. Incubate overnight at 37 °C. Optional: Centrifuge 
the remaining suspension at 13,000 rpm in a microfuge for 
40 s, discard most of the supernatant, and resuspend pellet in 
residual medium. Plate concentrated suspension on selection 
plates.   

   5.    Pick resistant colonies and purify on LB plates containing 
appropriate antibiotic. This incubation may be done at 42–44 °C 
to counter select pKD46.   

   6.    Perform colony PCR to confi rm insertion of the resistance cas-
sette at desired position using a reverse primer binding within 
the resistance cassette and forward primer binding upstream of 
target gene.   

   7.    Streak confi rmed clones on fresh LB plates containing appro-
priate antibiotics and in parallel on LB plates containing car-
benicillin to check the absence of pKD46. Grow cultures at 
37 °C.   

   8.    Pick colonies with antibiotic resistance introduced by Red 
recombination and sensitivity to carbenicillin, inoculate a fresh 
culture in 3 ml medium containing selective antibiotic, and 
incubate overnight at 37 °C.   

   9.    Prepare frozen stocks by adding dimethyl sulfoxide to 7 % fi nal 
concentration.   

   10.    Prior to further experimental use, the mutant allele should be 
transferred into a fresh strain background using P22 transduc-
tion according to standard procedures [ 17 ].    

  Protocol 5: Deletion of resistance markers using FLP recombinase 

   1.    Prepare electro-competent cells of mutant strains as described 
in Protocols 2 or 3. Culture cells at 37 °C with appropriate 
antibiotic (no arabinose required).   

   2.    Transform cells by electroporation with pCP20 as described in 
Protocol 4. Plate suspension on LB plates containing carbeni-
cillin and incubate at 30 °C overnight ( see   Note 7 ).   

   3.    Select positive clones and purify twice on LB plates without 
antibiotics at 37 °C.   
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   4.    Check selected clones again for sensitivity against appropriate 
antibiotics and perform colony PCR to confi rm deletion of 
resistance marker. Use forward and reverse primers fl anking 
the region of interest.   

   5.    Prepare stock cultures as described in Protocol 4.      

    Protocol 6: tetRA-based approach 
      Generation of target strain    
   1.    As template for amplifi cation of  tetA  and  tetR , use genomic 

DNA of a strain harboring a Tn 10 dTc insertion or a plasmid 
harboring cloned  tetRA . For PCR, use oligonucleotides each 
60 nt long with 40 nt 5′ homologous sequence for genes of 
interest and 20 nt 3′ sequence specifi c for  tetRA .   

   2.    Further steps are performed as described in Protocol 1 and 
competent cells of target strains harboring pKD46 are pre-
pared as described in Protocols 2 or 3.   

   3.    Electroporation and selection are performed as described in 
Protocol 4 using tetracycline for selection at a fi nal concentra-
tion of 20 μg/ml at 37 °C.   

   4.    Purify resulting clones on LB agar containing 20 μg/ml tetra-
cycline. Incubate at 37 °C to 42 °C to select for loss of pKD46.   

   5.    Confi rm resistance to tetracycline by checking growth inhibi-
tion on Bochner-Maloy plates for 24 h at 42 °C and parallel 
streaking on LB plates containing tetracycline ( see   Note 8 ).  

     Generation of double-stranded DNA 
   6.    Design oligonucleotides for the desired deletion, exchange, or 

insertion of sequences. The target site is fl anked by at least 
40 nt of sequence complementary to the target site for allow-
ing homologous recombination by Red recombinase. 
Oligonucleotides should be 5′ phosphorylated after synthesis.   

   7.    Prepare stock solutions of oligonucleotides at 500 pmol. Mix 
equal amounts of forward and reverse oligonucleotides. 
Incubate mixture to 95 °C for 15 min and allow the mixture to 
cool to room temperature overnight. Proper annealing may be 
checked by agarose electrophoresis.   

   8.    If non-phosphorylated oligonucleotides were used, perform 
enzymatic phosphorylation reaction (e.g., DNA End Repair 
Kit, Fermentas Thermo).    

     9.    Introduce pKD46 into  tetRA -resistant target strain as described 
in Protocol 2 or 3.   

   10.    Electroporate cells using synthetic double-stranded DNA 
as described in Protocol 4. We routinely use 2–3 μl of anneal 
oligonucleotides at 500 pmol; however, the optimal amount of 

3.2  Methods for 
Red-Mediated 
Recombineering of 
Scarless Deletions

3.3 Transformation 
and Scarless 
Knockout or in-Frame 
Deletion
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DNA may be determined empirically. Prepare mock- transformed 
cells for a control of background growth on selection plates.   

   11.    Select for tetracycline-sensitive clones by plating on freshly 
prepared Bochner-Maloy plates. Incubate at 42 °C for at least 
24 h. Compare growth of cells electroporated with DNA to 
mock-transformed cell in order to select colonies with faster 
growth than background colonies.   

   12.    Select about 20–25 single colonies and re-streak on Bochner-
Maloy plates. Incubate at 42 °C for at least 24 h.   

   13.    Re-streak single colonies on LB plates and incubate at 37 °C 
overnight.   

   14.    Confi rm oligonucleotide-mediated exchange and loss of  tetRA  
by colony PCR. If available, perform diagnostic restriction 
enzyme digest to confi rm the mutation.    

  Protocol 7: I-SceI approach 
      Generation of target strain    

   1.    For amplifi cation of a gene cassette containing CAT and the 
recognition site for I-SceI, use pWRG100 as template plasmid. 
Oligonucleotides are designed containing at least 40 nt 5′ tar-
get gene-specifi c sequence for homologous recombination and 
20 nt 3′ sequence complementary to pWRG100.   

   2.    Perform PCR amplifi cation as described in Protocol 1. Competent 
cells of target strains harboring pKD46 are prepared as described 
in Protocol 2 or 3.   

   3.    Electroporation and selection are performed as described in 
Protocol 4 using chloramphenicol for selection at a fi nal con-
centration of 30 μg/ml at 37 °C.   

   4.    Streak purify clones on LB agar containing 30 μg/ml chloram-
phenicol at 37–42 °C, and confi rm carbenicillin sensitivity   

   5.    Confi rm proper insertion of the CAT/I- Sce I cassette by colony 
PCR.   

   6.    Prepare competent cells of confi rmed target strains as described 
in Protocol 2 or 3, and culture at 37 °C without arabinose 
induction.   

   7.    Transform target strains by electroporation with pWRG99 
encoding the λ Red recombinase and the endonuclease 
I-SceI. Select for carbenicillin resistance and incubate over-
night at 30 °C.  

  Generation of double-stranded DNA    
   8.     As described for Protocol 6. 

  Transformation and scarless knockout or in-frame deletion    
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   9.    Grow target strain harboring pWSK99 at 30 °C in LB containing 
50 μg/ml carbenicillin and 10 mM arabinose. Prepare compe-
tent cells as described in Protocol 2 or 3.   

   10.    Perform transformation using double-stranded DNA as described 
in Protocol 6. For selection, use LB plates containing 50 μg/ml 
carbenicillin and 500 ng/ml anhydrotetracycline (AHTC). Incu-
bate overnight at 30 °C.   

   11.    Select large colonies and purify clones on LB plates containing 
50 μg/ml carbenicillin and 500 ng/ml AHTC.   

   12.    Confi rm deletion of CAT/I- Sce I cassette by colony PCR.   
   13.    To cure the resulting strain from pWRG99, re-streak clones 

and incubate overnight at 37 °C in the absence of carbenicillin. 
Check clones for sensitivity against carbenicillin.      

4     Further Variations of Red Recombineering 

  Red-mediated mutagenesis can easily be used to transfer gene 
 cassettes in order to generate new chromosomal fusions to regula-
tory elements. For example, we used this approach to put other-
wise transcriptionally silent genes for  Salmonella  adhesins under 
control of experimentally inducible promoters, or under control of 
promoters that are activated by known environmental stimuli. 

 Template plasmid p3253 contains a gene cassette consisting of 
FRT-fl anked  aph ,  araC , and P  BAD   and is used to generate arabinose- 
inducible gene fusions. Template plasmid p3773 contains a gene 
cassette consisting of FRT-fl anked  aph ,  tetR , and P  tetA   and allows 
the generation of gene fusions under control of  tetracycline deriva-
tives such as AHTC. We successfully used this approach to control 
the expression of  sadA , encoding a trimeric autotransporter  adhesin 
(unpublished data). 

 Red recombineering using p3253, p3773, or related templates 
will result in gene fusion and the presence of that  aph  gene or 
an FRT recombination scar. While these foreign elements are not 
likely to interfere with the expression of the gene under control of 
 P   tetA   or  P   BAD  , the precise analysis of the regulation may require pro-
moter exchanges without integration of any additional DNA.  

  The rapidly decreasing costs for synthesis of double-stranded DNA, 
and the availability of novel synthesis techniques such as GeneStrings 
(GeneArt, Thermo Scientifi c, or other suppliers), render synthetic 
DNA an attractive alternative to oligonucleotide- based mutagenesis. 
Synthetic fragments allow the design of sequences otherwise diffi cult 
to construct and provide a cost- effi cient way to enhance recombi-
nation effi ciency by generation of longer homologous sequences. We 
have used synthetic DNA fragments for chromosomal site-directed 
mutagenesis of the 5 codons encoding the Ca 2+ -binding sites of 

4.1  “Remote 
Control” of Gene 
Expression

4.2  Recombineering 
Using Synthetic DNA
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 bacterial Ig domains in the giant adhesin SiiE, or to swap domains in 
the N-terminal portion of SiiE (unpublished data). The combination 
of DNA synthesis and scarless mutagenesis theoretically enables any 
kind of manipulation of the  Salmonella  genome.   

5    Critical Parameters and Observations 

  Certain strains of  S. enterica  serovar Typhimurium are not amenable 
for Red recombineering. While we were able to regenerate hun-
dreds of different mutations in strain NCTC 12023 (isogenic to 
ATCC 14028), the application of the method to SL1344 as 
another frequently used strain was very ineffi cient. The molecular 
basis of this phenomenon is not clear, but we speculate that the 
different equipment of  Salmonella  strains with prophages and 
interference by prophage-encoded functions is a possible explana-
tion. A workaround is Red recombineering in a permissive strain 
such as NCTC 12023, and subsequent P22 transduction of the 
mutant allele in the desired strain. However, given that P22 trans-
duction leads to transfer of about 1 % of the genome content, the 
resulting strain is chimeric rather than fully isogenic.  

  The FLP-mediated recombination of FRT sites fl anking the anti-
biotic resistance cassettes allows rapid and effi cient curing of 
 antibiotic resistance. Cured strains may be used for introduction 
of additional mutations by further rounds of Red recombineering, 
or by P22 transduction. We have performed up to four successive 
rounds of mutagenesis and curing of resistance cassettes. The pres-
ence of several FRT scars in the chromosome may allow recombina-
tion resulting in larger chromosomal rearrangement. However, we 
obtained suffi cient number of clones with proper modifi cations 
of the target genes and absence of detectable chromosomal 
rearrangements.   

6    Concluding Remarks 

 The generic Red recombination approach and the various modifi -
cations described here allow the rapid generation of isogenic 
 Salmonella  mutant strains for subsequent experimental analyses of 
 Salmonella  virulence properties and the pathogenic lifestyle. The 
use of the λ Red recombinase functions alleviates the need for long 
homologous fl anks required for conventional homologous recom-
bination by  Salmonella  recombinase. This allows use of PCR- 
derived or short synthetic DNA for recombination, similar to 
methods used in yeast genetics. Combined with P22 transduction 
[ 18 ],  Salmonella  researchers have at hand versatile and modular 
systems for rapid construction of recombinant strains. 

5.1  Selection 
of Target Strains 
for Mutagenesis

5.2  Repeated 
Rounds 
of Mutagenesis
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 We described a set of modifi cation of the Red recombineering 
for generation of gene fusions, scarless chromosomal  modifi cations, 
or genetic transplantations. Red recombineering can easily be 
adapted to various experimental needs, often by combining the 
recombination step with well-established selection methods for 
recombinant clones. The Red recombineering approach also allows 
the incorporation of recent developments in molecular biology. 
Due to the rapidly decreasing cost for DNA synthesis, recom-
bineering of larger synthetic DNA fragments into the  Salmonella  
chromosome is now feasible. The combination of Red recom-
bineering with the in vitro assembly of large recombinant mole-
cules by Gibson assembly [ 19 ] and related approaches may open 
new avenues to the molecular dissection of  Salmonella  virulence.  

7    Notes 

     1.    For generation of target DNA, use polymerase with proofread-
ing activity to avoid unwanted mutations (High Fidelity mix, 
Fermentas; Phusion, NEB, or similar products).   

   2.    Annealing temperature depends on sequence portion of 
 oligonucleotides complementary to template. Select the high-
est possible temperature for highest specifi city. Calculate 
Tm = 2 × ( A  +  T ) + 4 × ( G  +  C ). Alternatively, run a gradient PCR 
and check for optimal annealing temperature.   

   3.     Dpn I digestion is usually not required if templates are based on 
suicide plasmids such as pKD3, pKD4, or pKD13. For template 
plasmid propagated in  Salmonella  spp. WT,  Dpn I digestion is 
recommended to reduce false-positive clones.   

   4.    Although cells may be stored for later use, we observed best 
performance with freshly prepared cells.   

   5.    This procedure allows the generation of low numbers of com-
petent cells in single aliquots for direct use.   

   6.    Prepare mock-transfected cells to monitor background growth 
on selection plates.   

   7.    FLP-mediated recombination usually occurs directly after 
introduction of pCP20. We observed that curing of pCP20 
might require repeated rounds of culture on LB plates at 
42 °C.   

   8.    Since selection of tetracycline sensitivity is important for the 
subsequent selection of allelic exchange, it is essential to select 
tetracycline-resistant clones inhibited in growth on Bochner- 
Maloy plates.         
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    Chapter 5   

 A Method to Introduce an Internal Tag Sequence 
into a  Salmonella  Chromosomal Gene 

           Weidong     Zhao     and     Stéphane     Méresse    

    Abstract 

   Epitope tags are short peptide sequences that are particularly useful for the characterization of proteins 
against which no antibody has been developed. Infl uenza hemagglutinin (HA) tag is one of the most 
widely used epitope tags as several valuable monoclonal and polyclonal antibodies that can be used in various 
techniques are commercially available. Therefore, adding a HA tag to a protein of interest is quite helpful 
to get rapid and cost less information regarding its localization, its expression or its biological function. 
In this chapter, we describe a process, derived from the Datsenko and Wanner procedure, which allows the 
introduction of an internal 2HA tag sequence into a chromosomal gene of the bacterial pathogen 
 Salmonella .  

  Key words     Epitope tag  ,   Hemagglutinin (HA)  ,    Salmonella   ,   Chromosomal gene  

1      Introduction 

 Bacteria of the species  Salmonella enterica  are intracellular pathogens 
that express a type III secretion system encoded by the  Salmonella  
pathogenicity island 2 (T3SS-2). This secretion system supports 
the translocation into infected host cells of proteins known as 
T3SS-2 effectors [ 1 ,  2 ]. These proteins manipulate host cells 
functions to facilitate the intracellular survival and replication of 
bacteria [ 3 ]. SifA is a T3SS-2 effector that is crucial for virulence 
in mice [ 4 ]. At the cellular level, this effector is required for the 
stability of  Salmonella -containing vacuoles (SCV) and promotes 
the formation of membranous tubules named  Salmonella -induced 
fi laments (Sif) [ 4 ]. Our attempts to produce antibodies against this 
important protein have failed. Thus, the introduction of a HA tag 
coding sequence into the  sifA  gene has been useful to follow the 
delivery of SifA into host cells, its localization and its interaction 
with host proteins [ 5 ]. 

 The HA epitope is a nonapeptide sequence (YPYDVPDYA) of 
the human infl uenza virus hemagglutinin protein (HA1 protein). 
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It has been established that multiple copy in tandem of a given 
epitope enhances tremendously the detection of the tagged protein 
[ 6 ]. As far as the detection of  Salmonella  effectors is concerned, a 
modifi cation with two copies of the HA tag (2HA) has given satis-
factory results for the detection of these proteins by immunofl uo-
rescence or by Western blotting [ 7 ]. 

 Several  Salmonella  effectors have been successfully studied by 
adding a C-terminal 2HA tag [ 8 ,  9 ]. In this case a simple recombi-
nation between a PCR product and the last part of the appropriate 
chromosomal gene is used to generate a strain expressing a 
C-terminally 2HA tagged T3SS-2 effector from the chromosome. 
Yet the C-terminus of SifA is not suitable for modifi cation. 
Therefore, Brumell and coworkers have developed a plasmid 
encoding SifA with an internal 2HA tag [ 5 ]. As compared to the 
C-terminal tagging, creating a strain expressing a protein with an 
internal tag from the chromosome is far more challenging. Hence, 
most studies have used a ∆ sifA  strain carrying a plasmid for the 
expression of SifA-2HA. But the presence of a plasmid can have 
important functional consequences of the bacterial fi tness and on 
the level of protein expressed by the plasmid. Thus, we have gener-
ated a  Salmonella  strain expressing SifA with an internal 2HA tag 
from the chromosome and under its natural promoter. The proce-
dure used to generate this strain, and which is applicable for tag-
ging other genes, is described in this chapter. 

 The method is based on a protocol for gene disruption 
described by Datsenko and Wanner [ 10 ], which consist in the 
replacement of a chromosomal gene sequence by a selectable anti-
biotic resistance gene. This replacement results from the homolo-
gous recombination between the targeted chromosomal sequences 
and a PCR product coding for an antibiotic resistance cassette. The 
latter is obtained by amplifi cation of an appropriate plasmid using 
primers with homology extensions to adjacent sequences of the 
targeted gene. The antibiotic resistance cassette is fl anked by FRT 
(FLP recognition target) sequences, which offer the possibility to 
further excise it (Fig.  1a ). The recombination requires the phage 
lambda Red recombinase, which is synthesized by  Salmonella  
under the control of an inducible  ara  promoter.

   As previously mentioned, the gene disruption method has 
been modifi ed in order to express C-terminally tagged gene 
 products [ 9 ]. For this purpose, the antibiotic resistance cassette is 
amplifi ed with primers that carry short extensions homologous to 
the last portion of the targeted gene, excluding the stop codon, 
and to a region immediately downstream from the gene. In addi-
tion, the coding sequences for the tag and a stop codon are included 
in the 5′ primer (Fig.  1b ). 

 The C-terminally tagged SifA is not functional and this 
problem probably exists for other bacterial effectors or proteins. 
The specifi c reasons why this modifi cation alters the functionality 

Weidong Zhao and Stéphane Méresse
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of SifA are unknown but several potential problems can be evoked. 
This could be the non-secretion and/or non-translocation owing 
to an improper protein folding. Tags can also modify the interac-
tion or the recognition by other proteins, a chaperone for example 
or possibly the host target. 

 Considering that SifA with an internal 2HA tag (SifA-2HA) 
and expressed from a plasmid is fully functional as it complements 
a ∆ sifA  mutant, we constructed a strain expressing this modifi ed 
protein from the chromosome and under it natural promoter using 
a three steps procedure (Fig.  1c ).  

2    Materials 

       1.    Plasmids: pACYC184, pKD46, pKD4, and pCP20.   
   2.    Total DNA extracted from  Salmonella typhimurium .   
   3.    DNA polymerase kit from Invitrogen.   
   4.    PCR product purifi cation kit from Qiagen.   
   5.    Gel extraction kit from Qiagen.   
   6.    Restriction enzymes HindIII, SalI, XhoI, and ClaI from NEB.   
   7.    T4 DNA ligase from Invitrogen.   
   8.    DH 5α  competent  E. coli.    
   9.     l  pir competent  E. coli .   

2.1  Molecular 
Biology

2.1.1  Plasmid Constructs

  Fig. 1    Strategy for ( a ) disruption of the gene of interest by homologous recombination, ( b ) introduction of the 
C-terminal tag sequence to a gene, ( c ) introduction of an internal tag sequence into a chromosomal gene. ( a ) 
The PCR product contains region homologous to the adjacent sequences (in  green  and  blue ) of the targeted 
gene (in  gray ). After recombination, a kanamycin resistance gene has replaced the targeted gene. ( b ) A PCR 
product carries short extensions homologous to the very last part of the targeted gene (in  green ) and to a 
region immediately downstream from it (in  blue ). In addition a sequence coding for a tag is introduced upstream 
of the antibiotic resistance cassette. After recombination, a C-terminal tag sequence (in  red ) and a kanamycin 
gene are added to bacterial chromosome. ( c ) A PCR product carries a tagged gene (in  green  with a  red tag ) 
and a sequence homologous to a region downstream of the gene (in  blue ). The recombination allows a replace-
ment of targeted gene by the same gene carrying an internal tag (in  red )       
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   10.    Luria–Bertani (LB) broth, Miller (Difco/BRL).   
   11.    Tetracycline stock solution (100 mg/ml), Ampicillin stock 

solution (100 mg/ml), Kanamycin stock solution (100 mg/ml).   
   12.    Plasmid mini-preps Kit from Promega.      

      1.    Arabinose from Sigma.   
   2.    DpnI from NEB.   
   3.    PCR purifi cation Kit from Qiagen.        

3    Methods 

 This method requires a PCR amplifi cation of a DNA module com-
posed of the SifA-2HA gene coding sequence and an antibiotic 
cassette fl anked by FRT sequences and its further recombination 
with the  Salmonella  chromosome. The initial step is the creation of 
a plasmid carrying an internal 2HA tagged  sifA , following the pro-
cedure described by Brumell et al. [ 5 ]. Using this plasmid as tem-
plate, the  sifA - 2HA  is amplifi ed by PCR and cloned into a suitable 
restriction enzyme site in 5′ of the kanamycin resistance cassette of 
the pkD4 plasmid [ 10 ]. A subsequent PCR is carried out using 
primers with extensions that are homologous to the adjacent 
regions of  sifA  gene. The PCR product is then transformed into a 
 Salmonella  strain containing the pKD46 plasmid that expresses the 
lambda red recombinase under the control of an arabinose induc-
ible promoter. This yields the bacterial strain expressing SifA-2HA 
from the chromosome. 

  The low-copy plasmid pACYC184 was used to clone SifA and to 
further introduce a 2HA tag between the amino acid residues 136 
and 137 of SifA. Primers SifA1 (5′-AGC AAG CTT ACA CGC 
ATC CAG GCA TGA AGT TTA TTC-3′) and SifA2 (5′-ACG 
TGT CGA CTT ATA AAA AAC AAC ATA AAC AGC CGC TTT 
G-3′) were employed to amplify  sifA  and its upstream promoter 
from  S. typhimurium  DNA. The PCR product was digested by 
HindIII and SalI, purifi ed, and cloned into the corresponding sites 
in pACYC184. A subsequent inverse PCR of the resulting plasmid 
was carried out with SifA3 (5′-CCG CTC GAG ATT TTA AAA 
TCG CAT CCA CAA ATG ACG GCC-3′) and SifA4 (5′-CCG 
CTC GAG CGC ATA ATC CGG CAC ATC ATA CGG ATA CGC 
ATA ATC CGG CAC ATC ATA CGG ATA ATC CGG GCG ATC 
TTT CAT TAA AAA ATA AAG-3′). This PCR product was then 
digested with XhoI and ligated with T4 DNA ligase, which yielded 
plasmid pSifA-2HA. 

     A 50 μl PCR is performed using 50 ng of total  Salmonella  12023 
DNA as template and 0.2 μM of oligos SifA1 and SifA2. The PCR 

2.1.2  Recombination

3.1  Step 1: 
Construction 
of the SifA-2HA 
Plasmid

3.1.1   PCR
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is run according the Taq polymerase supplier’s protocol using the 
following program: 4 min at 94 °C/45 s at 94 °C/45 s at 58 °C 
( see   Note 1 )/1.25 min at 68 °C/Cycle 20 times back to step 
2/10 min at 68 °C. 

 This should amplify a fragment of about 1,330 bp. In order to 
get enough PCR product for further steps, four tubes of PCR reac-
tions are performed.  

        1.    The PCR product are pooled and purifi ed using a PCR purifi ca-
tion kit according the manufacturer’s protocol and eluted in 
10 μl TE. DNA concentration is checked by measuring the 
OD 260nm . The purifi ed PCR product and the plasmid pACYC184 
are digested as follows: 

 Purifi ed PCR product or pACYC184  1.0 μg 

 HindIII (10 units)  1.0 μl 

 SalI (10 units)  1.0 μl 

 10× Enzyme buffer  5.0 μl 

 H 2 O  to 50 μl 

       2.    The samples are placed at 37 °C for 3 h.   
   3.    The digested PCR product and pACYC184 are run on a 1 % 

agarose gel and the 1,330 bp (PCR) and 3,600 bp (plasmid) 
fragments are purifi ed according to the protocol of the Gel 
extraction kit.   

   4.    DNA concentration is checked by measuring the OD 260nm .   
   5.    Ligation of the PCR fragment with pACYC184 is performed 

as follows: 

 Purifi ed PCR  2.0 μg 

 Purifi ed pACYC184 fragment  1.0 μg 

 T4 DNA ligase  2.0 μl 

 Buffer  2.0 μl 

 H 2 O  to 20 μl 

       6.    The sample is placed at 16 °C for 14 h.      

        1.    The ligation product (5 μl) is mixed with 50 μl of competent 
 E. coli . DH 5α  cells and incubated: On ice for 30 min. 42 °C for 
1 min. On ice for 2 min.   

   2.    Pre-warmed LB (0.5 ml) is added immediately, and bacteria 
are incubated 1 h at 37 °C under shaking.   

   3.    Hundred microliters of the transformed bacteria is spread on a 
LB-agar plate supplemented with 100 μg/ml tetracycline.   

   4.    The LB-agar plate is placed at 37 °C overnight.   

3.1.2  Digestion 
and Ligation

3.1.3  Transformation
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   5.    One colony is picked up from LB-agar plate and grown in 5 ml 
LB medium supplemented with tetracycline (100 μg/ml), 
overnight at 37 °C, and under vigorous shaking.   

   6.    Plasmid is extracted from bacteria using a Plasmid mini-preps 
Kit and according to the manufacturer’s protocol.   

   7.    The pSifA plasmid is quantifi ed by measuring the OD 260nm  and 
sent for sequencing.      

  In order to add an internal 2HA tag between amino acid residues 
136 and 137, an inverse PCR with pSifA as template and primers 
SifA3 and SifA4 is performed using the Taq DNA polymerase and 
the following program: 4 min at 94 °C/45 s at 94 °C/45 s at 
58 °C ( see   Note 1 )/5.5 min at 68 °C/Cycle 20 times back to step 
2/10 min at 68 °C. SifA3 and SifA4 both contain a Xhol restric-
tion enzyme site and are designed to introduce a 2HA tag sequence. 
The PCR fragment is of about 4,750 bp.  

      1.    Four tubes of 50 μl PCR product are collected and purifi ed 
using a PCR purifi cation kit ( see  Subheading  3.1.2 ).   

   2.    The purifi ed PCR product is quantifi ed by measuring the 
OD 260nm  and digested as follows. 

 Purifi ed PCR product  1.0 μg 

 XhoI (10 units)  1.0 μl 

 10× Buffer  5 μl 

 H 2 O  to 50 μl 

       3.    The samples are placed at 37 °C for 3 h.   
   4.    The digested PCR product is run on a 1 % agarose gel and the 

4,750-bp fragments is purifi ed according to the protocol of the 
Gel extraction kit.   

   5.    The isolated DNA is quantifi ed by measuring the OD 260nm .   
   6.    The self-ligation of the purifi ed PCR fragment is performed as 

follows: 

 Purifi ed PCR product  1.0 μg 

 T4 DNA ligase  1.0 μl 

 10× Buffer  2 μl 

 H 2 O  to 20 μl 

       7.    The sample is placed at 16 °C for 14 h.      

  The self-ligated plasmid is transformed into competent DH 5α   E. coli  
cells ( see  Subheading  3.1.3 ). Four colonies are picked up for 
mini-prep and sequencing.   

3.1.4  Inverse PCR

3.1.5  Digestion 
and Ligation

3.1.6  Transformation
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  Primers O-WZ01 (5′-ACGT ATC GAT GCG CCC GCA GTT 
GAG ATA AAA AGG G-3′) and O-WZ02 (5′-ACGT ATC GAT 
TTA TAA AAA ACA ACA TAA ACA GCC GCT TTG-3′) both 
containing a ClaI restriction enzyme site were used to amplify  sifA- 
2HA   from psifA-2HA. This PCR product was then digested with 
ClaI and cloned directly into the corresponding sites in pKD4, 
which yields pKD4-SifA-2HA. 

  About 50 ng pSifA-2HA is use as template to run a PCR using 
primers O-WZ01 and O-WZ02 ( see  Subheading  3.1.1 ). This 
should amplify a fragment of about 1,150 bp. Four tubes of 50 μl 
PCR reaction are run.  

      1.    Four tubes of 50 μl PCR product are pooled and purifi ed using 
a PCR purifi cation kit ( see  Subheading  3.1.2 ).   

   2.    The purifi ed PCR product is quantifi ed by measuring the 
OD 260nm .   

   3.    The purifi ed PCR product and the plasmid are digested as 
follows. 

 Purifi ed PCR product or pKD4  1.0 μg 

 ClaI (10 units)  1.0 μl 

 10× Buffer  5 μl 

 100× BSA  0.5 μl 

 H 2 O  to 50 μl 

       4.    The samples are placed at 37 °C for 3 h.   
   5.    The digested PCR product is run on a 1 % agarose gel and 

the 1,150 bp (PCR fragment) and 3,260 bp (pKD4) frag-
ments are purifi ed according to the protocol of the Gel 
extraction kit.   

   6.    The purifi ed DNA fragments are quantifi ed by measuring the 
OD 260nm .   

   7.    The ligation of purifi ed PCR and pKD4 fragments is per-
formed as follows: 

 Purifi ed PCR product  1 μg 

 Purifi ed pKD4  1 μg 

 T4 DNA ligase  1 μl 

 10× Buffer  2 μl 

 H 2 O  to 20 μl 

       8.    The sample is placed at 16 °C for 14 h.      

3.2  Step 2: 
Construction 
of the pKD4-SifA- 2HA 
Plasmid

3.2.1   PCR

3.2.2  Digestion 
and Ligation
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      1.    Ligated product (5 μl) is transformed into  l  pir competent 
 E. coli  according to the protocol described above 
( see  Subheading  3.1.3 ).   

   2.    The transformed bacteria are spread on a LB-agar plate supple-
mented with 100 μg/ml kanamycin. The LB-agar plate is 
placed at 37 °C overnight.   

   3.    A colony PCR with primers O-WZ01 and O-WZ04 (O-WZ04 
is partially homologous to a region downstream the kanamycin 
resistance gene of pKD4,  see  Subheading  3.3 ) is performed to 
check if  sifA-2HA  has been ligated in pKD4 in the proper orien-
tation ( see  Subheading  3.1.1 ). Twenty colonies are screened.   

   4.    Four PCR positive colonies are picked and grown in 5 ml LB 
medium supplemented with kanamycin (100 μg/ml) over-
night at 37 °C. Plasmids are extracted from bacteria using a 
Plasmid mini-preps Kit according to the manufacturer’s 
protocol.   

   5.    The pKD4-SifA-2HA plasmid is quantifi ed by measuring the 
OD 260nm  and sent for sequencing.       

   A DNA module is amplifi ed by PCR using pKD4-SifA-2HA as 
template and primers O-WZ03 (5′-CTG ATT GCC AGT CTCT 
TTT AAA AAT TAT ATT ACA TCC GAT GCG CCC GCA GTT 
GAG ATA AAA AGG G-3′) and O-WZ04 (5′-GGC CAT TTA 
AAT GAC TAT TCT CAT CCG ATC CGG TCA TAT GCG GCC 
ATA TGA ATA TCC TCC TTA G-3′). These primers have exten-
sions that are homologous to regions adjacent to  sifA . The purifi ed 
PCR product is introduced into a  Salmonella  strain carrying the 
pKD46 plasmid, which expresses the lambda red recombinase. 
The recombinant bacteria (12023  sifA-2HA ::Km r ) are selected on 
Kanamycin. 

  Eight tubes of 50 μl PCR reaction are run using 20 ng pKD4-
SifA- 2HA as template and primers O-WZ03 and O-WZ04 
( see  Subheading  3.1.1 ).  

      1.    The PCR template is eliminated by adding 2 μl DpnI to the 
PCR product and incubating for 1 h at 37 °C.   

   2.    The PCR products are pooled, purifi ed using a PCR purifi ca-
tion kit according the manufacturer’s protocol, and stored 
at −20 °C.      

      1.    To prepare electrocompetent bacteria, wild-type  Salmonella  
are grown overnight in 2 ml LB at 37 °C under vigorous shak-
ing. Bacteria are diluted 1:100 in 50 ml LB and incubated 
under the same conditions until the OD 600nm  reaches a value of 
0.6. Bacteria are pelleted at 8,000 ×  g  for 10 min at 4 °C, 

3.2.3  Transformation

3.3  Step 3: 
Homologous 
Recombination

3.3.1   PCR

3.3.2  Template Digestion

3.3.3  Homologous 
Recombination
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washed successively with 25 ml and 12.5 ml ice-cold water and 
fi nally resuspended in 500 μl ice-cold water.   

   2.    Wild-type  Salmonella  (50 μl) are electroporated in a 0.2 cm 
chilled electroporation cuvette with about 100 ng of pKD46 
plasmid. A pulse of 25 μF/2.5 kV/200 Ω is applied. 800 μl 
warm LB medium are added and the bacteria are incubated 
for 1 h at 37 °C. Then, bacteria are spread on LB-agar plates 
containing 100 μg/ml Ampicillin. Plates are incubated over-
night at 30 °C (pKD46 shows temperature-sensitive 
replication).   

   3.    The  Salmonella  strain carrying the pKD46 plasmid is grown in 
2 ml LB medium supplemented with ampicillin (100 μg/mL), 
overnight at 30 °C, and under vigorous shaking.   

   4.    The strain is subcultured at a dilution of 1:100 in 50 ml LB 
medium supplemented with ampicillin (100 μg/ml) and 
10 mM arabinose (for the induction of the lambda red recom-
binase genes), at 30 °C for about 3.5 h until OD 600nm  has 
reached a value of 0.6. Then, electrocompetent bacteria are 
prepared as described above.   

   5.    The wild-type  Salmonella  strain carrying the pKD46 plasmid is 
electroporated with purifi ed PCR product according to the 
protocol described above. Bacteria are spread on LB-agar plate 
containing 100 μg/ml kanamycin. The plates are placed over-
night at 37 °C.   

   6.    To purify the clones obtained, a single colony is picked and 
streak on another LB-agar plate supplemented with 100 μg/
ml kanamycin.   

   7.    To check if the transformants have undergone a homologous 
recombination at the expected place of the chromosome, a 
PCR is performed, using the primers CFsifA (5′-CGC GAA 
GCT CTC AGG TTT TAT AC-3′) and CRsifA2 (5′-CAA 
CAA ATT GCC AGA CGA GCG GG-3′). This should amplify 
a fragment of about 3 kbp.   

   8.    To remove pKD46, the strain is grown overnight at 43 °C in 
LB medium under vigorous shaking. The bacteria are then 
spread on a LB plate without antibiotic and incubated at 37 °C 
overnight. Different colonies are tested for kanamycin resis-
tance and ampicillin sensitivity to isolate the strain that does 
not contain pKD46 ( see   Note 2 ).        

4    Validation of the 12023  sifA-2HA::Km   r    Strain  

    In order to examine the expression and the secretion of SifA-2HA, 
the 12023  sifA-2HA ::Km r  strain is grown into a minimal medium 
(MgM-MES), which is designed to induce expression of the 
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T3SS-2 effectors [ 11 ]. Further, the secretion of effectors is pro-
moted by a shift of pH. The biological activities of translocated 
SifA-2HA are tested in HeLa cells infected with 12023  sifA- 
2HA::Km   r   strain by confocal microscopy. 

  Various bacterial strains are cultured overnight in 2 ml LB and 
further subcultured in MgM-MES (pH 5.0) for 4 h at a dilution of 
1:50. Cultures are spun down and the pellets are collected and 
resuspended into 6 ml pre-warmed MgM-MES at 7.2 in a 50 ml 
Falcon plastic tube. Bacterial cells are incubated for another 1.5 h 
at 37 °C. Bacteria are collected by centrifugation. The plastic sur-
face of each 50 ml tube is washed with PBS and incubated with 
50 μl of SDS-PAGE protein loading buffer for 1 h under the same 
conditions. This fraction contains secreted effectors that tend to 
bind to the plastic surface. The samples were collected and run on 
a 12 % acrylamide gel and transferred onto a PVDF membrane for 
Western blotting using a mouse monoclonal anti-HA antibody. 
Figure  2  shows that SifA-2HA is expressed from the chromosome 
and secreted.

     HeLa cells were infected with  Salmonella  12023  sifA-2HA ::Km r  
for 14 h. Infected cells were then fi xed and immunostained for 
LAMP-1 and for the HA epitope and analyzed by confocal micros-
copy. Figure  3  shows that SifA-2HA is translocated and localizes 
on the  Salmonella -containing vacuole and on associated tubules. 
The presence of LAMP1-positive tubules indicates this SifA-2HA 
is fully functional.

4.1  Test 
of the Secretion 
of SifA 
in Minimal Medium

4.2  Test 
of Translocation: 
Visualization of SifA-
2HA by 
Immunofl uorescence 
Analysis of Infected 
HeLa Cells

  Fig. 2    Western blotting analysis of expression and secretion of SifA-2HA. Strains were grown in Minimal 
Medium. Bacterial pellet (expression) and plastic surface (secretion) fractions were collected and analyzed by 
Western blotting using a mouse monoclonal antibody against HA tag. As control an  ssaV :: km   r   mutation was 
transduced in a 12023  sifA - 2HA  strain. The resulting bacteria (∆ssaV:: Km   r    sifA-2HA ) expresses a non-func-
tional type three secretion system and is unable to secrete SifA-2HA. The expressions and secretions from a 
plasmid (pSifA-2HA) and from the chromosome (12023  sifA-2HA ) are compared       
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5        Notes 

     1.    The annealing temperature varies according to the nucleotide 
sequence of the primer.   

   2.    Usually, 80 % of the clones are resistant to kanamycin and 20 % 
sensible to ampicillin after clone purifi cation.         
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    Chapter 6   

 Generation and Use of Site-Directed Chromosomal 
 cyaA ′ Translational Fusions in  Salmonella enterica  

           Francisco     Ramos-Morales     ,     Elena     Cardenal-Muñoz    , 
    Mar     Cordero-Alba    , and     Fernando     Baisón-Olmo    

   Abstract 

   CyaA from  Bordetella pertussis  is a calmodulin-dependent adenylate cyclase. Fusions to the catalytic domain 
of CyaA (CyaA′) are useful tools to detect translocation of type III secretion system effectors from 
gram- negative pathogens like  Salmonella enterica . These fusions are usually generated using plasmids with 
strong promoters. Here, we describe a protocol to insert the CyaA′-encoding sequence in a specifi c site in 
the bacterial chromosome in order to get a monocopy fusion whose expression is driven by the native 
promoter. We also describe the procedure to detect translocation of a CyaA′ fusion into mammalian cells.  

  Key words     Type III secretion  ,   Effectors  ,   Translocation  ,   CyaA  ,   cAMP  ,    Salmonella   ,   Chromosomal 
translational fusions  

1      Introduction 

 Type III secretion systems (T3SSs) are molecular devices that allow 
secretion and translocation of proteins, known as effectors, from 
bacteria to eukaryotic cells [ 1 ]. These systems are major virulence 
factors that are present in many gram-negative pathogens of 
animal and plants including members of the genera  Escherichia , 
 Pseudomonas ,  Salmonella ,  Shigella , and  Yersinia . Some T3SS effectors 
are known to interfere with biological processes and signal trans-
duction pathways in the host cells through their enzymatic activities 
and physical interactions. However, the targets of most effectors 
are unknown. Effectors are targeted to the T3SS by a signal that is 
usually located within the N-terminal 20–30 amino acids and 
whose sequence is not universally conserved. The lack of conservation 
hampers the identifi cation of effectors. 

  Salmonella enterica  has two T3SSs, T3SS1 and T3SS2, 
encoded in  Salmonella  pathogenicity islands 1 and 2 (SPI1 and 
SPI2), respectively. At least 7 effectors are secreted through T3SS1, 
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22 through T3SS2, and 9 through both systems. Some of these 
effectors are encoded in SPI1 or SPI2, but most of them are 
encoded outside these islands [ 2 ]. 

 A useful technique was developed some years ago to study the 
secretion of T3SS effectors [ 3 ,  4 ]. This method is based on the 
catalytic adenylate cyclase domain of CyaA from  Bordetella pertus-
sis , contained within the fi rst 400 amino acids of this protein. 
Adenylate cyclase catalyzes conversion of ATP into cyclic AMP 
(cAMP) but this particular adenylate cyclase is dependent on 
calmodulin. Since calmodulin is present in eukaryotic host cells but 
absent from bacterial cells, the secretion of an effector fused to this 
fragment of CyaA (CyaA′) can be monitored by measuring the 
levels of cAMP in infected cells. Generation of CyaA′ translational 
fusions is usually carried out using specifi c plasmid vectors [ 5 – 7 ]. 
Transposons have been used to generate fusions randomly distrib-
uted throughout the chromosome of  S. enterica  as a tool to identify 
new effectors [ 8 ,  9 ]. Here, we describe a protocol, based on the 
Red recombination system from bacteriophage λ [ 10 ,  11 ], to 
generate a CyaA′ translational fusion in a specifi c location in the 
chromosome of  S. enterica . As an example, we use the  Salmonella  
effector SseK1 and we describe also the procedure to detect trans-
location of the fusion to mammalian cells. The same protocol is 
applicable to any effector and to other bacteria and host cell types.  

2    Materials 

      1.    Bacterial strains:  S. enterica  serovar Typhimurium strain 14028 
(wild type, ATCC).  Escherichia coli  strain S17-1 λpir ( recA pro 
hsdR  RP4-2-Tc::Mu-Km::Tn 7  λpir).   

   2.    Plasmids: pUTmini-Tn 5cyaA′  (suicide delivery plasmid for 
mini-Tn 5cyaA ′) [ 12 ]; pKD46 ( bla  PBAD  gam bet exo  pSC101 
oriTS) [ 10 ].   

   3.    Culture medium: LB (Formedium) and LPM (80 mM 
2-( N -morpholino) ethanesulfonic acid (pH 5.8), 5 mM KCl, 
7.5 mM (NH 4 ) 2 SO 4 , 0.5 mM K 2 SO 4 , 0.1 % casamino acids, 
38 mM glycerol, 337.5 mM K 2 HPO 4 -KH 2 PO 4  (pH 7.4) and 
8 mM MgCl 2 ). Supplements: 1.5 % agar for solid medium, 
100 μg/ml ampicillin (Ap), 50 μg/ml kanamycin (Km), 0.2 % 
 L -arabinose.   

   4.    Incubators and shaking incubators at 30 and 37 ºC.   
   5.    Toothpicks and round sticks.      

      1.    Oligonucleotides ( see   Note 1 ):
   SseK1P1: 5′-CAGTCAGTTTACGCAAAGTTCATGGGCGA

GGCATGTGCAG CTGCAGCAATCGCATCAGGC -3′  

2.1  Bacterial 
Cultures

2.2  Generation 
of Chromosomal 
 cyaA ′ Fusion
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  SseK1P2: 5′-ATATTTTATGTATTCAATAGCATGATTATT
GCCATTTCCG TTAGAAAAACTCATCGAGCATC -3′  

  SseK1E1: 5′-TTAATTGCTCACTGGCAGGG-3′  
  SseK1E2: 5′-GCACTGCGATTTTAAAGTGG-3′  
  CyaArev: 5′- CCTTGATGCCATCGAGTACG -3′      

   2.    Thermocycler, buffers, and DNA polymerases for high fi delity 
PCR (KAPA HiFi PCR kit, Kapa Biosystems), and conven-
tional Taq polymerase (MyTaq Red, Bioline).   

   3.    TAE buffer for DNA electrophoresis: 5 mM EDTA, 0.2 M 
Tris-acetate, pH 8.0.   

   4.    Agarose (iNtRON Biotechnology), horizontal electrophoresis 
apparatus (gTPbio), power supply (EPS 301, GE Healthcare), 
handheld 302 nm UV light lamp (UVP).   

   5.    Refrigerated microcentrifuge (Eppendorf) and 1.5 ml tubes. 
Refrigerated centrifuge (Beckman-Coulter) and 50 ml centri-
fuge tubes.   

   6.    Electroporation apparatus (ECM630, BTX) and 2 mm gap 
electroporation cuvettes.      

      1.    Phages: P22 HT 105/1  int201 . P22 H5: clear plaque mutant.   
   2.    P22 broth: 100 ml LB broth, 2 ml 50× E salts (sterilized with 

CHCl 3 ), 1 ml sterile 20 % glucose, 0.1 ml P22 HT 105/1 
 int201  lysate (sterilized with CHCl 3 ).   

   3.    50× E salts (for 300 ml): 1.4 g anhydrous MgSO 4 , 30 g citric 
acid, 196 g K 2 HPO 4 ·3H 2 O, 52 g NaNH 4 HPO 4 ·4H 2 O 
( see   Note 2 ).   

   4.    EBU plates: 100 ml LB, 0.5 ml 50 % glucose, 1 ml 25 % 
K 2 HPO 4 , 0.125 ml 1 % Evans blue, 0.250 ml 1 % sodium fl uo-
rescein (also known as uranine).   

   5.    4× Laemmli sample buffer: 250 mM Tris–HCl (pH 6.8), 8 % 
SDS, 40 % glycerol, 8 % betamercaptoethanol, 0.02 % bromo-
phenol blue.   

   6.    Polyacrylamide gels, vertical electrophoresis apparatus 
(Miniprotean, Bio-Rad) and buffers, anti-CyaA antibody 
(Santa Cruz Biotechnology), anti-DnaK antibody (Assay 
Designs), anti-mouse IgG (Bio-Rad). Prestained SDS-PAGE 
standards (Bio-Rad).   

   7.    Hybond ECL nitrocellulose membrane (GE Healthcare). 
Transfer buffer: 48 mM    Tris, 39 mM glycine, 1.3 mM SDS, 
20 % methanol. Trans-Blot Turbo Transfer System (Bio-Rad).      

      1.    Mammalian cells: HeLa cells (human epithelial, ECACC no. 
93021013) and RAW264.7 cells (murine macrophages, 
ECACC no. 91062702).   

2.3  Reconstruction 
and Verifi cation 
of the Fusion

2.4  Mammalian Cell 
Culture and cAMP 
Measurement
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   2.    Culture medium for mammalian cells (Biowest): DMEM high 
glucose (4.5 g/l) with sodium pyruvate, without  L -Glutamine, 
supplemented with  L -Glutamine (4 mM) and fetal bovine 
serum (FBS) (10 % v/v).   

   3.    Other cell culture reagents: Penicillin G sodium salt, 0.06 g/l; 
streptomycin sulfate, 0.1 g/l (Biowest) were added for routine 
culture but not for experiments involving infection with 
 Salmonella . Trypsin-EDTA (PAA). Gentamicin (PAA).   

   4.    Plasticware for cell culture: Tissue-culture treated culture 
dishes 100 mm × 20 mm (Corning); cell scrapers (PAA). 
Serological pipettes (LabClinics).   

   5.    Equipment for mammalian cell culture: Cell culture hood 
(Telstar). Humid CO 2  incubator (Biotech). Water bath 
(Reypa). Centrifuge (Beckman Coulter). Refrigerator and 
freezer (Liebherr). Cell counter (Neubauer). Inverted micro-
scope (Hund Wetzlar). Cryostorage container (Thermo 
Scientifi c). Autoclave (Selecta).   

   6.    Colorimetric cAMP direct immunoassay kit (Arbor Assays).   
   7.    Microplate shaker. Colorimetric 96-well microplate reader 

capable of reading OD at 450 nm.       

3    Methods 

      1.    Amplify a fragment of plasmid pUTmini-Tn 5cyaA ′ containing 
DNA encoding the catalytic domain of CyaA from  B. pertussis  
and a gene conferring Km resistance. Use oligonucleotides 
SseK1P1 and SseK1P2 (Fig.  1 ) ( see   Note 3 ) as primers and a 
high-fi delity polymerase ( see   Note 4 ). PCR mix: 20 μl of 5× 
KAPAHiFi buffer (fi nal concentration 1×), 3 μl of dNTP mix 
(10 mM each dNTP; fi nal concentration 0.3 mM), 3 μl of for-
ward primer (10 μM; fi nal concentration 0.3 μM), 3 μl of 
reverse primer (10 μM; fi nal concentration 0.3 μM), 1 μl of 
KAPAHiFi DNA Polymerase (1 U/μl), up to 100 μl of PCR 
grade water, bacterial colony as template. Thermocycler condi-
tions: (1) 95 ºC for 3 min; (2) 30 cycles at 98 ºC for 20 s, 
60 ºC for 15 s, 72 ºC for 1.5 min; (3) 72 ºC for 5 min.    

   2.    Electrophorese the PCR product in 0.8 % agarose in TAE buf-
fer. Visualize the specifi c band under a UV lamp. Cut the band 
with a scalpel and translate it into a 1.5-ml microcentrifuge 
tube. Extract the DNA from agarose using an appropriate 
purifi cation protocol (e.g., Wizard SV Gel and PCR Clean-Up 
System, Promega) to get the DNA in a fi nal volume of 40 μl.   

   3.    Using a sterile round stick ( see   Note 5 ) pick a colony of 
 S. enterica  14028/pKD46 from an LB plate supplemented 
with Ap. Suspend in 5 ml of LB with Ap and incubate at 30 ºC 

3.1  Generation 
of Chromosomal 
cyaA′ Fusion
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( see   Note 6 ) overnight in a shaking platform at 180 rpm in a 
tube in a tilted position.   

   4.    Inoculate 25 ml of LB with Ap and arabinose with 1 ml of the 
overnight culture, in a 100 ml fl ask. Incubate at 30 ºC under 
agitation (200 rpm) until the culture reaches an OD 600  ≈ 0.6 
(about 3 h). Transfer the culture to a prechilled 50 ml conical 
tube and pellet the bacteria by centrifugation at 3,900 ×  g , for 
5 min, at 4 ºC. Discard the supernatant and resuspend the 
pellet carefully in 1 ml ice-cold distilled, sterile water and then 
add 24 ml ice-cold distilled, sterile water. Centrifuge and repeat 
the procedure twice. Finally resuspend in 600 μl ice-cold distilled, 
sterile water, and keep on ice ( see   Note 7 ).   

   5.    Mix 100 μl of electrocompetent cells (previous step) with 4 μl 
of the purifi ed PCR product (obtained in  step 2 ) in a chilled 
microcentrifuge tube. Transfer the mix to the bottom of a 
chilled 2 mm gap electroporation cuvette. As negative control 
use 100 μl of bacteria without added DNA. Keep the cuvettes 
on ice until electroporation.   

   6.    Dry quickly the external surface of the electrodes with toilet 
paper. Tap repeatedly the cuvette on the table to ensure that 

  Fig. 1    Schematic representation of the protocol to generate a  cyaA ′ fusion in a bacterial chromosome. In addition 
to the mini-transposon, the plasmid contains a  bla  gene that confers resistance to ampicillin (Ap r ), a  tnp  gene 
that codes for Tn 5  transposase, the R6K origin of replication ( ori R6K), and the RP4  oriT  region for conjugation 
( mob RP4). P1 and P2 are the priming sites for amplifi cation of a fragment of pUT-miniTn 5cyaA ′. S1 and S2 
refer to specifi c homology regions necessary for insertion of the amplifi ed fragment into a defi ned site in the 
chromosome       
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the cells are at the bottom and without air bubbles. 
Electroporate at 2.5 kV, 200 Ω, 25 μF, add immediately 900 μl 
of LB, transfer to a 10 ml test tube, and incubate at 37 ºC for 
1 h with shaking ( see   Note 8 ).   

   7.    Plate 100 μl on an LB plate containing 50 μg/ml of Km. Pellet 
the remaining bacteria by centrifugation, remove supernatant, 
except about 100 μl, resuspend and plate on LB with Km.   

   8.    Incubate at 37 ºC for 24 h until obtaining colonies. Tens of 
colonies are expected. Pick some of them onto a new plate and 
incubate at 37 ºC for 24 h ( see   Note 9 ).      

  Two kinds of verifi cations are described: (1) PCR tests to verify the 
structure and the position of the fusion; (2) Western blot to assess 
the level of production of the fusion protein.

    1.    Set up two PCR reactions for each strain using a conventional 
Taq polymerase (MyTaq Red). Use external oligonucleotides 
(SseK1E1 and SseK1E2 in this example) as primers in reaction 
1 and direct external (SseK1E1) and CyaArev for reaction 2. 
Use a colony or half a colony as template in each reaction. Use 
the original wild-type strain as control. PCR mix: up to 25 μl 
of PCR grade water, 5 μl of 5× MyTaq Red Reaction Buffer 
(fi nal concentration 1×), 1 μl of forward primer (10 μM, fi nal 
concentration 0.4 μM), 1 μl of reverse primer (10 μM, fi nal 
concentration 0.4 μM), bacterial colony or half a colony as 
template, and 0.3 μl of MyTaq Red DNA Polymerase (5 U/μl). 
Thermocycler conditions: (1) 95 ºC for 1 min; (2) 30 cycles 
at 95 ºC for 15 s, 60 ºC for 15 s, 72 ºC for 1 min; (3) 72 ºC 
for 2 min.   

   2.    Electrophorese the PCR product in 0.8 % agarose in TAE buffer 
and visualize the specifi c bands on a UV transilluminator.   

   3.    Compare the sizes of amplifi ed bands. The size of the band 
obtained using external primers (reaction 1) should be about 
3 kb larger in the strain carrying the fusion when compared 
with the control strain. Reaction 2 should yield no band in the 
control and a band of the appropriate size in the strain with the 
fusion (1.2 kb in the SseK1 example).   

   4.    Prepare lysates for Western blot analysis. Suggested conditions 
for bacterial cultures are: (1) to favor expression of T3SS1 and 
associate effectors, inoculate a fresh colony in 5 ml LB with 
0.3 M NaCl in a capped 10 ml plastic tube, incubate at 37 ºC 
for 15 h without shaking; (2) to favor expression of T3SS2 and 
associate effectors, prepare an overnight LB culture, centrifuge 
1 ml of this culture, discard supernatant, wash with 1 ml of 
LPM medium, repeat three times, and fi nally resuspend in 
1 ml of LPM; dilute 200 μl of this washed culture in 5 ml LPM 
and incubate at 37 ºC for 15 h with shaking. For a culture with 

3.2  Verifi cation 
of the Fusion
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an OD 600  of about 0.8 ( see   Note 10 ), pellet 1 ml by centrifuga-
tion, discard supernatant, and resuspend the pellet in 50 μl of 
4× Laemmli sample buffer. Boil for 5 min, centrifuge briefl y, 
and store at −20 ºC.   

   5.    Electrophorese 20 μl of the protein extract in a 12 % polyacryl-
amide gel ( see   Note 11 ). Use a well to load 5 μl of prestained 
standards. Transfer proteins to a nitrocellulose membrane. 
Immunoblot using anti-CyaA (1:500) as primary antibody and 
anti-mouse IgG (1:5,000) as secondary antibody. Compare 
the size of the band obtained with the expected size taking into 
account that the CyaA′ fragment adds about 43 kDa.      

  It is advisable to make a phage P22 lysate on the strain with the 
correct fusion and use it to transfer the antibiotic resistance gene 
and the linked  cyaA ′ fusion into a fresh wild-type background.

    1.    Get an overnight culture of the strain with the fusion in 5 ml 
of LB with Km. Mix 200 μl of this culture with 800 μl of 
P22 broth in a 1.5 ml microtube. Incubate at 37 ºC with 
shaking 4–24 h. Centrifuge 1 min at 15,000 ×  g . Transfer 
supernatant to a new tube, add 200 μl of chloroform and mix 
in vortex to kill remaining bacteria. This lysate can be stored 
at 4 ºC for years (adding chloroform could be necessary peri-
odically). If the chloroform is not at the bottom of the tube, 
centrifuge for 2 min at 15,000 ×  g  before using the lysate 
(upper aqueous phase).   

   2.    Prepare an overnight culture of the wild-type strain 14028 in 
LB. To transduce the fusion into wild-type bacteria, mix 10 μl 
of the P22 lysate with 100 μl of the culture in a 1.5 ml micro-
tube and incubate at 37 ºC for 30–90 min. Plate in LB with 
50 μg/ml Km and 1 mM EGTA ( see   Note 12 ). Incubate at 
37 ºC overnight.   

   3.    Select some transductants and streak them to get isolated colo-
nies on EBU plates. Incubate overnight at 37 ºC and keep 
light-colored colonies ( see   Note 13 ).   

   4.    To check that these light-colored colonies are not lysogens, 
cross-streak them against phage H5: using a 0.1 ml pipette 
spread a small amount of a H5 lysate on a line in the center of 
a EBU plate; allow to dry for 5 min; streak a colony perpen-
dicular across the H5 streak. Phage-free  Salmonella  will lyse 
after the contact with H5, whereas lysogens, being immune 
to phage, will look healthy on both sides of the H5 streak 
( see   Note 14 ).    

        1.    Grow mammalian cells (epithelial HeLa cells, RAW264.7 mac-
rophages) in DMEM with glutamine, FBS, and antibiotics at 
37 ºC in a CO 2  incubator.   

3.3  Reconstruction 
of the Fusion

3.4  CyaA Activity 
Assay
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   2.    Detach cells with a cell scraper (macrophages) or by trypsin-
ization (epithelial cells). Count cells in a hemocytometer and 
dilute to 150,000 cells per ml of culture medium. Add 1 ml of 
cell suspension per well into a 24-well plate and incubate at 
37 ºC for 24 h in a CO 2  incubator.   

   3.    Prepare  Salmonella  cultures in triplicate (wild type as control and 
strain expressing the CyaA′ fusion) for infection of HeLa cells 
under invasive conditions (LB 0.3 M NaCl, 15 h, 37 ºC, without 
shaking) and for infection of macrophages under noninvasive 
conditions (LB, 24 h, 37 ºC, with shaking) ( see   Note 15 ).   

   4.    Infect eukaryotic cells with bacteria at a multiplicity of infection 
of 75 or 25 bacteria per epithelial cell or macrophage, respec-
tively ( see   Note 16 ): aspirate media, wash twice with 500 μl of 
PBS, and add 1 ml of fresh DMEM with glutamine and FBS 
(but without antibiotics); add bacteria. Optional step: centri-
fuge the plate at 200 ×  g  during 5 min.   

   5.    Incubate at 37 ºC in the CO 2  incubator for the desired period 
of time. For incubations up to 2 h go to  step 7 .   

   6.    One hour post-infection aspirate media, wash twice with 500 μl 
of PBS, and add 1 ml of fresh DMEM with glutamine and FBS 
and 100 μg/ml of gentamicin. One hour later repeat this pro-
cedure but adding gentamicin at a concentration of 16 μg/ml 
( see   Note 17 ).   

   7.    To measure the concentration of cAMP in the infected cul-
tures follow the instructions of the kit (Arbor Assays or other 
colorimetric cAMP direct immunoassay kit) as explained in 
the next steps.   

   8.    Aspirate media, wash twice with 500 μl of PBS, and lyse cells 
by adding sample diluent (dilute 1:4 with distilled water before 
use according to the kit instructions) and incubating at 37 ºC 
in the CO 2  incubator for 10 min.   

   9.    Transfer the contents of each well to a microtube and centrifuge 
at 15,000 ×  g  for 2 min ( see   Note 18 ).   

   10.    Determine the number of wells to be used from the microtiter 
plate coated with donkey anti-sheep IgG provided in the kit 
and use the regular format for the assay following exactly the 
protocol provided with the kit ( see   Note 19 ): add 25 μl of 
plate primer into all wells used; add 75 μl of sample diluent 
into the nonspecifi c binding (NSB) wells; add 50 μl of sample 
diluent into wells to act as maximum binding wells (Bo); add 
50 μl of samples into wells in the plate; add 25 μl of the 
DetectX cAMP conjugate to each well; add 25 μl of the 
DetectX cAMP antibody to each well, except the NSB wells; 
gently tap the sides of the plate to mix reagents; cover with 
plate sealer; shake at room temperature for 2 h ( see   Note 20 ); 
aspirate the plate and wash each well four times with 300 μl of 
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wash buffer; tap the plate dry on clean absorbent towels; add 
100 μl of the TMB substrate to each well; incubate at room 
temperature for 30 min without shaking; add 50 μl of the stop 
solution to each well; read optical density at 450 nm from 
each well in a plate reader.   

   11.    Subtract the OD value for the NSB from all OD values and 
calculate the percent of OD relative to the maximum (Bo). 
A standard curve should be created with known cAMP con-
centrations according to the kit protocol in order to transform 
the relative data into cAMP concentrations values ( see   Note 21 ). 
Samples and standards should be prepared in triplicate.   

   12.    An overview of the protocols described in this chapter is 
 presented in Fig.  2 .        

4    Notes 

     1.    Specifi c primers should be designed for the gene of interest. 
Oligonucleotides for  sseK1  are given as an example. The 
portions of the oligonucleotides that are common to generate 
any other CyaA′ fusion using this method are marked in bold 
and underlined.   

   2.    Each salt is added successively to 150 ml distilled water and 
dissolved with stirring and heating (but not boiling). Then 
distilled H 2 O is added to reach a total volume of 300 ml. 5 ml 
of chloroform (CHCl 3 ) is added as a preservative.   

  Fig. 2    Overview of the steps necessary to generate and test a chromosomal 
 cyaA ′ fusion       

 

Chromosomal cyaA′ Fusions in Salmonella



102

   3.    These oligonucleotides include 40-nucleotide homology 
extensions and 20-nucleotide priming sequences for pUTmini-
Tn 5cyaA ′. The extensions allow recombination of the PCR 
products with the  Salmonella  chromosome and insertion of 
 cyaA ′ and the antibiotic resistance gene in a specifi c site. In this 
example, extensions are homologous to the region immedi-
ately preceding the translation stop signal of  sseK1  (P1) and to 
a region immediately downstream from it (P2) in order to get 
an in-frame translational  sseK1-cyaA ′ fusion (the stop codon is 
deleted).   

   4.    As template, pick a fragment of a fresh colony of  E. coli  S17-1 
λpir carrying pUTmini-Tn 5cyaA ′ with a toothpick and add it 
to the PCR mix. As an alternative, if there are amplifi cation 
problems, boil a colony for 3 min in 30 μl distilled water and 
then use 1 μl as template.   

   5.    Sterile loops can be used, but we prefer reusable autoclaved 
wooden round sticks (1.5 mm diameter, 145 mm long) to pick 
colonies, inoculate liquid media, or streak bacterial cultures on 
agar plates.   

   6.    Plasmid pKD46 is a low-copy number, temperature-sensitive 
replicon that carries bacteriophage λ red genes (γ, β, and  exo ) 
under the control of an arabinose-inducible promoter. 
 Salmonella  strains carrying the plasmid should be cultured at 
30 ºC to permit its replication. Arabinose is added when the 
production of the Red recombinase is needed (before electro-
poration). This system mediates recombination between the 
chromosome and PCR fragments with short homology exten-
sions. The Red plasmid is cured by growth at 37 ºC.   

   7.    Bacteria could be prepared for electroporation previously and 
stored at −80 ºC using 10 % glycerol instead of water. However, 
we get better results with freshly prepared electrocompetent 
cells using this quick procedure. It is very important to keep 
the bacteria at 4 ºC throughout this procedure.   

   8.    The typical pulse time duration is about 5 ms. Sometimes arcing 
occurs, the pulse time duration is reduced and the procedure 
should be repeated. Arcing is rare under the conditions 
described and is not dangerous for the user. To reduce the 
probability of arcing, the salt concentration should be low. 
Some users report that high temperature may also increase the 
risk of arcing, therefore avoid touching the aluminum elec-
trodes with your fi ngers.   

   9.    The pUT plasmid, used as template, is a conditional replicon 
( oriR6K ) that requires the  pir  gene product for replication (that 
is the reason to propagate this plasmid in the permissive  E. coli  
S17-1 λpir strain). Therefore, treatment with  Dpn I to eliminate 
methylated template is not necessary, since antibiotic-resistant 
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 Salmonella  transformants resulting just from acquisition of the 
plasmid are not expected.   

   10.    The volume of culture and sample buffer is relativized accord-
ing to the OD 600  to facilitate comparison between samples and 
fusion proteins. In addition, immunoblot is also carried out 
using anti-DnaK (1:10,000) as primary antibody and anti-
mouse IgG (1:5,000) as secondary antibody, as internal load-
ing control. An extract of a wild-type strain (without CyaA′ 
fusion) should be used as negative control.   

   11.    Handmade or premade gels (Mini-Protean TGX precast gels, 
Bio-Rad) can be used.   

   12.    Although selection of transductants can be carried out in 
plates without EGTA, the addition of EGTA chelates Ca 2+ , 
preventing P22 adsorption and decreasing reinfection of 
transductants.   

   13.    Some of the transductants may have also been infected with 
P22 and have become pseudolysogens that undergo lysis and 
produce dark blue colonies in EBU plates.   

   14.    The  int  mutation present in the strain of P22 used here pre-
vents formation of true lysogens. But sometimes revertants 
arise that form lysogens that cannot be reinfected with P22. 
These lysogens are not lysed by H5.   

   15.    Infection with invasive  Salmonella  (expressing T3SS1) induces 
early apoptosis in macrophages and should be avoided if trans-
location of the CyaA′ fusion is going to be monitored several 
hours post-infection.   

   16.    The number of mammalian cells per well should be about 
300,000 if 150,000 were seeded the previous day. The number 
of bacteria can be estimated based on the OD 600  of the cul-
tures. By serial dilutions, plating and colony counting we have 
calculated that an OD 600  = 0.7 corresponds to 2.4 × 10 8  colony 
forming units per ml, but it should be calculated for every 
strain, laboratory or spectrophotometer.   

   17.    Gentamicin is used to kill extracellular bacteria. It is supposed 
not to enter inside the host cell, however the risk of entry 
increases with the time of incubation and therefore its concen-
tration is decreased for long incubations.   

   18.    Centrifugation is not essential but can contribute to eliminate 
cell debris. Only 50 μl from the supernatant are used for cAMP 
measurements. Samples can be stored at −80 ºC until all the 
samples have been collected and are ready to start the assay 
protocol.   

   19.    All components of the kit are stored at 4 ºC but should be 
placed at room temperature 30–60 min before use.   

Chromosomal cyaA′ Fusions in Salmonella
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   20.    We use an Edmund Bühler GmbH shaker model KM-2 set at 
maximum speed (420 rpm).   

   21.    Software to estimate the sample values from a linear fi t of the 
standards values should be used. An example is the TREND 
function in Microsoft Excel.         
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    Chapter 7   

 Detection of Antimicrobial (Poly)Peptides with Acid 
Urea Polyacrylamide Gel Electrophoresis Followed 
by Western Immunoblot 

           Edith     Porter     ,     Erika     V.     Valore    ,     Rabin     Anouseyan    , and     Nita     H.     Salzman    

   Abstract 

      Antimicrobial (poly)peptides (AMPs) are ancient key effector molecules of innate host defense and have 
been identifi ed in mammals, insects, plants, and even fungi (Nakatsuji and Gallo, J Invest Dermatol, 132: 
887–895, 2012). They exhibit a cationic net charge at physiological pH and are rich in hydrophobic amino 
acids (Dufourc et al., Curr Protein Pept Sci, 13: 620–631, 2012). Their mode of action has been best 
investigated in bacteria. When assuming secondary structure the cationic and hydrophobic amino acids are 
sequestered creating a bipartitioned molecule in which the cationic amino acids mediate initial electrostatic 
interaction with the negatively charged bacterial surface and the hydrophobic amino acids mediate embed-
ding into the bacterial membranes followed by a multitude of effects interfering with bacterial viability 
(Nicolas, FEBS J, 276: 6483–6496, 2009; Padovan et al., Curr Protein Pept Sci, 11: 210–219, 2010). 
However, immunomodulatory, antitumor, and other effects have been added to the ever increasing list of 
AMP functions (Pushpanathan et al., Int J Pept, 2013: 675391, 2013). Several classes of AMPs have been 
distinguished based on structure, namely anti-parallel beta-sheet, alpha-helical, circular, as well as disulfi de 
bridge connectivity (Bond and Khalid, Protein Pept Lett, 17: 1313–1327, 2010). Many of the AMPs 
undergo posttranslational modifi cation including further proteolysis. Biochemical analysis at the protein 
level is of great interest for a wide range of scientists and important when studying host–pathogen interac-
tion, for example Salmonella invasion of the small intestine. Acid-urea polyacrylamide gel electrophoresis 
(AU-PAGE) followed by Western immunoblotting is an important tool for the identifi cation and quanti-
fi cation of cationic AMPs. The protocol for these procedures outlined here describes, in detail, the necessary 
steps; including pouring the AU-gels, preparing the test samples, performing the electrophoretic separa-
tion and protein transfer to the membrane, and conducting the immunodetection using an alkaline 
phosphatase/NBT/BCIP system. A standard SDS-PAGE in comparison with AU-PAGE and the corre-
sponding Western immunoblot are depicted in Fig.  1 .  

  Key words     Defensins  ,   Mucosal immunity  ,   Cationic peptides  ,   Innate defense  

1      Introduction 

 Antimicrobial peptides including defensins are small, typically less 
than 100 amino acids in length and less than 10 kDa in size, cationic, 
and hydrophobic. Antimicrobial polypeptides like lysozyme are 
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somewhat larger with a molecular weight around 14 kDa and 
additional functional domains [ 1 ]. Diverse antimicrobial peptide 
family members are found within a species and often even within a 
cell such as the presence of multiple defensins in Paneth cells [ 2 ] 
and human neutrophils [ 3 ]. These often differ only by a few amino 
acids in length, and thus, SDS-PAGE typically cannot resolve the 
various forms of these peptides. In contrast, acid urea (AU)-PAGE 
operates at a low pH and separates proteins primarily based on 
their cationic charge, allowing better resolution of peptides that 
differ only slightly in molecular size but much more in overall net 
charge. For example human neutrophil peptides HNP1, -2, and -3 
differ by only 1 amino acid in their N terminus [ 3 ] yet can be 
clearly distinguished by AU-PAGE [ 4 ,  5 ]. An additional factor 
infl uencing the electrophoretic mobility is the shape of the molecule. 
Since proteins are reversibly denatured in AU-PAGE they can be 
recovered from the gel and subsequently subjected to functional 
assays [ 6 ,  7 ]. Like SDS-PAGE, AU-PAGE can be coupled to 
Western immunoblot allowing for the specifi c identifi cation of the 
AMPs [ 8 ]. In the following section, we describe the preparation of 
AU-poly acrylamide gels, sample preparation and electrophoretic 
separation, transfer and fi xation to a membrane followed by prob-
ing with specifi c antibodies using a colorimetric detection system. 

  Fig. 1    A comparison between the separation of antimicrobial (poly)peptides by 4–20 % SDS-PAGE and 12.5 % 
AU-PAGE. Human milk lysozyme (Ly), and mixtures of HNP1 and 3 (1/3), HNP1–3 (1/2/3), and neutrophil 
granule extract (Ext) were separated by SDS-PAGE ( a ) or AU-PAGE ( b ) and Coomassie stained. A Western blot 
of the AU-PAGE gel was probed using a polyclonal antibody cross-reactive against HNP1–3 ( c ). For Ly, 1 μg 
was loaded. For HNP1–3, 0.4 μg per peptide per lane was loaded for Coomassie-stained PAGE and 200 ng per 
peptide per lane for Western immunoblot; Ext: the equivalent of granules from 40,000 neutrophils per lane was 
loaded for Coomassie-stained PAGE and from 4,000 neutrophils per lane for Western immunoblot; MW: molec-
ular weight marker. Ly was previously purifi ed from human milk [ 9 ]. HNPs and neutrophil granule extract were 
kindly provided by the Ganz lab (UCLA). Identifi cation of HNP1, -2, and -3 in neutrophil granule extract is based 
on electrophoretic mobility [ 5 ]       
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The properties of AU-PAGE are then demonstrated by showing 
electrophoretic separation of archived human neutrophil granule 
extract by AU-PAGE and subsequent immunodetection compared 
to a corresponding SDS-PAGE separated granule extract. As shown 
in Fig.  1 , 4–20 % SDS-PAGE is unable to resolve lysozyme, 
HNP1–3, and human neutrophil granule extract, and all proteins 
migrate nearby the position of the 15 kDa marker. In contrast, 
12.5 % AU-PAGE clearly differentiates lysozyme (14 kDa) from 
human neutrophil peptides HNP1–3 (~3.5 kDa), separates all 
three HNPs and can resolve several proteins in neutrophil granule 
extract. Of note, the larger but more cationic lysozyme (pI 9.28) 
migrates faster than HNP1, 2, and 3 (pI 8.68, 8.67, and 8.33, 
respectively). Although HNP3 differs from HNP1 in only one amino 
acid, it is clearly separated in AU-PAGE. HNP3 contains at its N 
terminus the anionic amino acid aspartic acid instead of alanine 
[ 10 ], and is, therefore, less cationic and thus slower in AU-PAGE. 
HNP2 lacks the N terminal amino acid from HNP1 and HNP3 
and migrates between HNP1 and HNP3 according to its slightly 
reduced cationic charge. The corresponding Western immunoblot 
probing for HNP1–3 (the polyclonal antibodies are cross-reactive 
with these highly homologous HNPs) mirrors the distinct separa-
tion of the three HNPs and demonstrates the predominant pres-
ence of HNP1 and HNP3 in neutrophil granule extract.

2       Materials 

      1.    Urea, molecular biology grade ( see   Note 1 ).   
   2.    Glacial acetic acid (HoAc).   
   3.     N , N , N , N ′-tetramethyl-ethylenediamine (TEMED).   
   4.    Solution A, 60 % acrylamide-1.6 % bis-acrylamide in dH 2 O. 

Acrylamide powder is neurotoxic and must be handled with 
gloves and mask, and weighed and dissolved under a fume 
hood. For 200 mL, weigh out 120 g acrylamide, 3.2 g bis- 
acrylamide (alternatively, use a prepared mix of 37.5:1 mix of 
acrylamide:bis-acrylamide, e.g. from BioRad; Cat# 161-0125), 
add 76.8 mL dH 2 O, let dissolve (which may take several 
hours), and add dH 2 O to a fi nal volume of 200 mL. Transfer 
to a clean glass bottle, wrap the bottle in aluminum foil, and 
store at room temperature (RT).   

   5.    Solution B, 43.2 % HoAc, 4 % TEMED (v/v). For 50 mL, 
aliquot 21.6 mL HoAc into a glass bottle containing 26.4 mL 
of dH 2 O, add 2 mL of TEMED (this is an exothermic reaction 
and fumes will be produced; prepare under a fume hood). 
Wrap the bottle with aluminum foil and store at RT.   

   6.    APS, 10 % ammonium persulfate. Weigh out 1 g ammonium 
persulfate and add to 10 mL dH 2 O ( see   Note 2 ).   

2.1  AU-PAGE
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   7.    AU-PAGE sample buffer, 9 M urea in 5 % HoAc with methyl 
green. For 25 mL, weigh out 13.5 g urea and add to 10 mL 
dH 2 O in a glass beaker containing a stirrer and dissolve (this is 
an endothermic reaction), deionize with resin ( see   Note 3 ) for 
20 min, fi lter the solution through Whatman paper No. 4 into 
a clean glass container, add 1.25 mL HoAc and stir to mix for 
about a minute, bring the volume to 25 mL with dH 2 O and 
add methyl green dye to produce a medium blue-green color 
(a few grains). Once fully dissolved aliquot the sample buffer in 
microfuge tubes and store at −20 °C ( see   Note 4 ).   

   8.    Electrophoresis buffer, 5 % HoAc. Add 50 mL HoAc to 
950 mL dH 2 O.   

   9.    Vertical electrophoresis unit and power supply that allows 
 running at constant current and constant voltage.      

      1.    Immobilon PSQ ®  membrane (MilliPore), a PVDF membrane 
with a pore size of 0.1 μm. Alternatively, you can use 
ImmobilonP (MilliPore), a PVDF membrane with a pore size 
of 0.2 μm ( see   Note 5 ).   

   2.    Tris buffered saline, high salt (TBS-HS), 20 mM    Tris, 500 mM 
NaCl, pH 7.5 ( see   Note 6 ). For 1 L weigh out 29.22 g of NaCl 
and dissolve in 800 mL of dH 2 O, add 20 mL of 1 M Tris, pH 
7.5, stir for a few minutes, and then bring the volume to 1 L 
with dH 2 O. Alternatively, you can add to 20 mL of 1 M Tris, 
pH 7.5, 100 mL of 5 M NaCl, and 880 mL of dH 2 O.   

   3.    Tris buffered saline, low salt (TBS-LS), 20 mM Tris, pH 7.4, 
0.9 % NaCl ( see   Note 7 ). For 1 L weigh out 9 g of NaCl and 
dissolve in 800 mL of dH 2 O in a beaker with a stir bar, add 
20 mL of 1 M Tris, pH 7.4, stir for a few minutes, bring the 
volume to 1 L with dH 2 O and mix well.   

   4.    Phosphate buffered saline, PBS, 10 mM sodium phosphate 
buffer, pH 7.4, 0.9 % NaCl ( see   Note 8 ). For 1 L weigh out 
9 g of NaCl, dissolve in 800 mL of dH 2 O in a beaker with a stir 
bar, add 100 mL of 100 mM sodium phosphate buffer, pH 
7.4, stir for a few minutes, bring the volume to 1 L with dH 2 O, 
and mix well.   

   5.    Transfer buffer, 0.7 % HoAc, 10 % methanol. For 1 L measure 
893 mL dH 2 O and transfer into a beaker, add 7 mL of HoAc 
and stir for a few minutes to mix, add 100 mL of methanol, 
and stir to mix well.   

   6.    Fixing solution, 0.05 % glutaraldehyde in TBS-HS. Dilute a 
25 % glutaraldehyde solution 1:500 in TBS-HS, for example 
add 0.2 mL of 25 % glutaraldehyde to 99.8 mL of TBS-HS.   

   7.    Blocking buffer, 0.75 % milk (nonfat milk powder such as 
Carnation ® ) in PBS. Weigh out 0.75 g and dissolve in 
100 mL PBS.   

2.2  Western 
Immunoblot
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   8.    Antibody diluent, 0.25 % milk (nonfat milk powder such as 
Carnation ® ) in PBS, supplemented with 0.01 % thiomerosal as 
microbicide ( see   Note 9 ). To 50 mL of blocking buffer add 
98.5 mL of PBS and 1.5 mL of a 1 % thiomerosal solution.   

   9.    Wash buffer, 0.1 % (w/v) bovine serum albumin (BSA) in 
TBS-LS. Weigh out 1 g of BSA and add to 1 L of TBS-LS. Stir 
at low speed to dissolve without generating foam.   

   10.    Alkaline phosphatase (AP) buffer, 100 mM NaCl, 5 mM 
MgCl 2 , 100 mM Tris base, pH 9.8. Add 10 mL of a 5 M NaCl 
and 2.5 mL of a 1 M MgCl 2  solution to 400 mL of dH 2 O, stir, 
add 6.055 g of Tris Base and dissolve, adjust the pH to 9.8 
with HCl, and bring to a fi nal volume of 500 mL with 
dH 2 O. Store at 4 °C but equilibrate to RT prior to use.   

   11.    Developing solution, nitroblue tetrazolium salt (NBT)/5-
Bromo- 4-Chloro-3-indolyl phosphate (BCIP) in AP buffer. In 
separate containers, dissolve 1 g NBT in 70 % dimethylfor-
mamide ( see   Note 10 ) and 100 mg BCIP in 2 mL of 100 % 
dimethylformamide. Store both working solutions wrapped in 
aluminum foil at 4 °C. Immediately prior to use, add 396 μL 
NBT working solution and 198 μL BCIP working solution to 
60 mL AP buffer.       

3    Methods 

      1.    Place mini gel plates (8 cm × 10 cm) and spacers into the 
gel casting system according to manufacturer’s instructions 
( see   Note 11 ).   

   2.    For four 12.5 % mini gels (0.75 mm thickness), weigh out 
9.6 g urea, add 13.5 mL dH 2 O to dissolve (this reaction is 
endothermic), add 6.7 mL solution A, 4 mL solution B, and 
0.6 mL 10 % APS.   

   3.     Immediately  pour the gel solution into the caster using a 
25 mL pipette which is directed onto a corner of the caster. Fill 
gel solution to the top of the front plate and insert the match-
ing combs. Add more gel solution as needed to accommodate 
any losses during comb insertion.   

   4.    Cover the gels with plastic wrap and allow polymerization to 
occur over night at RT ( see   Note 12 ).      

      1.    Remove gels carefully from the casting tray. Using a razor 
blade clean off excess polyacrylamide and clean plates from the 
outside with a moist Kimwipe.   

   2.    Carefully remove the combs and briefl y rinse the wells with 
dH 2 O using a water wash bottle. This will remove any unpo-
lymerized acrylamide.   

3.1  Gel Pouring

3.2  Pre-run 
to Remove Excess 
Urea from the Gel
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   3.    Shake off excess water and place the gel in the electrophoresis 
apparatus.   

   4.    Add 5 % HoAc to the upper buffer chamber only until the 
wells are fi lled and verify that the gels are not leaking, and then 
add 5 % HoAc to the lower buffer chamber.   

   5.    Just before loading samples rinse out the wells to remove urea 
and entrapped air bubbles using a syringe with a 22 g needle 
fi lled with 5 % HoAc.   

   6.    Dilute AU-PAGE sample buffer 1:3 in 5 % HoAc (e.g. 50 μL 
sample buffer plus 100 μL 5 % HoAc) and load 10 μL into 
each well.   

   7.    Connect the apparatus to the power supply unit with  reversed 
polarity . The cathode connection must be plugged into the 
anode connection and the anode connection into the cathode 
connection on the power supply unit ( see   Note 13 ).   

   8.    Apply a voltage of 110 V and run the gels until the dye front 
has exited from the gel ( see   Note 14 ), about 30–60 min.   

   9.    Dismantle electrophoresis apparatus, briefl y rinse gel cassettes 
and gel wells with dH 2 O, then pat dry.   

   10.    Gels can be immediately used for gel electrophoresis or stored 
for up to 10 days in a humid chamber at 4 °C ( see   Note 15 ).      

      1.    Place the gel in an electrophoresis apparatus.   
   2.    Add 5 % HoAc to the upper buffer chamber only until the 

wells are fi lled and verify that the gels are not leaking, and then 
add 5 % HoAc to the lower buffer chamber.   

   3.    Just before loading samples rinse out the wells to remove urea 
and entrapped air bubbles using a syringe with a 22 g needle 
fi lled with 5 % HoAc.   

   4.    Prepare samples as follows: lyophilize the desired amount of 
protein and dissolve in 5 μL 5 % HoAc (or use 1–2 μL of the 
test sample and add 5 % HoAc to a fi nal volume of 5 μL), add 
3 μL of AU-PAGE sample buffer ( see   Notes 16 – 18 ).   

   5.    Briefl y mix the samples by sliding the tubes across a microfuge 
rack, briefl y centrifuge tubes to collect all material and load 
everything while avoiding loading of air bubbles.   

   6.    Connect the apparatus to the power supply unit with  reversed 
polarity . The cathode connection must be plugged into the 
anode connection and the anode connection into the cathode 
connection on the power supply unit ( see   Note 13 ).   

   7.    Start electrophoresis at 80 V and increase voltage to 100 V 
once samples have fully entered the gel and about 5–10 min 
later to 130 V.   

3.3  Gel 
Electrophoresis

Edith Porter et al.



111

   8.    Depending on the electrophoretic mobility of the (poly)
peptides of interest run the gels until the dye front has reached 
the bottom of the gel or up to 30 min after the dye front has 
left the gel.   

   9.    Dismantle electrophoresis apparatus, briefl y rinse gel cassettes 
and gel wells with dH 2 O, and then pat dry.      

      1.    While electrophoresis is reaching its end, using a sharp razor 
blade, cut the PSQ ®  membrane, with the protective sheets still 
present, into the appropriate size as needed.   

   2.    Remove the protective sheets. Always handle the membrane with 
the utmost care. Only use blunt forceps to handle the membrane 
and only touch the corners or side borders of the membrane to 
avoid damage and artifacts in the area of interest.   

   3.    Label with a pencil the front side of the membrane that will 
face the gel, e.g. date, in an area that will not be in contact with 
the gel.   

   4.    Place the membrane into a clean tray and briefl y saturate the 
membrane with 100 % methanol, decant the methanol, add 
precooled transfer buffer ( see   Note 19 ), and equilibrate the 
membrane in transfer buffer for about 5 min ( see   Note 20 ).   

   5.    Cut eight sheets of Whatman No 4 fi lter paper to be slightly 
larger than the membrane and pre-wet in transfer buffer.   

   6.    After completion of the electrophoresis run remove the gel from 
the electrophoresis apparatus and carefully separate glass plates 
from the gel and cut one corner of the gel for orientation.   

   7.    Set up the transfer sandwich as follows: four sheets of pre- 
wetted fi lter paper, the gel (fl ipped so that lane one from the 
left side is now on the right side,  see   Note 21 ), the membrane, 
and four sheets of pre-wetted fi lter paper. Carefully place the 
next layer onto the previous layer with a rolling movement 
thereby avoiding the entrapment of air. Remove any residual 
air bubbles by adding a small amount of transfer buffer on top 
of the sandwich and gently rolling a serological pipette over 
the sandwich. Once placed onto the gel, never move the mem-
brane until the transfer has been completed, otherwise, the 
membrane will bind proteins unrelated to the sample obscur-
ing sample specifi c proteins.   

   8.    Remove excess liquid and connect the apparatus to the power 
outlet using  reversed polarity  (for wet or semidry transfer).   

   9.    Allow transfer to occur for 20 min at constant Ampere and 
1.5 mA/cm 2  gel (120 mA for an 8 × 10 cm 2  gel).   

   10.    Turn off power source and disassemble apparatus.   
   11.    Take a corner of the fi lter paper with blunt forceps, gently lift 

the fi lter paper off the membrane, and discard the fi lter paper.   

3.4  Protein Transfer 
to Membrane Using 
a Semidry Blotting 
Technique
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   12.    With a blunt forceps grip a corner of the membrane, gently roll 
the membrane off the gel and transfer it into a tray containing 
fi xing solution ( see   Note 22 ).   

   13.    Incubate the membrane for 10–30 min in fi xing solution at RT 
on a rocker. During this time prewarm the blocking  solution to 
37 °C and stain the gel with Coomassie to assess the degree of 
protein transfer.   

   14.    Briefl y rinse membrane with dH 2 O and subsequently wash the 
membrane with TBS-HS for 5 min at RT to remove residual 
fi xing solution.      

      1.    Transfer the membrane to a tray containing the prewarmed 
blocking solution (about 25–50 mL per membrane, depending 
on the size of the container) and incubate for 30 min at 37 °C 
( see   Note 23 ).   

   2.    Pour off the blocking solution, add the primary antibody 
(specifi c for the target (poly)peptide) diluted as needed in 
antibody diluent, to the same tray without washing, and incubate 
overnight, rocking at RT. You need at least 20 mL for one 
~8 cm × 10 cm sized membrane.   

   3.    Pour off the primary antibody solution and rinse twice with 
dH 2 O to quickly remove the majority of the primary antibody. 
Transfer the membrane to a new tray and wash the membrane a 
total of three times for 10 min each in 1 % BSA-TBS-LS. Change 
the tray again after the second wash ( see   Note 24 ).   

   4.    Transfer membrane into a new tray containing alkaline 
phosphatase- conjugated secondary antibody diluted as needed 
in antibody diluent, and incubate for 1 h at RT on the rocker. 
You need at least 20 mL antibody solution for one ~8 cm × 10 cm 
sized membrane. During the incubation time equilibrate the 
AP buffer to RT.   

   5.    Wash as described above in  step 3 .   
   6.    Briefl y rinse the membrane in dH 2 O followed by a 5 min wash 

in TBS-HS. During this time prepare the NBT-BCIP develop-
ing solution.   

   7.    Transfer the membrane into the developing solution and allow 
the entire membrane to become dark before stopping the reac-
tion by transferring the membrane into a tray containing 
dH 2 O. Upon drying the background will lighten up again and 
only the specifi c bands will remain colored.   

   8.    Remove the membrane, place it onto Whatman fi lter paper no 
4, and allow to completely dry before imaging. The membrane 
may be stored after covering with a plastic wrap in a cool and 
dry area.       

3.5  Immunoblot

Edith Porter et al.
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4    Notes 

     1.    Use high-quality urea, for example from Sigma-Aldrich.   
   2.    APS solution can be stored for maximal 10 days in the refrig-

erator but best results are achieved with freshly prepared APS.   
   3.    To deionize with resin, add about 1/2 scoop (1–2 g) of AG 

501-X8 Resin (BioRad, Hercules, CA), stir at RT for 
10–15 min, and remove resin by fi ltering the solution through 
Whatman paper no 4.   

   4.    The AU-PAGE sample buffer can only go through a few 
freeze-thaw cycles and therefore, it is advisable to prepare 
0.5 mL aliquots that are stored at −20 °C.   

   5.    The ImmobilonP membrane may produce sharper bands. 
However, the larger pore size may allow small peptides to run 
through the membrane and exit during the transfer. Therefore, 
the transfer time should be carefully controlled when using 
ImmobilonP membranes.   

   6.    For 1 L of a 1 M Tris, pH 7.5, weigh out 127 g of Tris–HCl 
and 23 g of Tris-base, dissolve in 800 mL dH 2 O, adjust the 
pH to 7.5 with HCl or NaOH as needed, and bring up to 1 L 
with dH 2 O.   

   7.    Prepare a 1 M Tris stock as described in  Note 6  but adjust to 
pH 7.4.   

   8.    To prepare 100 mM sodium phosphate buffer pH 7.4, mix 
100 mM NaH 2 PO 4  with 100 mM Na 2 HPO 4  at a ratio of 19:81 
(v:v). Dilute further as needed.   

   9.    Prepare 100 mL of a 1 % stock solution of thiomerosal (ethyl-
mercurithiosalicylic acid sodium salt) in dH 2 O, and keep in a 
glass bottle wrapped in aluminum foil at RT (good for several 
months). Dilute 100-fold as needed. Thiomerosal contains 
mercury and is toxic and needs to be labeled as “poison”.   

   10.    If you use NBT-salt then dissolve NBT in dH 2 O instead of 
dimethylformamide.   

   11.    It is important to have very clean plates for pouring the gels. 
For example, wipe clean glass and metal plates alternating with 
methanol and distilled water using clean Kimwipes until under 
careful inspection the glass plates are spotless. Furthermore, 
we recommend using the Mighty Small Multiple Gel Caster, 
for SE 250, from GE Healthcare Life Sciences (Piscataway, 
NJ). We found that gels do not polymerize easily when using 
the dual caster by GE Healthcare Life Sciences and often gel 
solution has to be re-added during the polymerization process. 
If you want to increase sensitivity you can pour thicker gels and 
load more sample per well.   
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   12.    If the gels are slow to polymerize you can try to deionize the 
dissolved urea solution with two to three scoop full of resin as 
described in  Note 3 .   

   13.    In AU-PAGE all proteins are maximally positively charged due 
to the low pH of the 5 % HoAc buffer. Thus, voltage must be 
applied in a reversed way compared to SDS-PAGE where all 
proteins are in a negatively charged stage.   

   14.    If you are very pressed for time, you can pre-run until the dye 
is only half way through the gel. However, this will produce 
suboptimal results and is not recommended.   

   15.    The gels can be stored before or after the pre-run for up to 
10 days at 4 °C in a humid chamber when wrapped properly. 
Wrap each gel individually. Place the gel on a clear plastic wrap, 
do not fi ll the wells with water because this would wash out the 
urea, place a moist towel onto the top glass plate, and then 
wrap the gel tightly. Alternatively, you can place the gels into a 
zip lock bag and then store in a humid chamber. When using 
the gels, briefl y rinse the wells with distilled water, shake off 
the liquid and pat dry to remove excess moisture.   

   16.    If your samples contain too much salt the color of the loading 
dye will turn yellow and the electrophoretic mobility will be 
negatively impacted. In that case ensure that empty wells 
surround such samples so that the mobility of neighboring 
samples is not affected and try further diluting your samples or 
removing salts by e.g. dialysis or gel fi ltration prior to loading.   

   17.    If you work with very low protein concentrations and it is likely 
that peptide will be bound to the wall of the test tube add 
0.1 % nonfat milk powder to the 5 % acetic acid to dissolve the 
peptide. Prepare a 10 % nonfat milk stock in dH 2 O and dilute 
the stock 100-fold into 5 % HoAc. Alternatively, you can use 
0.5 % BSA in 5 % HoAc as peptide solvent.   

   18.    Band sharpness can be increased by reducing the volume for 
dissolving the proteins to 2 μL, adding only 1.5 μL of the 
AU-PAGE sample buffer and loading the sample very slowly, 
thereby ensuring that the sample will settle concentrated at the 
bottom of the well.   

   19.    Precooling the transfer buffer to 4 °C prior to use helps to 
produce a more even transfer and sharper separation.   

   20.    Never squirt or pour any fl uid directly on the membrane. This 
will cause artifacts.   

   21.    By fl ipping the gel during the transfer the orientation of the 
lanes on the membrane will be the same as the original orienta-
tion of the lanes on the gel. This will facilitate analysis of the 
results.   
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   22.    The fi xing step may affect the immunoreactivity of the peptides 
of interest. An alternative fi xative is 10 % formalin vapor. For 
this obtain a sealable container, place into it an empty pipette 
tip rack, place on top of the rack 2 or 3 layers of Whatman No 
4 fi lter paper moistened with TBS-HS and place the membrane 
onto the fi lter paper with the protein side facing up, pour 10 % 
formalin solution (diluted in TBS-HS) into the container to a 
height of about 1 cm, close the container and incubate the 
membrane in the vapor for 30 min. All steps have to occur 
under a fume hood.   

   23.    You can use square petri dishes as incubation trays, empty clean 
pipette boxes, or dedicated blotting containers from e.g. 
Research Products International Corp.   

   24.    Changing the trays frequently will help reduce background 
staining.         
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    Chapter 8   

 Detecting Non-typhoid Salmonella in Humans 
by Enzyme- Linked Immunosorbent Assays (ELISAs): 
Practical and Epidemiological Aspects 

           Katrin     G.     Kuhn     ,     Hanne-Dorthe     Emborg    ,     Karen     A     Krogfelt    , and     Kåre     Mølbak   

    Abstract 

   Salmonellosis caused by non-typhoid Salmonella serotypes is one of the most common causes of food- borne 
illness throughout the world. The diagnosis is primarily by culture and more recently molecular methods, 
whereas the use of serological methods for diagnosis of Salmonella infections is limited by high running 
costs as well as low sensitivity and specifi city. Fast and reliable immunoassays for detection of  S. typhi  
subunit antigens are commercially available, but there is no international consensus of similar tests for non-
typhoid salmonellosis. Most immunoassays for non-typhoid human Salmonella diagnosis are developed 
in-house and used in-house for research or regional surveillance purposes. Only few laboratories use serol-
ogy for the diagnosis of Salmonella-associated complications such as arthritis. Considering the current 
burden of disease, the development of a validated and standardized, commercially available antibody assay 
for diagnosing non-typhoid human salmonellosis can be of great benefi t for diagnostic and surveillance 
purposes throughout the world.  

  Key words     Salmonella  ,   Non-typhoid  ,   Antibodies  ,   Commercially available ELISA  ,   Sero-diagnosis  , 
  Sero-incidence  ,   Infectious disease surveillance  

1      Serology and Salmonella Infections 

 Infections with  Salmonella  ( S )  enterica  are one of the most 
important sources of human gastroenteritis throughout the world. 
Salmonella serotypes are characterized as typhoid and non-typhoid 
types, where the former is restricted to humans and can produce a 
serious and potentially fatal illness known as typhoid (enteric) 
fever. Non-typhoid salmonellosis is due to infection by a large vari-
ety of different zoonotic serovars and is primarily transmitted by 
ingestion of contaminated food. The primary illness pattern con-
sists of acute self-limiting gastroenteritis, but serious post-infection 
complications or sequelae such as septicemia, reactive arthritis or 
aortic aneurysms may occur. Non-typhoid Salmonella serotypes 
are responsible for an estimated annual 200 million to 1.3 billion 
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cases and 3 million deaths worldwide compared to 16–20 million 
cases and 200,000 deaths of typhoid fever [ 1 ,  2 ]. 

 The gold standard for diagnosing any Salmonella infection is 
bacteriological culture, usually from feces. However, viable bacte-
ria may sometimes only be present for a few days or too much time 
has passed since infection, and in these cases detection by culture is 
not valid. In such circumstances, serological antibody assays are 
usually applied to provide evidence of infection. 

 Serological diagnosis of Salmonella infections has classically 
been performed using the Widal tube agglutination test which has 
formed the basis of typhoid serodiagnosis for more than a century 
[ 3 ]. However, the Widal test is limited by poor sensitivity, an 
inability to discriminate between different antibody classes and 
cross-reactivity with other Salmonella species. Furthermore, it is 
time consuming and expensive in practice. Alternative and newer 
serological methods such as lateral fl ow rapid tests (LFRTs) or 
microarrays are expensive to purchase or require several pre-assay 
steps of purifi cation and amplifi cation. In comparison ELISAs are 
quantitative, samples do not need pre-assay handling and the over-
all running costs are lower. ELISAs have the potential of being 
semi-automated and may be applied for surveillance and research 
purpose, and have the advantage of being sensitive after the acute 
phase of infection when culture or detection of Salmonella-DNA 
by molecular methods has low sensitivity. Furthermore, serological 
tests can be applied to examine past infections in persons without 
a history of illness and may on this basis be used to measure the 
“force of transmission” in a population which may be different 
from the actual rate of illness. 

 Considering the need for rapid screening of patients with sus-
pected typhoid salmonellosis, the ELISA technique was an optimal 
candidate for serological diagnosis of Salmonella infections and 
early attempts to use the outer membrane lipopolysaccharide (LPS) 
in ELISAs showed promising results for detecting antibodies in 
human sera. LPS-specifi c immunoglobulin G (IgG) persists for up 
to 12 months after infection, while IgM and IgA disappear after 
2–4 months in most patients. The kinetics of antibody decay have 
been determined and seem to follow the expected sigmoidal curve 
[ 4 ]. Using the fl agellum as detecting antigen has also been tested 
but with little success [ 5 ]. On this basis, it seems likely that an 
LPS- based ELISA which detects IgG, IgM and IgA responses can 
provide a specifi c, sensitive, fast, easy, and reliable assay for routine 
analyses of human sera. 

 Today, commercially available Salmonella-specifi c ELISAs are 
routinely used in veterinary and food sectors across Europe and in 
the States—not for diagnosis of infection in individual animals but 
rather as tools in control and surveillance programs. Common for 
all these tests is that they cannot be directly applied to human 
samples. In South-East Asia, several commercially available assays 
exist for fast diagnosis of typhoid salmonellosis, but these will only 
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detect  S. typhi  and not zoonotic Salmonella species. The potential 
for using ELISAs to diagnose human infection with non-typhoid 
Salmonella is promising, but knowledge about the current avail-
ability and application of such tests is scarce. 

  Kuhn et al. [ 6 ] reviewed the literature review in order to identify 
all possible variants of Salmonella ELISAs. The review lists eight 
publications which describe assays to detect human non-typhoid 
salmonellosis. 

 All reported assays used LPS from a single Salmonella serovar 
(mostly  S. enteritidis  or  S. typhimurium ) separately, and four assays 
also showed results for a mixture of  S. enteritidis  and  S. typhimurium  
LPS. The sensitivity of the assays ranged from 78 to 100 % and 
specifi city ranged from 90 to 97 %. All assays were applied to 
culture- confi rmed Salmonella cases as well as a group of controls 
(either healthy or with another infection/illness). Cross-reactivity 
with other bacteria such as  Escherichia coli ,  Yersinia enterocolitica , 
 Campylobacter  spp. and  Helicobater pylori  (which also cause gas-
trointestinal symptoms) was investigated on four occasions and 
found to be 17–59 %. 

 The literature review identifi ed only one commercially avail-
able antibody assay for detection of non-typhoid Salmonella in 
human sera, namely the “IMTEC-Salmonella-Antibodies Screen 
(IgG/IgA/IgM)/Antibodies IgA” which is based on pooled anti-
gens from  S. enteritidis  and  S. typhimurium  and uses high IgA 
titers as a marker for the diagnosis of reactive arthritis. These prin-
ciples are similar to those reported for some of the other assays 
described in the literature review. The sensitivity of the commer-
cially available test was reported by the manufacturers as 88.5 %, 
however, no further studies evaluating its design or general use 
were identifi ed. 

 Contrastingly, at least four standardized and validated anti-
body assays exist for the diagnosis of infections due to  Salmonella 
typhi . These are primarily used in endemic areas of the developing 
world where typhoid fever is a serious problem and its relatively 
high mortality rate makes rapid and accurate diagnosis crucial. 

 Most likely, a standardized test for identifying non-typhoid 
Salmonella antibodies in human sera has not yet been developed 
because of practical rather than technical issues. Some laboratories 
are using their own in-house tests with acceptable success rates and 
do not see a need to purchase a standardized one. Additionally, 
some institutions may even consider the ELISA an old fashioned 
test, in comparison to other methods. The development of a stan-
dardized ELISA requires signifi cant and challenging ground-work 
and extensive production of new standards and controls. However, 
given the fact that ELISAs have obvious advantages over other 
serological methods and that standardized tests have already been 
successfully developed, these practical issues should be considered 
of minor importance.  

1.1  Use of ELISAs 
to Detect Salmonella 
Antibodies in Human 
Sera
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  Based on the literature review, it was suggested that LPS-based 
ELISA can be a suitable candidate for a standardized, commercially 
available method of detecting non-typhoid Salmonella antibodies 
in human sera. Encouragingly, LPS antigens of  S. typhimurium  and 
 S. enteritidis  are commercially available and were indeed used to 
develop several of the assays reviewed. An acceptable method for 
detection of non-typhoid human salmonellosis could therefore be 
a pooled ELISA containing a mixture of LPS from  S. enteritidis  
(serogroup D) and  S . typhimurium (serogroup B) as also sug-
gested recently [ 7 ]. The choice of LPS is geographically deter-
mined and must refl ect the circulation of serovars in the human 
population. An ELISA based on  S. typhimurium  and  S. enteritidis  
LPS would cover 70–90 % of all reported Salmonella isolates in 
Europe [ 8 ]. A test designed for use in the United States would 
need to contain the same mixture but also LPS from  S . Newport 
(group C) which is responsible for almost 10 % of reported 
Salmonella cases here [ 9 ].  S . Heidelberg (group B), the fourth most 
common type in the US, will be captured by the  S. typhimurium  
(also group B) antigens. 

 The ELISA must be validated on a number of known positive 
sera and a group of controls, both negative and with other known 
infections, such as  Yersinia enterocolitica  and  Helicobacter pylori , to 
test for cross-reactivity. For this, at least 100 Salmonella patients, 
100 negative controls and 100 patients with other infections are 
needed. The assay performance should be assessed with reference 
to sensitivity and specifi city, relative to the chosen cut-off as well 
as the purpose of the test. For diagnostic purposes, including reac-
tive arthritis, a high specifi city is needed in order to avoid high 
predictive value of a positive result. In practice, a specifi city of 95 % 
or more is required. For surveillance and public health purposes, 
a correct classifi cation of the individual patient becomes less impor-
tant and a sensitivity and specificity of 85 % will be sufficient. 
A preliminary suggested cut-off for a standardized non-typhoid 
Salmonella ELISA could be 10 % Optical Densities (OD) as used 
in many of the assays reviewed.  

  Standardized ELISAs are today not widely used for routine diag-
nosis of non-typhoid Salmonella in humans or for public health 
surveillance. As described, most laboratories use their own in- house 
assays which are not available commercially. If a consensus was 
reached to develop, validate and routinely use a commercial ELISA 
for non-typhoid human Salmonella detection, it would allow esti-
mation of infections in groups of individuals who would otherwise 
not have been diagnosed: i.e. slightly symptomatic and asymptom-
atic persons as well as those with a non-culturable fecal sample. 
From a broader epidemiological perspective, using ELISAs for 
diagnosing bacterial infections can therefore create a more realistic 
estimate of the seroconversion rate. Current fi gures of Salmonella 
incidence represent only a small fraction of total cases, as they 

1.2  The Practicality 
of Developing 
a Standardized Assay 
for Sero- Diagnosis 
of Non-typhoid 
Salmonella in Humans

1.3  The 
Epidemiological 
Implications 
of Developing 
a Standardized 
Salmonella ELISA
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mostly refl ect the health-seeking behavior of patients as well as the 
tendency of physicians to request a stool culture (Fig.  1 ). A popu-
lation-based method has been developed [ 10 ] to estimate the inci-
dence of seroconversion, using Salmonella antibody titers in sera 
from Danish general population surveys. This method accurately 
predicted the increasing trend of culture- confi rmed cases in the 
1980s and showed that the incidence (including asymptomatic 
infections) in 1 year could have been 100-fold higher than reported. 
Such an approach demonstrates the promise for using serological 
results to measure the force of infection and ultimately compare 
different national surveillance systems as well as evaluate the impact 
of food safety programs on the incidence of human infections.

   In 2008, a total of 131,468 cases of human salmonellosis were 
reported from the European Union, making it the second most 
commonly reported zoonotic disease in humans, only surpassed by 
 Campylobacter  [ 8 ]. Considering the burden of this disease, the 
implications for travel and trade with food and animals, and the fact 
that many patient samples may not be culturable, the development 
of a commercial antibody assay to detect Salmonella in human sera 
is now very timely. Evidence from typhoid fever diagnosis and the 
veterinary sector has shown that it is feasible to develop a rapid, 
cheap and potentially accurate commercial antibody assay for 
Salmonella. We suggest that now is the time to take the next step 
and reach an international consensus for the development of an 
ELISA to diagnose non-typhoid human Salmonella infections.   

Case confirmed

Lab tests for organism

Specimen obtained

Person seeks health care

Person becomes ill
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  Fig. 1    ( a ) Burden of illness pyramid illustrating the chain of events in food-borne disease reporting and the 
imbalance between actual cases and number of cases reported. ( b ) Example for gastrointestinal illness in 
England in 1999 (number of persons) from Wheeler et al. [ 11 ]       
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2    Suggested Protocol for a Standardized ELISA (Europe) 

 Indirect ELISA on human serum using mixed LPS antigens from 
 Salmonella typhimurium  and  Salmonella enteritidis . IgA, IgM, and 
IgG antibodies are measured separately through HRP/TMB enzy-
matic reactions. The ELISA is performed routinely at Statens 
Serum Institut, Denmark, and has been accepted by the European 
Centre for Disease Control and Prevention (ECDC). 

      1.    NUNC F96 Microwell Clear Polystyrene, Polysorp ®  Microtitre 
plates.   

   2.    Antigens:  Salmonella typhimurium  and  Salmonella enteritidis  
LPS in a 1:1 ratio ( see   Note 1 ).   

   3.    Sample, standard, and control sera ( see   Note 2 ).   
   4.    Coating buffer: 0.1 M  sodium carbonate buffer ,  pH 9.60  in 

sterile MilliQ water including 0.5 % NaN 3 , 0.2 % phenol red 
for visual confi rmation of pH stability. Adjust to pH 9.60 ± 0.02.   

   5.    Wash buffer:  PBS - T ,  pH 7.40 . Made with deionized water, 1 
sachet PBS (Sigma,), 0.01 % Tween 20. Adjust to pH 
7.40 ± 0.02 ( see   Note 3 ).   

   6.    Dilution buffer:  PBS - T with phenol red . 2 ml 0.5 % phenol red 
for visual confi rmation of pH stability. Adjust to pH 7.40 ± 0.02 
( see   Note 3 ).   

   7.    Secondary antibody: HRP labeled rabbit anti-human antibodies.
   (a)    Anti IgA (Dako) 1:500 in dilution buffer.   
  (b)    Anti IgM (Dako) 1:1,000 in dilution buffer.   
  (c)    Anti IgG (Dako) 1: 2,500 in dilution buffer. 

 Used the same day at room temperature.       
   8.    Substrate. TMB-One (Kem-En-Tec).   
   9.    Stop-solution. 1 M sulfuric acid.       

3    Methods 

     1.    Coating. Stock of Salmonella LPS antigen mix at 10 mg/ml is 
diluted to 1 μg/ml in cold coating buffer (5 °C).  

 Three Polysorp plates are coated with the diluted antigen 
using 100 μl per well. The three plates are closed with a lid, 
wrapped in aluminum foil and incubated overnight in a refrig-
erator (2–8 °C).   

   2.    Washing. All wash-steps consist of 3–5 successive wash cycles 
with 250 μl wash buffer per well.   

   3.    Blocking. After washing, 250 μl wash buffer is added to each 
well on each plate. The plates are closed with a lid and incu-
bated for 30 min (±5 min) at room temperature, no shaking.   

2.1  Materials
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   4.    Dilution of sera. Samples and the two controls are diluted 
1:400 in the dilution controls buffer. The standard is fi rst 
diluted 100-fold. Seven additional dilutions of the standard are 
then made by successive twofold dilutions (e.g. 1 ml plus 
1 ml), making an 8-step dilution series of the standard from 
1:100–1:12,800.   

   5.    After incubation, the plates are washed again with 250 μl 
wash buffer. Then 100 μl of the dilution ( see  above) of each 
sample, control or standard is added per well in duplicates. 
For the blank control, 100 μl dilution buffer is added to the 
well(s) ( see   Note 4 ). The plates are closed with a lid and 
incubated for 30 min (±5 min) at room temperature, no 
shaking.   

   6.    The plates are washed and 100 μl of the diluted secondary 
antibody is added per well. One plate receives only anti IgA, 
one receives only anti-IgM and one receives only anti-IgG. The 
plates are incubated for 30 min (±5 min) at room temperature, 
no shaking.   

   7.    The plates are washed and 100 μl per well of TMB-One is 
added to each plate. Plates are incubated for exactly 15 min at 
room temperature without shaking.   

   8.    The enzymatic reaction is stopped by addition of 100 μl per 
well of 1 M sulfuric acid.   

   9.    Optical density for the plates is read at 450 nm with a reference 
reading at 630 nm (620 or 650 nm can be used as well).   

   10.    The Optical Density (OD) results from the dilution series of 
the standard serum is compared to the mean OD results 
from the same standard serum obtained from at least ten 
previous runs.  

 By plotting the current results of the standard serum 
against the mean expected results for each dilution point—a 
linear graph should be obtained. The slope of the curve deter-
mines how the current results should be corrected in order to 
minimize day-to-day variations. Results are only valid if the 
correction is less than 20 % ( see   Note 5 , Fig.  2 ).

       11.    The cut-off point should be determined before the assay is set 
up ( see   Note 6 ).      

4    Notes 

     1.    To make the antigens, the contents of one ampoule of 
 Salmonella typhimurium  LPS (Sigma) and one ampoule of 
 Salmonella enteritidis  LPS (Sigma) are mixed and adjusted to 
a fi nal concentration of 1 mg/ml. Aliquots are stored frozen 
at minus 20 °C.   
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   2.    Along with the sample sera of interest, three types of control 
sera should be used:
   (a)    Standard: pooled serum from individuals with 

 Salmonella typhimurium  or  Salmonella enteritidis  infec-
tion as confirmed by fecal culturing. Sera are chosen for 
high values of Salmonella LPS-specific IgA, IgM and 
IgG antibodies.   

  (b)    Positive control: pooled serum from individuals (or from a 
single individual) with  Salmonella typhimurium  or 
 Salmonella enteritidis  infection as confi rmed by fecal cul-
turing. Sera are chosen for high values of Salmonella LPS-
specifi c IgA, IgM, and IgG antibodies.   

  (c)    Negative control: pooled serum from individuals with no 
detection of anti-Salmonella LPS-specifi c IgA, IgM, or 
IgG serum antibodies, and no detection of antibodies 
against other enteric pathogens as  Yersinia enterocolitica , 
 Campylobacter ,  and E coli .       

   3.    Wash buffer and dilution buffer should be stored at room tem-
perature and used within a week. Coating buffer should be 
refrigerated and cold when used.   

   4.    Standard, controls, samples and blanks are placed in the same pat-
tern on all three plates. An example of plate layout is shown below.

Standard dilution series
The current results are 10.5% too high.

All OD results on the plate should be divided by 1.105
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Standard dilution series
The current results are 9.2% too low (100 - 90.8)

All OD results on the plate should be divided by 0.908
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  Fig. 2    Correcting current OD results in order to minimize day-to-day variations       
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 1  2  3  4  5  6  7  8  9  10  11  12 

 A  Std 100×  Std 100×  blank  blank  blank  blank  blank  blank  blank  blank  blank  blank 

 B  Std 200×  Std 200×  Neg  Neg  S7  S7  S14  S14  S21  S21  S28  S28 

 C  Std 400×  Std 400×  S1  S1  S8  S8  S15  S15  S22  S22  S29  S29 

 D  Std 800×  Std 800×  S2  S2  S9  S9  S16  S16  S23  S23  S30  S30 

 E  Std 1,600×  Std 1,600×  S3  S3  S10  S10  S17  S17  S24  S24  S31  S31 

 F  Std 3,200×  Std 3,200×  S4  S4  S11  S11  S18  S18  S25  S25  S32  S32 

 G  Std 6,400×  Std 6,400×  S5  S5  S12  S12  S19  S19  S26  S26  Pos  Pos 

 H  Std 12,800×  Std 12,800×  S6  S6  S13  S13  S20  S20  S27  S27  Neg  Neg 

   Std refers to standard sera. 
 Neg is negative control. 
 Pos is positive control. 
 Each S1, S2…S27 refers to the individual sample sera to be 
tested for antibodies.   

   5.    Individual sample results are only valid if the CV value for the 
duplicate analysis is below 20 %. Moreover, the positive and 
negative control sera should give results that are interpreted as 
“positive” and “negative”, respectively, according to the cho-
sen cut-off values.   

   6.    The cut-off should be determined for each country/region 
separately.  
 By analyzing 100 sera or more (50 as minimum) from healthy 
individuals (or blood donors) with the current antigen batch, the 
95 percentile is a valid choice for cut-off for each antibody class.  

 A gray-zone of e.g. ± 20 % is recommended for each antibody class.         
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    Chapter 9   

 Study of the Stn Protein in  Salmonella ; A Regulator 
of Membrane Composition and Integrity 

           Masayuki     Nakano      ,     Eiki     Yamasaki    ,     Joel     Moss    , 
    Toshiya     Hirayama    , and     Hisao     Kurazono    

   Abstract 

   Our studies were undertaken to develop new insights into the function of the  Salmonella  Stn protein. 
An analysis of total cell membrane protein fraction suggested the possibility that Stn associates with 
OmpA. This possibility was confi rmed by immunogold labeling using anti-OmpA antibody and far-western 
blotting. From these results, we conclude that Stn regulates membrane composition and integrity in 
 Salmonella .  

  Key words      Salmonella   ,   Stn protein  ,   Bacterial membrane  ,   Electron microscopy  ,   Immunogold stain  

1      Introduction 

  Salmonella  is a major food-borne pathogen; infection results in 
severe clinical manifestations including acute gastroenteritis and 
typhoid fever. Several virulence factors produced by  Salmonella  
have been identifi ed and their biological activities characterized. 
Two sets of type III secretion systems are required for  Salmonella  
virulence, which include invasion into intestinal epithelial cells and 
survival in macrophages [ 1 ]. 

 In addition to these secretion systems, it has been proposed 
that  Salmonella  enterotoxin (Stn) is a putative virulence factor 
responsible for enterotoxic activity [ 2 ,  3 ]. The  stn  gene was cloned 
for the fi rst time from  S. enterica  serovar Typhimurium and the 
gene product was shown to be associated with enterotoxic activity 
in a murine ileal loop model [ 3 ]. However, Stn activities responsible 
for  Salmonella  virulence and the molecular mechanisms underlying 
its action in the host cells have not been elucidated. 

 When we evaluated the effects of Stn on  Salmonella  virulence 
using experimental animal model and cultured cell systems, we 
found that Stn was not associated with the  Salmonella  virulence 
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including enterotoxic activity [ 4 ]. These fi ndings are consistent 
with other reports [ 5 – 7 ] and we therefore concluded that Stn does 
not function as a virulence factor. To evaluate the function of Stn 
in  Salmonella , we next characterized the functions of Stn activities 
using several molecular techniques. In these studies, we found new 
insights into Stn function. Based on out data, it appears that Stn 
regulates membrane composition and integrity [ 4 ]. 

 Here, we describe the various molecular techniques used in 
this study.  

2    Materials 

  This procedure is based primarily on a previously described method 
with some modifi cations [ 8 ].

    1.    Luria-Bertani (LB) broth: 1 % tryptone, 0.5 % yeast extract, 
1 % NaCl (pH 7.0).   

   2.    Phosphate-buffered saline (PBS) tablet (MP Biomedicals, 
Solon, OH, USA).   

   3.    Protease inhibitor cocktail (Roche, Indianapolis, IN, USA).   
   4.    PBS containing 2 % Triton X-100.   
   5.    SDS sample buffer (2×): 20 % glycerol, 125 mM Tris–HCl, pH 

6.8, 4 % SDS, and 0.01 mg/ml of bromophenol blue. Add 
2-mercaptoethanol to 10 % volume in this buffer before use 
(the fi nal concentration of 2-mercaptoethanol in the 1× SDS 
sample buffer is 5 %).   

   6.    10 % SDS-polyacrylamide resolving gel (10 ml): 2.5 ml of 
40 % acrylamide/bis-acrylamide solution, 2.5 ml of 1.5 M 
Tris–HCl, pH 8.8, 0.1 ml of 10 % SDS, 0.1 ml of 10 % 
ammonium persulfate (APS), 0.01 ml of  N , N , N ′, N ′-
tetramethylethylenediamine (TEMED) and distilled water 
to a volume of 10 ml. Mix well and pour this gel solution in 
the gel cassette, allowing space for a stacking gel.   

   7.    5 % Stacking gel (5 ml): 0.625 ml of 40 % acrylamide/bis- 
acrylamide solution, 0.625 ml of 1 M Tris–HCl, pH 6.8, 
0.025 ml of 10 % SDS, 0.025 ml of 10 % APS, 0.005 ml of 
TEMED and distilled water to a fi nal volume of 5 ml. When 
the polymerization of resolving gel is completed, pour the 
stacking gel solution and insert a gel comb immediately.   

   8.    Running buffer (pH 8.3): 25 mM Tris base, 192 mM glycine, 
0.1 % SDS in distilled water.   

   9.    Staining buffer: 0.25 % Coomassie Brilliant Blue R-250, 40 % 
methanol, 7 % acetic acid, in distilled water. Mix all reagents 
and pass the solution through a paper fi lter.   

   10.    Destaining buffer: 0.75 % acetic acid, 0.5 % methanol in dis-
tilled water.    

2.1  Preparation 
of Membrane Protein 
Fractions

Masayuki Nakano et al.
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        1.    2 % glutaraldehyde buffer: 2 % glutaraldehyde, 0.02 M sodium 
cacodylate, 0.6 % NaCl, and 0.02 % ruthenium red in 0.1 M 
phosphate buffer (pH 7.4). Store at 4 °C.   

   2.    1.5 % osmium tetroxide buffer: 1.5 % osmium tetroxide, 
0.02 M sodium cacodylate, and 0.6 % NaCl.   

   3.    Quetol 653 (Nissin EM, Tokyo, Japan).   
   4.    Quetol 653 mixture: mix quetol 653 and propylene oxide 

(6:4, v/v).   
   5.    Uranyl acetate buffer (pH 4.5): 6 % uranyl acetate and 0.4 % 

citrate buffer.      

      1.    LR-Gold resin (Nissin EM).   
   2.    QCU-3 (Nissin EM).   
   3.    Primary antibody solution: Add murine anti-OmpA antibody 

in blocking buffer before use ( see   Note 1 ).   
   4.    Secondary antibody solution: Add goat anti-mouse IgG 

(10 nm diameter of conjugated gold particle; BBI Solutions, 
Cardiff, UK) in blocking buffer before use ( see   Note 2 ).   

   5.    Blocking buffer: 5 % skim milk, 0.01 % Tween 20 in 0.02 M 
phosphate buffer (pH 7.4).   

   6.    Washing buffer: 5 % Blocking One (Nacalai tesque, Kyoto, 
Japan), 0.01 % Tween 20 in 0.02 M phosphate buffer (pH 7.4).   

   7.    Reynold’s lead citrate solution (50 ml): Dissolve 1.33 g of lead 
nitrate and 1.76 g of sodium citrate in distilled water. Add 8 ml 
of 1 M NaOH and adjust to 50 ml with distilled water.   

   8.    6 % uranyl acetate: Dissolve 6 g of uranyl acetate in 100 ml 
methanol.      

      1.    illustra bacteria genomicPrep Mini Spin Kit (GE Healthcare, 
Buckinghamshire, UK).   

   2.     Bam HI and  Sal I (TaKaRa Bio, Shiga, Japan).   
   3.    pCold TF (Takara Bio).   
   4.     Escherichia coli  BL21(DE3) (Merck, Darmstadt, Germany).   
   5.    Ni Sepharose High Performance (GE Healthcare).   
   6.    Binding buffer No. 1 (pH 7.4): 20 mM sodium phosphate, 

0.5 M NaCl, 20 mM imidazole ( see   Note 3 ).   
   7.    Elution buffer No. 1 (pH 7.4): 20 mM sodium phosphate, 

0.5 M NaCl, 0.5 M imidazole ( see   Note 3 ).      

      1.    pQE30 (QIAGEN, Hilden, Germany).   
   2.     Sph I and  Hin dIII (Takara Bio).   
   3.     E. coli  M15[pREP4] (QIAGEN).   

2.2  Electron 
Microscopy

2.3  Immunogold 
Staining

2.4  Preparation 
of Recombinant 
Stn Protein

2.5  Preparation 
of Recombinant 
OmpA Protein

Study of the Stn Protein
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   4.    Binding buffer No. 2 (pH 7.4): 20 mM sodium phosphate, 
40 mM imidazole, 0.5 M NaCl, pH 7.4 ( see   Note 3 ).   

   5.    Elution buffer No. 2 (pH 7.4): 20 mM sodium phosphate, 
40 mM imidazole, 0.5 M NaCl, 0.5 M imidazole ( see   Note 3 ).      

      1.    PVDF membranes: Immobilon-P (Millipore, Billerica, MA, 
USA).   

   2.    Blotting buffer: 25 mM    tris(hydroxymethyl)aminomethane, 
192 mM glycine, 0.1 % SDS, 20 % methanol.   

   3.    TBST: 10 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.05 % 
Tween-20.   

   4.    TBST containing 6 M guanidine-HCl (pH 7.5): Dissolve gua-
nidine in TBST and adjust pH to 7.5 with HCl ( see   Note 4 ).   

   5.    Blocking solution: Dissolve 5 % skim milk in TBST.   
   6.    Probe solution: Add 10 μg of purifi ed recombinant Stn protein 

in blocking solution.   
   7.    Anti-TF monoclonal antibody (TaKaRa Bio).   
   8.    First antibody solution: Add 5 μg of anti-TF monoclonal 

antibody in 5 ml of blocking solution ( see   Note 5 ).   
   9.    Goat anti-mouse IgG antibody (HRP-conjugated; Santa Cruz, 

CA, USA).   
   10.    Second antibody solution: Add 0.5 μg of anti-mouse IgG anti-

body in 5 ml of blocking solution ( see   Note 5 ).   
   11.    ECL Prime Western Blotting Detection Reagent (GE Healthcare).       

3     Methods 

      1.    Culture  Salmonella  in 2 ml of LB broth at 37 °C for 16 h with 
shaking.   

   2.    Harvest bacteria by centrifugation (1,000 ×  g , 10 min at room 
temperature) and remove the supernatant carefully using a 
pipette ( see   Note 6 ). To remove the bacterial debris, wash 
bacteria once with 1 ml of PBS and centrifuge again. Remove 
the supernatant completely using a pipette and resuspend the 
pellet in 1 ml of PBS. Adjust cell density of the suspension to 
OD 600  = 1.0 with PBS using a spectrophotometer.   

   3.    Add 300 μl of bacterial suspension in 30 ml of LB medium and 
incubate at 37 °C with shaking (120–150 rpm) until bacteria 
are in log-phase (OD 600  = 1.0) or stationary phase ( see   Note 7 ). 
Harvest bacteria by centrifugation (16,100 ×  g , 20 min at 4 °C) 
and discard the supernatant. Resuspend the pellet in 1 ml ice- 
cold PBS containing protease inhibitor cocktail and incubate 
on ice for 10 min.   

2.6  Far-Western 
Blotting

3.1  Preparation 
of Membrane Protein 
Fraction
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   4.    Disrupt bacteria by sonication on ice (six cycles of 10 s with 
1 min break) and remove the unbroken cells by centrifugation 
(2,000 ×  g , 10 min at 4 °C) ( see   Note 8 ).   

   5.    Transfer the supernatant carefully and centrifuge again 
(16,100 ×  g , 30 min at 4 °C). Discard the supernatant and 
dissolve the pellet in 1 ml PBS containing 2 % Triton X-100.   

   6.    Incubate at 37 °C for 30 min and centrifuge (16,100 ×  g , 
30 min at room temperature) to recover the insoluble protein 
fraction. After centrifugation, discard the supernatant and 
wash the pellet with 1 ml PBS followed by centrifugation 
(16,100 ×  g , 5 min at room temperature). Remove the super-
natant and dissolve the pellet in 100–300 μl PBS.   

   7.    Mix with prepared membrane protein fraction (3–5 μg/tube) 
and SDS sample buffer. Heat at 100 °C for 5 min and centrifuge 
the heated samples at 5,000 ×  g  for 10 s. Load the samples on a 
10 % gel and run the gel in the running buffer until the loading 
dye runs to the bottom of the gel. Excise the gel from the gel 
cassette and stain the gel using Coomassie Brilliant Blue for 
20–30 min with gentle shaking. Then, rinse the gel with destain-
ing buffer until the protein bands are seen clearly (Fig.  1 ).

  Fig. 1    SDS-PAGE of the membrane protein fraction. Membrane protein fractions 
were prepared as described in Subheading  3.1 . Proteins (5 μg/lane) were loaded 
on a 10 % gel and the gel was stained with Coomassie Brilliant Blue. In this study, 
we constructed a  stn  gene-deleted  Salmonella  strain ( lane 2 ) by homologous 
recombination [ 4 ] and this mutant strain was used as a reference strain and 
compared with wild-type  Salmonella . M, protein maker; lane 1, wild-type 
 Salmonella ; lane 2,  stn  gene-deleted  Salmonella  (this fi gure was reproduced 
from [ 4 ] with permission from Company of Biologists)       

 

Study of the Stn Protein
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             1.    Culture bacteria in 10 ml of LB medium at 37 °C for 16 h with 
shaking. Harvest bacteria by centrifugation (300 ×  g , 10 min at 
4 °C) and discard the supernatant carefully ( see   Note 6 ).   

   2.    Keep bacteria at 4 °C for 10 min and add 2 ml of 2 % glutaral-
dehyde buffer very slowly. Incubate at 4 °C for 2 h and remove 
the supernatant by a pipette. Add 1 ml of 1.5 % osmium tetroxide 
buffer very slowly and incubate at 4 °C for 1.5 h.   

   3.    Remove osmium tetroxide buffer carefully and wash once with 
0.02 M sodium cacodylate. Dehydrate bacteria in graded etha-
nol series (50, 70, 80, 90, and 100 % at 4 °C for 1 h per each). 
Then, dehydrate in acetone at room temperature for 60 min 
and saturate the bacterial cells in propylene oxide for 20 min 
( see   Note 9 ).   

   4.    Dehydrated specimens are saturated in quetol 653 mixture for 
16 h and then remove propylene oxide by placing in the desic-
cator for 2 days. Embed the specimens in quetol 653 and 
polymerize the resins by an Ultraviolet Polymerizer (Dosaka 
EM, Kyoto, Japan) at 37 °C for 2 h followed by incubation at 
60 °C for 2 days.   

   5.    Sections were prepared with an Ultramicrotome (80 nm thick; 
Leica EM UC6, Leica Microsystems, Wetzlar, Germany). 
Double staining is performed using uranyl acetate buffer for 
30 min and then lead citrate for 15 min respectively. Specimens 
are imaged by JEM-1230 electron microscope at 80 kV (JEOL, 
Tokyo, Japan) (Fig.  2 ).

3.2  Examination 
of  Salmonella  
Morphology by 
Electron Microscopy

  Fig. 2    Transmission electron microscopic analysis of  Salmonella  strains. Each of the pictures is imaged as a 
representative example of  Salmonella  morphology in ultrathin sections (magnifi cation: 12,000×). ( a ) wild-type 
 Salmonella ; ( b )  stn  gene-deleted  Salmonella  (this fi gure was reproduced from [ 4 ] with permission from 
Company of Biologists)       
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             1.    Culture bacteria on a LB agar plate at 37 °C for 16 h. Mount 
bacteria from the agar plate on an anoxic copper sheet and fi x 
bacteria using 0.2 % glutaraldehyde at −80 °C [ 9 ]. Dehydrate 
bacteria in ice-cold acetone for 2 days and warm up gradually 
to room temperature. Strip bacteria from the copper sheet and 
put into acetone for 40 min at room temperature with gentle 
shaking.   

   2.    Saturate dehydrated bacteria into a solution of LR-Gold resin 
containing 3 % QCU-3 and acetone (7:3, v/v) at 20 °C for 
24 h with gentle shaking in the dark room and then dry the 
samples with an evaporator (oil-sealed rotary vacuum pump, 
ULVAC Kiko, Miyazaki, Japan) for 2 days. Saturate samples in 
LR-Gold resin containing 3 % QCU-3 at 20 °C for 2 days with 
gentle shaking in the dark room ( see   Note 10 ). Replace seg-
ments in fresh LR-Gold resin containing 3 % QCU-3 and 
polymerize the resins using an Ultraviolet Polymerizer at 4 °C 
for 4 days.   

   3.    The sections are prepared using an Ultramicrotome (90 nm 
thick).   

   4.    Immerse the sections in blocking buffer and incubate at 37 °C 
(or room temperature) for 40 min. Rinse the sections for 30 s 
with washing buffer and immerse in primary antibody solu-
tion. Incubate at 4 °C overnight (ca. 16–18 h) ( see   Note 11 ).   

   5.    Rinse the sections carefully four times using washing buffer 
and incubate in secondary antibody solution at room tempera-
ture for 1 h. Remove excess antibody and wash the sections 
twice with washing buffer. To remove skim milk from the sec-
tions, rinse three times with distilled water.   

   6.    Incubate the sections in 1 % osmic acid at room temperature 
for 3 min and rinse three times with distilled water. Incubate 
the sections in 6 % uranyl acetate at room temperature for 
2 min and rinse twice with distilled water. Stain the sections 
using Reynold’s lead citrate solution [ 10 ] at room temperature 
for 2 min and rinse twice with distilled water.   

   7.    Carry out carbon deposition on the sections using a vacuum 
evaporator (15 nm thick; JEOL). Specimens are imaged by a 
JEM-1230 electron microscope at 80 kV (Fig.  3 ).

             1.    Culture  Salmonella  in 2 ml of LB medium at 37 °C for 16 h 
with shaking (150 rpm) and purify genomic DNA using illus-
tra bacteria genomicPrep Mini Spin Kit according to the man-
ufacturer’s instruction.   

   2.    Amplify the  stn  gene by PCR using primers stn-F (5′-GGATC
CTTGTTAATCCTGTTGTCTCG-3′) and stn-R (5′-GTCGA
CTTACTGGCGTTTTTTTGGCA-3′) [ 4 ]. Digest DNA using 

3.3  Immunogold 
Stain

3.4  Preparation 
of Recombinant 
Stn Protein
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 Bam HI and  Sal I according to the manufacturer’s instructions: 
PCR product is then cloned into  Bam HI and  Sal I sites of 
pCold TF ( see   Note 12 ). Introduce the modifi ed plasmid into 
 Escherichia coli  BL21(DE3) according to the manufacturer’s 
instructions ( see   Note 13 ).   

   3.    Culture  E. coli  strain containing the plasmid in 30 ml of LB 
medium supplemented with 50 μg/ml ampicillin and 1 % 
glucose at 30 °C until cell density is OD 600  = 0.6.   

   4.    Incubate the culture at 15 °C for 30 min immediately without 
shaking and then add isopropyl β- D -1-thiogalactopyranoside 
(IPTG; fi nal concentration at 0.5 mM). Incubate further at 
15 °C for 20–24 h with shaking ( see   Note 14 ).   

   5.    Harvest bacteria by centrifugation (20,000 ×  g , 20 min, 4 °C) 
and remove the supernatant completely. Keep the bacteria at 
−20 °C until use.   

   6.    Dissolve the pellet in 10 ml of cold binding buffer No. 1 con-
taining protease inhibitor cocktail and incubate on ice. Disrupt 
the bacterial cells by sonication (six cycles of 20 s with a 3 min 
break on ice) ( see   Note 8 ).   

   7.    Harvest unbroken bacteria and bacterial debris by centrifugation 
(20,000 ×  g , 20 min, 4 °C) and transfer the supernatant with a 
pipette. To remove unbroken cells, pass the supernatant 
through a syringe fi lter (0.45 μm).   

   8.    Add 1 ml of Ni Sepharose High Performance in the cell lysate 
and incubate at 4 °C for 15 h with vigorous shaking ( see   Note 
15 ). Pour the slurry down in the empty column (0.8 × 4 cm; 
Bio-Rad, Hercules, CA, USA) and wash the resin with 30 ml 

  Fig. 3    Immunogold labeling of OmpA using anti-OmpA antibody. This analysis was performed using murine 
anti-OmpA antibody as a primary antibody and goat anti-mouse IgG antibody conjugated with gold particles as 
a secondary antibody respectively (magnifi cation: 20,000×).  Arrows  indicate the gold particles bound to OmpA 
protein. These data show the location of OmpA protein. ( a ) wild-type  Salmonella ; ( b )  stn  gene-deleted 
 Salmonella ; ( c ), wild-type  Salmonella  using normal mouse serum for control reaction (this fi gure was repro-
duced from [ 4 ] with permission from Company of Biologists)       
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of binding buffer No. 1. Elute recombinant proteins in 2 ml of 
elution buffer No. 1.   

   9.    Verify the contents of the eluted sample by SDS-PAGE 
( see   Note 16 ).      

      1.    Amplify the  ompA  gene by PCR using primers omp-F (5′-CG
CATGCGCTCCGAAAGATAACAC-3′) and omp-R (5′-TAA
GCTTTTAAGCCTGCGGCTGAGTTAC-3′) [ 4 ]. Digest DNA 
using  Sph I and  Hin dIII according to the manufacturer’s instruc-
tions. PCR product is then cloned into  Sph I and  Hin dIII sites of 
pQE30 ( see   Note 12 ). Introduce the plasmid construct into  E. 
coli  M15[pREP4] according to the manufacturer’s instructions.   

   2.    Culture the bacteria in 100 ml of LB medium supplemented 
with 100 μg/ml ampicillin, 25 μg/ml kanamycin, and 1 % 
glucose at 25 °C until bacteria reach an OD 600  = 0.6. Add IPTG 
(fi nal concentration: 1 mM) and incubate further at 25 °C for 
20 h with shaking (150 rpm).   

   3.    Harvest bacteria by centrifugation (5,000 ×  g , 20 min, room 
temperature) and discard the supernatant. Wash the pellet 
once with 5 ml of PBS and centrifuge again. Discard the super-
natant and keep the pellet at −20 °C until use.   

   4.    Resuspend the pellet in 10 ml of binding buffer No. 2 contain-
ing 4 M urea and protease inhibitor cocktail and incubate on 
ice. Disrupt the bacteria by sonication (six cycles of 20 s with 
3 min break on ice) and centrifuge (20,000 ×  g , 20 min, 4 °C) 
( see   Note 8 ). To remove the unbroken cells and debris, pass 
the supernatant through a syringe fi lter (0.45 μm).   

   5.    Pack the Ni Sepharose High Performance resin into an empty 
column and apply the sample to the column ( see   Note 17 ). 
Wash the column with binding buffer No. 2 containing 4 M 
urea by gravity fl ow (10 column volumes × 2) and elute recom-
binant OmpA protein with elution buffer No. 2 containing 
4 M urea (1 ml × 5 tubes). Verify the contents of the eluted 
protein by SDS-PAGE.   

   6.    Dialyze the samples with elution buffer No. 2 containing 2 M 
urea for 4 h at 4 °C and replace with elution buffer No. 2 con-
taining 1 M urea for 4 h. Then, dialyze with elution buffer No. 
2 and fi nally replace with binding buffer No. 2. Transfer the 
samples to a new tube and centrifuge (20,000 ×  g , 10 min, 
4 °C). Transfer the supernatant and store at 4 °C until used.      

      1.    Load OmpA protein (1 μg/lane) on a 10 % gel and run the gel 
at 20 mA until loading dye runs to the bottom of gel.   

   2.    Excise the gel from the gel cassette and transfer the proteins to 
a PVDF membrane in blotting buffer using mini transblot 
 electrophoretic transfer cell (Bio-Rad) at 100 V for 1 h according 
to the manufacturer’s instruction.   

3.5  Preparation 
of Recombinant 
OmpA Protein

3.6  Interaction 
Between Stn 
and OmpA Analyzed 
by Far-Western 
Blotting

Study of the Stn Protein
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   3.    After blotting is completed, put the membrane in a tray and 
wash once with TBST for 1 min at room temperature. Discard 
the buffer and add TBST containing 6 M guanidine-HCl. 
Incubate at room temperature for 20 min with vigorous shaking 
( see   Note 18 ). Then, wash in TBST containing 3 M guanidine- 
HCl for 5 min; then in TBST containing 1.5 M guanidine- 
HCl for 5 min; in TBST containing 0.75 M guanidine- HCl for 
5 min; in TBST containing 0.375 M guanidine- HCl for 5 min; 
and then in TBST containing 0.1875 M guanidine-HCl for 
5 min at room temperature ( see   Note 4 ). Finally, wash the 
membrane in TBST for 5 min at room temperature.   

   4.    Put the membrane in blocking solution for 1 h at room tem-
perature with vigorous shaking. Wash the membrane twice 
with TBST for 5 min and soak in probe solution. Incubate at 
4 °C for 16 h with vigorous shaking and wash the membrane 
three times with TBST for 10 min at room temperature.   

   5.    Soak the membrane in fi rst antibody solution and incubate at 
4 °C for 16 h. Wash the membrane with three changes of 
TBST for 10 min at room temperature and soak in second 
antibody solution followed by incubation for 1 h at room 
temperature ( see   Note 11 ).   

   6.    Wash the membrane with three times changes of TBST for 
10 min at room temperature. Drain excess TBST from the 
washed membrane and place it on a sheet of plastic wrap. Add 
ECL Prime Western Blotting Detection Reagent to the mem-
brane and incubate for 3 min at room temperature. Drain 
excess detection reagent and detect the signals using FUJIFILM 
Luminescent Image Analyzer LAS-1000plus (Fujifi lm, Tokyo, 
Japan) (Fig.  4 ).

4            Notes 

     1.    We prepared murine polyclonal anti-OmpA antibody for this 
study. It is important to verify the appropriate concentration or 
volume of antibody.   

   2.    Several types of gold particles are available from different com-
panies. You should verify which is more suitable for your work.   

   3.    Pass this buffer through a fi lter to remove debris and then 
store at 4 °C.   

   4.    All other TBST containing guanidine-HCl buffers are adjusted 
to pH 7.5.   

   5.    Prepare this solution just before use to maintain the quality of 
antibody.   

   6.    This bacterial pellet is unstable. It is important to not disturb 
the pellet when you remove the supernatant.   

Masayuki Nakano et al.
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   7.    In general,  Salmonella  strains grow rapidly in LB medium at 
37 °C and therefore  Salmonella  in the log-phase state passes 
quickly to the next cell phase. Check the concentrations of 
 Salmonella  by a spectrophotometer at OD 600 .   

   8.    When you operate the sonication machine, place the samples 
on ice to prevent an elevation in temperature.   

   9.    When you use this chemical, you should work in the fume 
hood.   

   10.    Remove the supernatant with a pipette since this bacterial 
pellet is very unstable.   

   11.    The optimal experimental conditions should be determined to 
reduce unexpected signals.   

   12.    After cloning of the target gene into the plasmid, confi rm 
the entire DNA sequence of the cloned gene by sequence 
analysis.   

   13.    Many recombinant expression systems using  E. coli  strain have 
been available.   

   14.    Cold shock is essential for expression of recombinant protein 
using pCold TF.   

  Fig. 4    Interaction between Stn and OmpA. Recombinant OmpA protein was sepa-
rated by SDS-PAGE and far-western blotting was performed using recombinant 
Stn protein as a probe (TF-Stn; panel  b ). TF-tag fragment was used as a probe 
for the negative control ( a ) and this fragment was purifi ed in the same manner 
as Stn protein using an empty pCold-TF plasmid. Panel ( c ) was carried out as a 
control reaction for the verifi cation of the quality of anti-TF antibody.  Arrow  indi-
cates the specifi c signal for the Stn-OmpA complex and  asterisks  represent the 
nonspecifi c signals with anti-TF antibody. TF, trigger factor-tag (this fi gure was 
reproduced from [ 4 ] with permission from Company of Biologists)       
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   15.    Prepare the resin before use according to the manufacturer’s 
manual. This step is carried out to increase the binding ability 
of recombinant Stn proteins to the resin. If you notice that 
many unexpected proteins are present in the fi nal eluted frac-
tion, the incubation time should be reduced.   

   16.    Eluted samples must be kept at 4 °C until used. We attempted 
to digest the recombinant Stn protein by protease to remove 
the tag fragment, but digested Stn proteins were precipitated 
in the reaction and therefore we could not obtain a soluble 
form of digested Stn proteins.   

   17.    Before using the resin, it should be prepared according to the 
manufacturer’s instructions.   

   18.    The incubation time is critical since proteins are denatured 
readily in the presence of 6 M gunanidine.         
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    Chapter 10   

 Development of a Bacterial Nanoparticle Vaccine 

           Carlos     Gamazo     ,     Javier     Ochoa-Repáraz    ,     Ibai     Tamayo    , 
    Ana     Camacho    , and     Juan     M.     Irache    

   Abstract 

   A simple procedure for obtaining protective antigens from Gram-negative bacteria and their encapsulation 
into immunomodulatory nanoparticles is described. A heat treatment in saline solution of whole bacteria 
rendered the release of small membrane vesicles containing outer membrane components and also superfi cial 
appendages, such as fractions of fi mbriae and fl agella. The immunogenicity of these antigens may be 
improved after encapsulation into poly(anhydride) nanoparticles made from the copolymer of methyl vinyl 
ether and maleic anhydride (Gantrez AN ® ).  

  Key words     Nanoparticles  ,   Outer membrane  ,   OMV  ,   Gram-negative bacteria  ,   Vaccine  ,   Acellular 
vaccine  ,    Salmonella   

1      Introduction 

 Subcellular vaccines containing immunodominant bacterial antigens 
are pushing as the right vaccinal choice [ 1 ]. The primary goal of 
this approach is to identify and purify single protective antigens 
from pathogens avoiding the selection of immunosuppressive and 
tolerogenic pathogenic components. The understanding of patho-
genesis and current advances in genomics and proteomics are facil-
itating the identifi cation of specifi c antigens from most known 
pathogens that could be essential in inducing appropriate protec-
tive immune responses. Several procedures are available in order to 
obtain crude extracts or purifi ed antigenic complexes from patho-
gens. In the particular case of gram-negative bacteria, the most 
relevant antigens characterized thus far are structural components 
of the outer membrane (OM). Fragments of the outer membrane 
spontaneously bleb to the external milieu as vesicles (OMVs) [ 2 ]. 
It has been suggested that these OVM are used by gut bacteria 
such  Escherichia coli  and  Salmonella  strains as signal delivery mech-
anism that facilitate host–microbe interactions in the gut [ 3 ,  4 ]. 
Moreover, OVM from resident bacteria have been proposed as 
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essential regulators of gut immune homeostasis. For instance, 
 Bacteroides fragilis  releases the immunomodulator polysaccharide 
A within OMV that are recognized by dendritic cells though toll- 
like receptor-2 and induce protective responses against experimen-
tal colitis in mice [ 5 ]. These OMV can be easily recovered during 
in vitro culture [ 5 ]. Moreover, the release of OMV can be forced 
by treating the cells with heat under saline conditions [ 6 ,  7 ]. As a 
result of both spontaneous and enforced release, vesicles enriched 
in the major bacterial surface antigens can be obtained. 

 The immunogenicity and bioavailability of these antigens may 
be enhanced with adjuvants and/or a delivery system [ 8 ]. 
Nanoparticles are submicron-sized delivery systems that may pro-
tect antigens from chemical degradation in the gastrointestinal 
tract, and facilitate targeting and their presentation to relevant 
immune cells in inductive sites of the mucosal immune system [ 9 ]. 
Their basic colloidal properties, degradation, and thus the release 
of the antigen(s) depend on the polymer composition utilized for 
their formulation. These nanoparticle delivery systems have been 
proposed to improve the mucosal bioavailability of antigens allow-
ing a single dose. Herein, we describe a simple procedure for the 
preparation of a nanoparticle-based vaccine containing membrane 
vesicles isolated from pathogenic strains of Salmonella enterica 
as a model  

2    Materials 

 All solutions are prepared using ultrapure water and analytical 
grade reagents. Reagents are stored at room temperature (unless 
indicated otherwise). All chemical reagents were purchased from 
Sigma-Aldrich Company (St. Louis, MO, USA), unless indicated 
otherwise. Final products are lyophilized and stored at room 
temperature. 

      1.     Salmonella enterica  serovar. Enteritidis growth: Trypticase-soy 
broth (Biomérieux, SA, Marcy l’Etoile, France) on a rotatory 
shaker at 37 °C.   

   2.    Saline isotonic solution: 150 mM NaCl in water.   
   3.    Membrane-based Tangential Flow Filtration (TTF): 300-kDa 

size-pore tangential fi ltration concentration unit (EMD 
Millipore, Billerica, MA USA).      

      1.    Protein content determination by Lowry method:
   (a)    Dilution buffer: 0.4 % CuSO 4 ·5H 2 O, 0.4 % NaOH, 2 % 

Na 2 CO 3 , 0.16 % sodium tartrate and 1 % sodium dodecyl 
sulfate (SDS).   

2.1  Bacterial Growth 
and Antigen Extraction

2.2  Protein and Lipo-
polysaccharide 
Content Determination

Carlos Gamazo et al.
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  (b)    Folin-Phenol reactive (Panreac Química SL, Barcelona, 
Spain): 50 % reactive in water.   

  (c)    Standard curve: Bovine serum albumin.       
   2.    Protein content determination by microbicinchoninic acid 

(microBCA) protein assay kit (Pierce, Rockford, CA, USA).   
   3.    Lipopolysaccharide (LPS) content by determination of 2-keto- 

3-deoxyoctonate (kdo) content:
   (a)    Oxidation buffer: 0.042 N Periodic acid in 1.25 N H 2 SO 4 .   
  (b)    Stop reactive: 2 % Sodium arsenite in 0.5 N HCl.   
  (c)    Kdo detection buffer: 0.3 % Thiobarbituric acid in water 

and dimethylsulfoxide (DMSO).   
  (d)    Standard curves: pure kdo and  D -deoxiribose.          

      1.    15 % acrylamide-Bis-acrylamide (37.5:1) (Bio-Rad Laboratories, 
Hercules, CA) in 125 mM Tris–HCl, pH 6.8 adjusted with 
HCl.   

   2.    Electrode buffer: 30 mM Tris–HCl pH 8.3, adjusted with 
HCl, 192 mM glycine and 0.1 % SDS.   

   3.    SDS-PAGE running buffer: 30 mM Tris–HCl, pH 8.3, 
192 mM glycine, 0.1 % SDS.   

   4.    SDS lysis buffer: 62.5 mM Tris–HCl pH 6.8, 10 % glycerol, 
2 % SDS, 5 % β-mercaptoethanol, and 0.002 % bromophenol 
blue. Store the aliquots at −20 °C.   

   5.    Periodate-silver staining buffer:
   (a)    Fixation buffers: 50 % methanol and 10 % acetic acid in 

water, 7.5 % methanol and 5 % acetic acid.   
  (b)    Oxidation buffer: for protein staining protocol, 10 % glu-

taraldehide in water. For the LPS staining protocol the 
samples are pretreated with 0.7 % paraperiodic acid 7.5 % 
methanol, and 5 % acetic acid in water.   

  (c)    Staining buffer: 4 % AgNO 3 , 0.75 % NaOH and 1.4 % 
NH 3  in water.       

   6.    Comassie blue staining:
   (a)    Incubation buffer: 3 % Trichloroacetic acid in water.   
  (b)    Staining buffer: 0.25 % Coomassie blue (Thermo Fisher 

Scientifi c, Rockford, IL, USA) in 50 % methanol and 10 % 
acetic acid in water.       

   7.    SDS-PAGE staining molecular mass standard: Rainbow 
RPN756 (GE Healthcare Bio-Science, Pittsburg, PA, USA) 
containing myosin (220 kDa), phosphorylase B (97 kDa), 
bovine serum albumin (66 kDa), ovalbumin (45 kDa), car-
bonic anhydrase (30 kDa), trypsin inhibitor (20.1 kDa) and 
lysozyme (14.3 kDa).      

2.3  SDS 
Polyacrylamide Gel 
Components

Nanovaccines
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      1.    Transfer buffer: 0.2 M glycine; 24 mM Tris–HCl 10 % metha-
nol (pH 8.3) in water. Store at 4 °C.   

   2.    Nitrocellulose membrane: (Gelman Sciences-Fisher Scientifi c, 
Dallas, TX, USA).   

   3.    Semidry electroblotter (Bio-Rad Laboratories, Richmond, 
CA, USA).   

   4.    Blocking buffer (5 % skimmed milk in 10 mM phosphate- 
buffered saline (pH 7.4)).   

   5.    Antibody dilution buffer (1 % skimmed milk with 0.15 % 
Tween-20 in 10 mM phosphate-buffered saline (pH 7.4)).   

   6.    Incubation solution: H 2 O 2 , 4-chloro, 1-naphtol.      

      1.    Polymer solution: copolymer of methyl vinyl ether and maleic 
anhydride (PVM/MA) (Gantrez ® AN 119; M.W. 200 kDa; 
Ashland Inc. Covington, KY, USA) in acetone.   

   2.    Cryoprotectant: 5 % sucrose in water.      

      1.    Particle size and zeta potential of using a Zetamaster analyzer 
system (Malvern Instruments Ltd., Worcestershire, UK).   

   2.    Zeta potential solution: 0.1 mM KCl solution in water adjusted 
to pH 7.4 with HCl.   

   3.    Loading capacity buffer: 0.1 N NaOH in water. Nanoparticle 
disruption done using the Misonix Microson™ Ultrasonic cell 
disruptor (VWR International, Arlington Heights, IL, USA).   

   4.    Büchi rotavapor R-144 (Büchi, Flawil, Switzerland) to remove 
the organic solvents.   

   5.    Degradation of nanoparticles for the determination of the 
structural integrity and antigenicity of HE/OMVs using 2 mL 
of a mixed of dimethylformamide:acetone (1:3). Ultra Plus 
Field Emission Scanning Electron Microscope (Carl Zeiss, 
Hertfordshire, UK).   

   6.    Electron microscopy staining: 4 % Uranyl acetate (Agar scien-
tifi c, Essex, UK) and lead citrate (Agar scientifi c). Hitachi 
1100 transmission electron microscope (Hitachi Scientifi c 
Instruments, Mountain View, CA, USA).       

3    Methods 

  In this example, the antigenic complex is obtained from  S. Enteritidis  
grown in trypticase-soy broth on a rotary shaker at 37 °C for 24 h 
(other conditions may be applied).  

2.4  Immunoblotting 
Components

2.5  Nanoparticle 
Formulation

2.6  Nanoparticle 
Characterization

3.1  Bacterial Strain 
and Growth Conditions
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  Two different methods for antigen extraction are described below. 

         1.    Grow bacteria in trypticase-soy broth on a rotary shaker at 
37 °C for 24 h.   

   2.    Harvest cell by centrifugation (12,000 ×  g , 10 min).   
   3.    Resuspend cells in saline solution (10 g of packed cells per 

100 mL) and heat at 100 °C in fl owing steam for 15 min.  See  
 Note 1 .   

   4.    Cells are pelleted by centrifugation at 12,000 ×  g , for 15 min.   
   5.    The supernatant containing the HE extract is dialyzed for 

2 days at 4 °C against deionized water, with several changes of 
water per day.   

   6.    Centrifuge the dialyzed material for 5 h at 100,000 ×  g. See  
 Note 2 .   

   7.    Resuspend the pellet (HE extract) in deionized water, lyophilize, 
and store at room temperature.     

 Alternatively, from  step 5 , the supernatant of cultured bacteria 
may be purifi ed, dialyzed, and concentrated by diafi ltration (300- 
kDa tangential fi ltration concentration unit (EMD Millipore)). 
The fi nal product is recovered in the retentate fraction and col-
lected by centrifugation at 40,000 ×  g , for 2 h. The resulting pellet 
is fi nally resuspended in deionized water and lyophilize.  

      1.    Grow bacteria in trypticase-soy broth on a rotary shaker at 
37 °C for 24 h.  See   Note 3 .   

   2.    Remove the bacteria by centrifugation at 12,000 ×  g  for 15 min.   

3.2  Antigenic 
Extraction

3.2.1  Heat Saline 
Antigenic Extract (HE) 
(Fig.  1a )

3.2.2  Outer Membrane 
Vesicles (OMVs) (Fig.  1b )

  Fig. 1    Electron microscopy of OMVs ( a ) and HE ( b ) from  Salmonella enterica  serovar. Enteritidis. Electron 
micrographs were performed using positive stain of ultrathin sections ( a ) or negative staining ( b ). Panel ( a ) 
shows several OMVs naturally released from the bacteria. Panel ( b ) shows the vesicles released from bacteria 
after heat treatment (see the text for more information). The bars correspond to 200 nm       
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   3.    The supernatant containing OMVs is dialyzed for 2 days at 
4 °C against deionized water, with several changes of water 
per day.   

   4.    Centrifuge the dialyzed material for 5 h at 100,000 ×  g. See  
 Note 2 .   

   5.    Resuspend the pellet (OMV extract) in deionized water, 
 lyophilize, and store at room temperature.     

 Alternatively, from  step 5 , the supernatant of cultured bacteria 
may be purifi ed, dialyzed, and concentrated by diafi ltration (300- 
kDa tangential fi ltration concentration unit (Millipore)). The fi nal 
product is recovered in the retentate fraction and collected by cen-
trifugation at 40,000 ×  g , for 2 h. The resulting pellet is fi nally 
resuspended in deionized water and lyophilize.   

      1.    Total protein content determination: Total protein content 
may be quantifi ed by the method of Lowry [ 10 ], with bovine 
serum albumin as standard.   

   2.    Lipopolysaccharide (LPS) content determination: LPS content 
may be quantifi ed by the determination of 2-keto-3- 
deoxyoctonate (kdo) content, performed by the method of 
Warren [ 11 ] as modifi ed by Osborn [ 12 ].   

   3.    Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS- 
PAGE): Protein and LPS profi les may be determined by SDS- 
PAGE by the method of Laemmli [ 13 ] followed by staining 
with Coomassie blue [ 14 ] or with the alkaline silver- 
glutaraldehyde method for proteins [ 15 ], or for LPS [ 16 ].   

   4.    Immunoblotting: The antigenicity of HE and OMV compo-
nents may be analyzed by immunoblotting, carried out as 
described by Towbin [ 17 ] using an appropriate specifi c antise-
rum ( see   Note 4 ), with the following modifi cations:
   (a)    After SDS-PAGE, transfer the gel in a transfer buffer 

(0.2 M glycine; 24 mM    Tris–HCl; 10 % methanol [pH 
8.3]) to nitrocellulose by using a semidry electroblotter 
(Bio-Rad Laboratories) (200 mA; 5 V; 30 min).   

  (b)    Place the membrane in blocking buffer (5 % skimmed milk 
in 10 mM phosphate-buffered saline [pH 7.4]) overnight 
at room temperature.   

  (c)    Incubated for 4 h at room temperature with serum diluted 
1:100 in primary buffer (1 % skimmed milk with 0.15 % 
Tween-20 in 10 mM phosphate-buffered saline [pH 7.4]).   

  (d)    After 4 h, wash the membrane fi ve times in blocking 
buffer without skimmed milk.   

3.3  Characterization 
of the Antigenic 
Extracts

Carlos Gamazo et al.
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  (e)    Incubate the membrane for 1 h at room temperature with 
the appropriate immuno-conjugate: peroxidase-conjugated 
diluted 1:1,000 in the antibody dilution buffer.   

  (f)    Repeat  step 4 .   
  (g)    Membrane is developed by incubation in a solution 

containing H 2 O 2  and 4-chloro, 1-naphtol for 20 min in 
the dark.    

            Poly(anhydride) nanoparticles are prepared by a modifi cation of 
the solvent displacement method [ 7 ,  18 ].

    1.    Dissolve 100 mg of the copolymer of methyl vinyl ether and 
maleic anhydride (PVM/MA) (Gantrez ® AN 119; M.W. 
200 kDa) in 4 mL acetone under magnetic stirring at room 
temperature.   

   2.    On the other hand, disperse 4 mg of HE or OMVs by ultra-
sonication with the probe of the Misonix Microson™ cell dis-
ruptor in 1 mL acetone for 1 min.   

   3.    This suspension is, then, added to the solution of the copolymer 
and the mixture is homogenized for 30 min at 25 °C by 
agitation.   

   4.    Nanoparticles are produced by addition of 10 mL of an 
ethanol- water solution (1:1 by volume) in the acetone phase 
containing the copolymer and the antigen (Fig.  1 )   

   5.    Continue the agitation during 15 min ( see   Note 5 ).   
   6.    Remove organic solvents under reduced pressure (Büchi 

rotavapor R-144).   

3.4  Preparation 
and Characterization 
of Nanoparticles 
(Figs.  2  and  3 )

  Fig. 2    Schematic representation of the preparative process of poly(anhydride) nanoparticles       
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   7.    Nanoparticles are centrifuged (27,000 ×  g , 20 min, 4 °C) in 
order to eliminate the unloaded antigen and the residual 
copolymer.   

   8.    The supernatants are collected and the pellet dispersed in water 
and centrifuged again.   

   9.    The pellet is fi nally dispersed in an aqueous solution of sucrose 
5 % w/v and, then, freeze-dried.   

   10.    Empty nanoparticles may be produced in the same way but in 
the absence of HE or OMVs.    

    The particle size and the zeta potential of nanoparticles may be 
determined by photon correlation spectroscopy (PCS) and electro-
phoretic laser doppler anemometry, respectively, using a Zetamaster 
analyzer system (Malvern Instruments Ltd.).

    1.    The diameter of the nanoparticles is determined after disper-
sion in ultrapure water and measured at 25 °C by dynamic 
light scattering angle of 90°.   

   2.    The zeta potential is determined as follows: 200 μL of the 
samples is diluted in 2 mL of a 0.1 mM KCl solution adjusted 
to pH 7.4.   

3.5  Characterization 
of Nanoparticles

  Fig. 3    Scanning electron microphotograph of poly(anhydride) nanoparticles containing the antigenic extract 
(HE) from  Salmonella Enteritidis        
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   3.    The morphology of the vesicles may be examined by Field 
Emission Scanning Electron Microscope (Carl Zeiss, model 
Ultra Plus). For this purpose freeze-dried formulations are 
resuspended in ultrapure water and centrifuged at 27,000 ×  g  
for 20 min at 4 °C. Then, obtained pellets containing nanopar-
ticles are mounted on TEM grids.   

   4.    The yield of the nanoparticles preparation process is deter-
mined by gravimetry ( see   Note 6 ).      

  The ability of PVM/MA nanoparticles to entrap the antigenic 
complex is directly determined after degradation of loaded 
nanoparticles with NaOH.

    1.    Disperse antigen-loaded poly(anhydride) nanoparticles 
(15 mg) in water vortexing 1 min and centrifuge (27,000 ×  g , 
15 min).   

   2.    Resuspend the pellet in NaOH 0.1 N, sonicate for 1 min 
(Microson™ Ultrasonic cell disruptor) and incubate for 1 h to 
assess the total delivery of the associated antigen.   

   3.    Determine the amount of antigen released from the nanopar-
ticles using microbicinchoninic acid (microBCA) protein assay 
(Pierce) ( see   Note 7 ).      

  To examine the structure of the antigens, western-blot analysis is 
used as a qualitative tool complementing the quantifi cation per-
formed by microBCA [ 7 ].

    1.    Disperse 15 mg of loaded nanoparticles in water, vortexing 
1 min, and centrifuge (27,000 ×  g , 15 min).   

   2.    Resuspend the pellet in 2 mL of a mixed of dimethyl-formamide:
acetone (1:3) (−80 °C, 1 h) and centrifuge (27,000 ×  g , 
15 min).   

   3.    Resuspend the pellet in acetone (−80 °C, 30 min) and centri-
fuge (27,000 ×  g , 15 min) ( see   Note 8 ).   

   4.    Resuspend the extract in SDS-PAGE loading buffer and ana-
lyzed by SDS-PAGE and immunoblotting using an appropri-
ate antiserum ( see   Note 4 ).    

        1.    Resuspend the heat extract (HE) in deionized water and stain 
with 4 % Uranyl acetate (Agar scientifi c) for 15 min.   

   2.    Add lead citrate (Agar scientifi c) for 15 min.   
   3.    Examine the sample with a Hitachi 1100 transmission electron 

microscope (Hitachi Scientifi c Instruments) operating at 
100 kV.       

3.6  Loading Capacity 
of Nanoparticles

3.7  Determination 
of the Structural 
Integrity and 
Antigenicity 
of HE/OMVs

3.8  Electron 
Microscopy

Nanovaccines
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4    Notes 

     1.    Saline solution (9 g/L)   
   2.    Previous to the centrifugation, the supernatant can be frozen 

and thawed in order to induce vesicles fusion and thus facilitate 
subsequent harvesting by centrifugation.   

   3.    At this point, and for safety reasons, it may be interesting to 
inactivate the bacteria. Thus, we suggest the employment of a 
solution of binary ethylenimine and formaldehyde (6 mM 
BEI- 0, 06 % FA, 6 h, 37 °C). BEI is prepared as a 0.1 M 
solution by cyclization of 0.1 M 2-bromoethylamine hydro-
bromide (Sigma) in 0.175 M NaOH solution for 1 h [ 19 ].  

 After BEI treatment, aliquots of 1 mL are directly spread 
onto TSA plates, incubated at 37 °C and inspected for growth 
during 7 days. Full bactericidal activity is considered when no 
colonies appear after 7 days incubation.  

 In the case you have remaining BEI, it has to be hydro-
lyzed before discarding by the addition of 1 M Na-thiosulfate 
solution at 10 % of the volume of the BEI.   

   4.    This step is performed as a quality control of the antigenicity 
conservation after bacterial antigenic extraction and/or after 
nanoparticle encapsulation process.   

   5.    This is recommended to maintain the suspension of nanopar-
ticles under magnetic stirrer in order to allow the stabilization 
of the system.   

   6.    Poly(anhydride) nanoparticles, freshly prepared, are freeze- 
dried in the absence of cryoprotectant. Then, the yield is calcu-
lated as the difference between the initial amount of materials 
used to prepare nanoparticles and the weight of the freeze-
dried carriers.   

   7.    In order to avoid interferences of the process, calibration 
curves are made with degraded blank nanoparticles, and all 
measurements are performed in triplicate.   

   8.    On this step, acetone must be removed carefully. Otherwise, it 
is very easy to lose the pellet and consequently, the released 
antigen from the nanoparticles.  

 If there is some acetone on the vial, it is necessary to evapo-
rate de acetone. Since this volume is very low, we recommend 
leaving the vial open for 10 min.         
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    Chapter 11   

 Direct Attachment of Nanoparticle Cargo to  Salmonella 
typhimurium  Membranes Designed for Combination 
Bacteriotherapy Against Tumors 

           Robert     Kazmierczak     ,     Elizabeth     Choe    ,     Jared     Sinclair    , 
and     Abraham     Eisenstark    

   Abstract 

   Nanoparticle technology is an emerging approach to resolve diffi cult-to-manage internal diseases. It is 
highly regarded, in particular, for medical use in treatment of cancer due to the innate ability of certain 
nanoparticles to accumulate in the porous environment of tumors and to be toxic to cancer cells. However, 
the therapeutic success of nanoparticles is limited by the technical diffi culty of fully penetrating and thus 
attacking the tumor. Additionally, while nanoparticles possess seeming-specifi city due to the unique physi-
ological properties of tumors themselves, it is diffi cult to tailor the delivery of nanoparticles or drugs in 
other models, such as use in cardiac disease, to the specifi c target. Thus, a need for delivery systems that 
will accurately and precisely bring nanoparticles carrying drug payloads to their intended sites currently 
exists. Our solution to this engineering challenge is to load such nanoparticles onto a biological “mailman” 
(a novel, nontoxic, therapeutic strain of  Salmonella typhimurium  engineered to preferentially and precisely 
seek out, penetrate, and hinder prostate cancer cells as the biological delivery system) that will deliver the 
therapeutics to a target site. In this chapter, we describe two methods that establish proof-of-concept for 
our cargo loading and delivery system by attaching nanoparticles to the  Salmonella  membrane. The fi rst 
method (Subheading  1.1 ) describes association of sucrose-conjugated gold nanoparticles to the surface of 
Salmonella bacteria. The second method (Subheading  1.2 ) biotinylates the native  Salmonella  membrane 
to attach streptavidin-conjugated fl uorophores as example nanoparticle cargo, with an alternative method 
(expression of membrane bound biotin target sites using autodisplay plasmid vectors) that increases the 
concentration of biotin on the membrane surface for streptavidin-conjugated nanoparticle attachment. By 
directly attaching the fl uorophores to our bacterial vector through biocompatible, covalent, and stable 
bonds, the coupling of bacterial and nanoparticle therapeutic approaches should synergistically lead to 
improved tumor destruction.  

  Key words     Salmonella  ,   Nanoparticle  ,   Gold  ,   Biotin  ,   Autodisplay  ,   Tumor  ,   Cancer  

1      Introduction 

 Developing a site-specifi c approach to cancer therapy is a vital issue 
in maximally eliminating tumors while minimizing the destruction 
of noncancerous cells. Nanoparticles have shown promising 
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clinical applications by addressing this issue through multiple 
features, including their biocompatibility, selective toxicity to 
tumors, and specifi city in targeting cancer cells due to the leaky 
vasculature unique to tumors [ 1 – 4 ]. While originally developed for 
imaging and detection purposes, current research seeks to take 
advantage of the therapeutic properties of nanoparticles them-
selves. Gold nanoparticles, for example, have proven valuable when 
coupled with laser therapies to preferentially, thermally ablate 
tumors [ 5 ], and have additionally been shown to be functional as 
an adjuvant for the immune system [ 6 ], illustrating their inherent 
desirable properties in treating cancer. 

 However, current issues hindering nanoparticles from maximal 
success in cancer therapy include the high interstitial pressure char-
acteristic of tumor cells, opposing and limiting the radial extent of 
diffusion of nanoparticles from the blood stream into the tumor 
despite the tumor’s enhanced permeability [ 4 ]. Additionally, col-
loidal instability of nanoparticles in storage is a nonnegligible con-
cern, as aggregates have vastly different properties than individual 
particles, creating the potential for the loss of therapeutic value 
[ 7 ]. Most current approaches to remedying relatively poor pene-
tration of pure nanoparticles involve taking advantage of the ability 
to biofunctionalize the nanoparticles themselves with tumor- 
targeting peptides [ 4 ]. Our approach to addressing both issues is 
to couple therapeutic nanoparticles with bacterial-based cancer 
therapies (“bacteriotherapy”), leading to an overall increase in 
tumor homing and destruction capabilities. 

 While nanotherapies are at the forefront of current cancer 
research, bacterial-based cancer therapies have been studied as 
early as the late nineteenth-century, when Coley experimented 
with  Streptococcus  to evoke immune responses from his tumor- 
bearing patients [ 8 ]. In current research, the focus of bacterial- 
based therapies has shifted to  Listeria ,  Bifi dobacteria,  and 
 Salmonella . These bacteria, when injected into tumors, preferen-
tially invade and replicate within them, subsequently inhibiting 
their growth or destroying them entirely [ 9 ,  10 ]. The develop-
ment of a successful combination bacteriotherapy could lead to 
treatments with specifi city and precision, avoiding the often nega-
tive side effects of nonspecifi c cancer treatments resulting from 
destruction of healthy cells and tissue. Additionally, it has been 
shown that such treatments successfully manage more aggressively 
metastasizing and further-developed cancer, unlike many forms of 
chemotherapy [ 11 – 13 ]. 

  Salmonella typhimurium  has proven to be a promising cancer 
therapeutic candidate due to its tumor-targeting and killing abili-
ties [ 10 ,  12 ]; however, wild-type strains are notorious for causing 
septic side effects in several animal hosts due to their ability to 
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escape the macrophages of the immune system and infect the 
human body [ 14 ]. Luckily, genetically altered bacterial therapies 
with reduced toxicity have been developed, successfully colonizing 
nonresponsive tumors in Phase I human clinical trials [ 15 ]. Current 
research demonstrates that regular administrations of low 
 Salmonella  eliminate tumors in mouse models while minimizing 
the incidence of toxic side effects [ 12 ]. However,  Salmonella  
therapy is not without its shortcomings as well. As documented by 
Forbes et al. [ 11 ] and Toso et al. [ 15 ], while colonization of 
tumors is successfully achieved, adequate tumor regression has yet 
to be seen in clinical trials for reasons outlined in [ 11 ]. Nevertheless, 
its extreme tumor homing abilities even in advanced metastases 
[ 12 ] make  Salmonella  a model vector candidate for coupling with 
therapeutic nanoparticles or other delivery systems [ 16 – 19 ] which 
in turn may compensate for any inadequate dispersion of  Salmonella  
in tumors due to their own accumulative properties. Creating a 
dual approach to fi ghting tumors builds upon each individual 
approaches, leading to a synergistic effect of overall enhanced 
tumor destruction. 

 Scientists at The Cancer Research Center (CRC) engineered 
therapeutic  Salmonella  strain CRC2631 (CRC1674  aroA ::Tn 10 , 
Δ rfaH ::pKD4, Δ thyA ::pKD4, where CRC1674 is LT2  hisD2550  
(archived 1958, “resuscitated” 1999)), derived from archival wild- 
type  Salmonella typhimurium  LT2 [ 20 ] and kept in sealed agar 
stabs for over 40 years. Phage transduction and recombineering 
was used to minimize the septic side effects of wild-type  Salmonella  
strains while preserving its tumor-targeting and killing capabilities. 
Strain CRC2631 was intraperitoneally injected into a 6-month-old 
transgenic adenocarcinoma of mouse prostate (TRAMP) mouse 
prostate cancer model and the bacterial cells preferentially colo-
nized tumor tissues at ratios of 1,000:1 over spleen and liver reser-
voirs during the 24-h incubation period [ 21 ]. Initial low-dosage 
studies established that weekly, low-dose injections of CRC2631 
do not produce ill effects in immunocompromised mice and pro-
long survival of TRAMP mice. 

 The goal of constructing a viable and stable nanoparticle- 
coated  Salmonella  strain CRC2631 was to obtain greater tumor 
invasion and destruction abilities than individual nanoparticle and 
bacterial therapies alone. Nanoparticle-coated  Listeria  and 
 Escherichia coli  membranes have been used to carry antibody- 
attached particles, demonstrating the potential of the membrane- 
bound strategy [ 22 ,  23 ]. This report describes two methods to 
directly attach nanoparticles to the therapeutic  Salmonella enterica  
serovar Typhimurium ( S. typhimurium ) strain CRC631 engineered 
in our lab without the use of specifi c antibodies. We expect these 
methods to be generally applicable for use with other bacterial 
membranes. 

Direct Attachment of Nanoparticle Cargo to Salmonella typhimurium Membranes…
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   Initial studies, described in Subheading  3.1  below, were performed 
attaching sucrose-conjugated gold nanoparticles to  Salmonella  
membranes. Although the method successfully associated 
 Salmonella  with sucrose-conjugated gold nanoparticles in vitro 
(Fig.  1 ), the sucrose-conjugated gold nanoparticle/ Salmonella  
membrane protocol was put aside for the novel approach to merg-
ing the bacterial and nanoparticle therapeutic approaches using the 
biotin–streptavidin bond, which eliminated membrane–nanopar-
ticle stability concerns. This method is described in Subheading  1.2 .

       This method establishes the capability of the biotin–streptavidin 
approach to directly attach cargo onto our therapeutic  Salmonella  
(CRC2631), although we expect the protocol to be applicable to 
bacterial membranes in general. This method is designed to attach 
biotin molecules to the  Salmonella  membrane surface using Biotin 
Ligase (BirA). We began by biotinylating the native membrane 
surface of  Salmonella  strain CRC 2631; the biotin on the surface 
of the bacteria was then complexed with streptavidin-conjugated 
fl uorophore nanoparticles, effectively creating direct membrane 
surface attachment of the fl uorophore nanoparticle cargo. This 
attachment is permanent in the time scale of therapeutic practical-
ity, as the biotin–streptavidin complex is currently the strongest 
known noncovalent biological interaction [ 24 – 26 ]. Surprisingly, 
we found that the native  Salmonella  membrane has a signifi cant 
amount of native BirA target sites for biotin attachment. We evalu-
ated successful surface attachment of fl uorophore cargo through 
fl uorescence-activated cell sorting (FACS) analysis (Fig.  2a ), and 
FACS analyses were performed after 3 days to demonstrate stable 
surface attachment of streptavidin-conjugated nanoparticles 
(Fig.  2b ). We also explored an alternate protocol utilizing an 
“autodisplay” plasmid vector (pJM22) [ 27 ] that expresses a 
membrane- associated protein that we engineered to display a BirA 
peptide target site (GLNDIFEAQKIEWHE) at the membrane 

1.1  Introduction: 
Attachment 
of 4–16 nm Sucrose-
Gold Nanoparticles 
(AuNP) to  Salmonella  
Membrane via Sucrose 
Conjugation

1.2  Introduction: 
Surface Biotinylation 
of Salmonella Using 
Biotin Ligase (BirA) 
for Direct Attachment 
of Streptavidin- 
Associated 
Nanoparticles

  Fig. 1    TEM illustrates plausibility of gold nanoparticle conjugation with CRC 2631 (4 μL in PBS on carbon- 
coated copper grid).  Large ovoid objects  are  Salmonella  bacteria with sucrose-conjugated gold nanoparticles 
present as  small black particles  on the periphery of the Salmonella       
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surface (pJM22-BirA) (Fig.  3 ). Expression of the autodisplay 
vector in CRC2631 resulted in a subpopulation with increased 
streptavidin-conjugated fl uorophore signal using FACS assays 
(Fig.  2 ), indicating that there were more biotin target sites avail-
able for attachment. We recommend using the autodisplay or simi-
lar membrane display protocols if there are insuffi cient biotin ligase 
target sites present in the bacterial membrane being examined.

2         Materials 

      1.    Bacteria:  Salmonella typhimurium  strain CRC2631 (LT2 
 hisD 2550  aroA ::Tn10, Δ  rfaH ::pKD4, Δ  thyA ::pKD4) is 
derived from wild-type  Salmonella typhimurium  strain LT2 
and used in this protocol.   

   2.    Luria-Bertani (LB) broth agar plates: 25 g/L LB powder, 
200 mg powdered thymine, 15 g/L agar in 1 L deionized water. 

2.1  Attachment 
of 4–16 nm Sucrose-
Gold Nanoparticles 
(AuNP) to  Salmonella  
Membrane via Sucrose 
Conjugation

  Fig. 3          pJM22-BirA autodisplay vector construction schematic of the membrane protein construct containing 
the BirA target peptide at ( a ) plasmid level and ( b ) cellular level       
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Autoclave at 121 °C, 15 lb pressure for 15 min immediately 
after mixing to sterilize. Pour 15 mL aliquots into sterile petri 
dishes and allow to solidify at room temperature. Store at 4 °C 
until needed.   

   3.    Luria-Bertani (LB) liquid media: 25 g/L LB powder, 200 mg 
powdered thymine in 1 L deionized water. Autoclave at 
121 °C, 15 lb pressure for 15 min immediately after mixing to 
sterilize.   

   4.    4–16 nm gold nanoparticles in ultrapure water solution: sup-
plied by manufacturer (Nanoparticle Biochem, Inc) and 
described in [ 28 ].   

   5.    Sucrose in ultrapure water solution: supplied by manufacturer 
(Nanoparticle Biochem, Inc) and described in [ 28 ].   

   6.    Phosphate-buffered saline (PBS): Dissolve 9.88 g of Sodium 
Chloride (81 %), Sodium Phosphate Dibasic (14 %), Potassium 
Phosphate Monobasic (3.0 %), and Potassium Chloride (2 %) 
powder in 1 L deionized water. Autoclave at 121 °C, 15 lb 
pressure for 15 min immediately after mixing to sterilize. pH 
7.3–7.5.      

      1.    Bacteria:  Salmonella typhimurium  strain CRC2631 (LT2 
 hisD 2550  aroA ::Tn10, Δ  rfaH ::pKD4, Δ  thyA ::pKD4) and 
CRC2949 (CRC2631 pJM22-BirA) is derived from wild-type 
 Salmonella typhimurium  strain LT2 and used in this protocol. 
CRC2949 is used to demonstrate enhancement of biotinylation 
by autodisplay vector expression of BirA target membrane 
surface peptides.   

   2.    Luria-Bertani (LB) liquid media: 25 g/L LB powder, 200 mg 
powdered thymine in 1 L deionized water. Autoclave at 
121 °C, 15 lb pressure for 15 min immediately after mixing to 
sterilize.   

   3.    Phosphate-buffered saline (PBS): Dissolve 9.88 g of Sodium 
Chloride (81 %), Sodium Phosphate Dibasic (14 %), Potassium 
Phosphate Monobasic (3.0 %), and Potassium Chloride (2 %) 
powder in 1 L deionized water. Autoclave at 121 °C, 15 lb 
pressure for 15 min immediately after mixing to sterilize. pH 
7.3–7.5.   

   4.    1 M Magnesium Chloride (MgCl 2 ): 0.926 g of MgCl 2  in 5 mL 
deionized water. 0.2 μm Filter sterilize.   

   5.    PBS-Mg: 1 mL of 1 M MgCl 2  in 200 mL of PBS (5 μL 1.0 M 
MgCl 2 /1 mL PBS).   

   6.    PBS-Mg/1 % pre-dialyzed BSA: 1 g BSA (Invitrogen 6003, 
fatty acid-free) in 10 mL PBS-Mg, 0.2 μm fi lter sterilized 
(makes a 10 % stock). Add 1 mL of the 10 % stock to 9 mL 
of PBS-Mg to make the 1 % working concentration ( Note 1 .)   

2.2  Surface 
Biotinylation 
of Salmonella Using 
Biotin Ligase (BirA) 
for Direct Attachment 
of Streptavidin- 
Associated 
Nanoparticles

Direct Attachment of Nanoparticle Cargo to Salmonella typhimurium Membranes…
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   7.    Streptavidin-conjugated Alexa Fluor (488 nm) (“AF488”) 
(Invitrogen) in PBS-Mg: To suspend in PBS-Mg, place 
AF488 (1 mg/mL, or 1.54 mM) in Slide-A-Lyzer MINI 
Dialysis Unit, 20 K MWCO (Thermo Scientifi c) and put in 
beaker containing 500 mL PBS-Mg. Dialyze for 1 h at room 
temp in dark conditions and collect AF488. Store at 4 °C. 
( See   Note 2 .)   

   8.    “Biomix A”: 0.5 M Bicine buffer pH 8.3 (Avidity, Inc).   
   9.    “Biomix B”: 100 mM ATP, 100 mM MgO(Ac) 2 , 500 μM 

Biotin (Avidity, Inc).   
   10.    Biotin Ligase (BirA): Purchased from Avidity or isolated [ 24 ], 

1 mg/mL in PBS. Store at −20 °C.   
   11.    Autodisplay plasmid vector pJM22-BirA (this study): 

Transform into desired bacterial background for expression of 
membrane-associated protein with membrane surface BirA target 
peptide GLNDIFEAQKIEWHE. Select for plasmid retention 
in strain with 50 μg/mL Ampicillin antibiotic (Sigma).       

3    Method 

       1.    Preparation of bacteria: All  S. typhimurium  were grown on 
nutrient Luria-Bertani (LB) broth agar plates supplemented 
with 200 μg/mL thymine at 37 °C overnight. Plates were 
stored at 4 °C for up to 4 weeks.   

   2.    Inoculate one volume (3 mL) LB growth media supplemented 
with 200 μg/mL thymine with a single colony of  Salmonella  
strain grown on LB broth agar plates. Incubate in 37 °C dry 
shaker overnight.   

   3.    Prepare 4–16 nm sucrose-gold nanoparticles. Manufacturer’s 
protocol:
   (a)    Put 6 mL of pale yellow gold nanoparticle solution on hot 

plate with stir bar. Heat with stirring to 90–95 °C.   
  (b)    Add 100 μL of sucrose solution to gold nanoparticle 

solution and continue stirring with heat for 15 s (solution 
will turn from pale yellow to red). Move solution to non-
warm stirrer and allow cooling while stirring (30 min). 
( See   Note 3 ).       

   4.    Pellet culture at 1,485 ×  g  for 5 min. Remove supernatant.   
   5.    Resuspend in one volume sterile phosphate-buffered saline 

(PBS) and vortex.   
   6.    Normalize optical density of  Salmonella  to 0.2 (600 nm 

absorbance).   

3.1  Attachment 
of 4–16 nm Sucrose-
Gold Nanoparticles 
(AuNP) to  Salmonella  
Membrane via Sucrose 
Conjugation
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   7.    Add 1 mL prepared sucrose-gold nanoparticles for every 
10 mL of optically normalized culture. Incubate in 37 °C dry 
shaker overnight. ( See   Note 4 ).     

 Our initial approach to attaching CRC 2631 to nanoparticles 
involved incubation with sucrose-coated gold nanospheres (whose 
manufacture is outlined by Qi et al. [ 28 ]). Overnight cultures of 
CRC 2631 grown in LB + thymine broth were spun at 1,485 ×  g  for 
5 min and resuspended in PBS until an optical density of 0.2 was 
reached. The solution was incubated with the sucrose-coated 
nanoparticles overnight, from which 4 μL were applied to carbon- 
coated copper grids for TEM imaging with a JEOL 1400 micro-
scope. While we determined that the colloidal instability of the 
sucrose nanoparticles compromised the experimental practicality 
of the approach, we confi rmed that CRC 2631 is capable of bear-
ing a sucrose-conjugated gold nanoparticle load and that success-
ful conjugation is qualitatively verifi able via transmission electron 
microscopy ( see  Fig.  1 ).  

      1.    Preparation of bacteria: All  S. typhimurium  were grown on 
nutrient Luria-Bertani (LB) broth agar plates supplemented 
with 200 μg/mL thymine at 37 °C overnight. Plates were 
stored at 4 °C for up to 4 weeks.   

   2.    Inoculate one volume (2 mL) LB growth media supplemented 
with 200 μg/mL thymine with a single colony of  Salmonella  
strain grown on LB broth agar plates. Incubate in 37 °C dry 
shaker overnight. Our tested example strains are CRC2631 
and CRC2949.   

   3.    Centrifuge bacterial cells for 1 min at 15,682 ×  g  in an eppen-
dorf tube centrifuge. Discard supernatant.   

   4.    Resuspend bacterial cells in 0.5 mL of PBS-Mg. ( See   Note 5 .)   
   5.    Biotinylate the Salmonella membranes using the following 

reaction volumes:
   (a)    Mix in the following order:

 ●    20 μL bacterial cell culture in PBS-Mg. ( See   Note 5 .)  
 ●   5 μL 10× Biomix A.  
 ●   5 μL 10× Biomix B.  
 ●   15 μL PBS-Mg.  
 ●   5 μL BirA enzyme (1 mg/mL) ( See   Note 5 .)      

  (b)    Incubate tubes for 60 min at 23 °C.       
   6.    Wash bacterial cells twice with one volume of 4 ºC PBS-Mg 

(Washing bacterial cells: Centrifuge bacterial cells at 15,682 ×  g  
for 1 min and remove supernatant, then resuspend bacterial 
cells in the initial volume of buffer (PBS-Mg).)   

3.2  Surface 
Biotinylation 
of Salmonella Using 
Biotin Ligase (BirA) 
for Direct Attachment 
of Streptavidin- 
Associated 
Nanoparticles
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   7.    Mix 50 μL biotinylated bacterial cells with 1 μL prepared strep-
tavidin-conjugated AF488. ( See   Note 5 .)   

   8.    Incubate at 4 ºC for 10 min.   
   9.    Wash and resuspend bacterial cells twice in one volume of 

PBS-Mg. ( See   Note 6 .)   
   10.    Optional: Fix bacterial cells (Fixation: centrifuge bacterial cells 

at 15,682 ×  g , remove supernatant and resuspend in one 
 volume of fi xative solution) with 4 % paraformaldehyde fi xative 
in PBS-Mg for 10 min if needed for cell sorting requirements. 
If preparing live cells for testing, do not fi x.   

   11.    Centrifuge cells at 15,682 ×  g  for 1 min and remove superna-
tant. Resuspend cells in 500 μL PBS-Mg for FACS analysis 
with a 488 nm argon laser.     

 Complexes of  Salmonella  membrane-bound biotin with 
streptavidin- conjugated fl uorescent tags (CRC2631, CRC2949) 
was indicated in the FACS analysis by a shift in signal intensity cre-
ated by the fl uorescent dye (Fig.  2 ). The intensity of signal binding 
per bacterial cell is indicative of the potential amount of nanopar-
ticle load we can attach to each bacterial cell. Increased fl uores-
cence in the labeled CRC2949 population is indicative that the 
pJM22-BirA plasmid is successfully displaying additional BirA tar-
get peptides on the bacterial surface for biotin (and subsequent 
nanoparticle) attachment. Comparison of FACS data from bacte-
rial cells alone versus bacterial cells labeled with biotin confi rms 
that biotinylation of the bacterial membrane does not change the 
fl uorescence profi le. Thus, the FACS profi le obtained from bacte-
ria + BirA-mediated membrane biotinylation + AF488 streptavidin- 
conjugated fl uorescent tags is a reliable indicator of streptavidin 
binding and successful membrane surface attachment. Profi le simi-
larities between FACS assays from samples analyzed 3 days apart 
illustrate no signifi cant degradation of signal strength during that 
period (Fig.  2 ). The AF488 signal loss over the duration of the two 
FACS assays was minimal, as expected due to the high stability of 
the streptavidin-linked bonds. Thus, the preliminary FACS studies 
show that our biotinylated membrane-fl uorescent nanoparticle 
construct is stable. 

 We have created a novel proof-of-concept combination therapy 
construct by adhering streptavidin-conjugated nanoparticles 
directly to biotinylated therapeutic  Salmonella typhimurium  mem-
branes for potential use in tumor targeting and destruction. In pre-
vious studies, we demonstrated that  Salmonella  strain CRC 2631 
is an excellent candidate for nanoparticle delivery due to its tumor- 
targeting properties [ 19 ,  21 ] and its low toxicity during repeated 
therapeutic administrations. 

 These studies illustrate that nanoparticle cargo is not only 
loadable directly onto the  Salmonella  membrane ( see   Note 7 ), 
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but that the amount that is loaded can be quantifi ed via FACS 
analysis as long as a marker is attached to the cargo. Cell sorting 
facilitates collection of  Salmonella  populations with specifi c con-
centrations of therapeutic nanoparticle cargo loads, allowing pre-
cise control of dosage levels. Our conjugation approach involves 
the biotinylation of the bacterial membrane using biotin ligase 
(BirA) enzyme followed by attachment of streptavidin-conju-
gated cargo. We demonstrate that biotinylation can be addition-
ally enhanced by an autodisplay vector system that puts a biotin 
ligase peptide target on the membrane surface. This is shown by 
the increased population of high- intensity AlexaFluor488 bind-
ing signal events in the CRC2949 strain that contains the pJM22-
BirA engineered autodisplay plasmid, indicating additional BirA 
target sites for biotinylation and subsequent streptavidin-AF488 
conjugation (Fig.  2 ). We have demonstrated this conjugation to 
be stable over the course of 3 days; thus, long-term attachment 
stability does not appear to be a concern for this approach as it is 
in other conjugation methods [ 29 ].   

4    Notes 

     1.    All PBS, PBS-Mg, and PBS-Mg/1%BSA stocks can be pre-
pared ahead and stored at 4 °C.   

   2.    Remember to calculate and adjust AF488 concentrations after 
dialyzing buffer.   

   3.    Stability of sucrose-gold nanoparticles is 24 h from time of 
synthesis due to nanoparticle aggregation. Synthesize only 
what is needed for the current experiment.   

   4.    If attaching secondary substrate to gold nanoparticles after 
bacterial attachment, wash  Salmonella -AuNP conjugates in 
one volume of PBS before continuing experiment.     

     5.    When performing new studies, be sure to vary the amount of 
BirA used to ensure you are saturating the biotinylation sites 
on the membranes, and the amount of streptavidin conjugates 
for the biotinylated sites.   

   6.    Determine the minimum number of post-attachment washes 
to required remove any nonspecifi c binding. Two washes in 
PBS-Mg were suffi cient for our protocols.   

   7.    We do not know what binding targets BirA (biotin ligase) is 
biotinylating on the wild-type  Salmonella  membrane. We are 
investigating to confi rm our biotin attachment mechanism, 
whether by BirA attachment to our synthetic surface display 
peptide or through native BirA sites on CRC 2631, through 
the following strategies: (1) running a motif-based sequence 
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 analysis (ScanProsite from ExPASy) of LT2 genome (from 
which CRC 2631 is derived) to search for alignment with 
BirA target consensus sequences predicted to be on the mem-
brane surface [ 30 ] and (2) immunolabeling pJM22-BirA 
autodisplay surface protein to determine contributions of 
FACS signal from BirA attachment to surface peptide versus 
endogenous binding sites. Our plasmid contains the ~13 kDa 
cholera toxin B subunit (CTB) that can be tracked with anti-
body labeling [ 31 ].         
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    Chapter 12   

 Applications of Microscopy in  Salmonella  Research 

           Layla     M.     Malt    ,     Charlotte     A.     Perrett    ,     Suzanne     Humphrey    , 
and     Mark     A.     Jepson    

    Abstract 

    Salmonella enterica  is a Gram-negative enteropathogen that can cause localized infections, typically resulting 
in gastroenteritis, or systemic infection, e.g., typhoid fever, in humans and many other animals. 
Understanding the mechanisms by which  Salmonella  induces disease has been the focus of intensive 
research. This has revealed that  Salmonella  invasion requires dynamic cross-talk between the microbe and 
host cells, in which bacterial adherence rapidly leads to a complex sequence of cellular responses initiated by 
proteins translocated into the host cell by a type 3 secretion system. Once these  Salmonella -induced 
responses have resulted in bacterial invasion, proteins translocated by a second type 3 secretion system 
initiate further modulation of cellular activities to enable survival and replication of the invading pathogen. 
Elucidation of the complex and highly dynamic pathogen–host interactions ultimately requires analysis at 
the level of single cells and single infection events. To achieve this goal, researchers have applied a diverse 
range of microscopy techniques to analyze  Salmonella  infection in models ranging from whole animal to 
isolated cells and simple eukaryotic organisms. For example, electron microscopy and high-resolution light 
microscopy techniques such as confocal microscopy can reveal the precise location of  Salmonella  and its 
relationship to cellular components. Widefi eld light microscopy is a simpler approach with which to study 
the interaction of bacteria with host cells and often has advantages for live cell imaging, enabling detailed 
analysis of the dynamics of infection and cellular responses. Here we review the use of imaging techniques 
in  Salmonella  research and compare the capabilities of different classes of microscope to address specifi c 
types of research question. We also provide protocols and notes on some microscopy techniques used 
routinely in our own research.  

  Key words      Salmonella   ,   Infection  ,   Imaging  ,   Microscope  ,   Widefi eld microscopy  ,   Confocal laser 
 scanning microscopy  ,   Fluorescent staining  ,   Live cell imaging  ,   Scanning electron microscopy  

1      Introduction 

   Salmonella  is a Gram-negative, fl agellated enteropathogen which 
can cause self-limiting gasteroenteritis or in some cases more severe 
systemic infections, e.g., typhoid fever and secondary bacteremia. 
Despite improvements in food safety,  Salmonella  continues to be 
both a social and economic burden responsible for signifi cant mor-
bidity and mortality worldwide. Nontyphoidal  Salmonella  (NTS) 

1.1   Salmonella  
Infection
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is estimated to cause 93.8 million serious infections worldwide per 
year and 155,000 deaths [ 1 ], whilst the exclusively human adapted 
serovars  S.  Typhi and  S.  Paratyphi are estimated to cause more 
than 27 million cases of typhoid fever, of which over 200,000 are 
fatal [ 2 ]. The virulence of  Salmonella enterica  depends on its abil-
ity to enter and survive in host cells. Primary infection occurs in 
the gut after ingestion of contaminated food or drink. The bacte-
rium travels through the digestive system, surviving the low pH 
conditions of the stomach, to enter the small intestine. 
Environmental conditions within the lumen of the small intestine 
activate  Salmonella  virulence gene expression, promoting cellular 
invasion. A type 3 secretion system (T3SS) encoded by  Salmonella  
pathogenicity island 1 (SPI-1) triggers cellular responses including 
extensive actin cytoskeleton rearrangement, producing “mem-
brane ruffl es” on the surface of the epithelial cell [ 3 ,  4 ] which 
facilitate bacterial uptake. 

  Salmonella  invade preferentially, but not exclusively, via non-
phagocytic M cells present in the epithelium overlaying the gut- 
associated lymphoid tissue [ 5 – 7 ]. The bacterium exploits the 
antigen uptake and transport function of M cells as a portal for 
entry into epithelial cells and subsequent dissemination into other 
cell types, including macrophages. After initial invasion of host 
cells, bacteria survive and replicate within a specialized membrane- 
bound compartment called the  Salmonella -containing vacuole 
(SCV). From within this vacuolar niche, and with the aid of a sec-
ond T3SS encoded by SPI-2,  Salmonella  are able to proliferate and 
avoid degradation by manipulating membrane traffi cking, leading 
to a divergence from the classical endosome/lysosome pathway. 

 Understanding the mechanisms underlying  Salmonella– host 
cell interactions advances our knowledge in both microbial patho-
genesis and cell biology. Use of microscopy in this area has pro-
vided researchers with a powerful tool to study the intimate and 
complex cross-talk between bacteria and host cells at a single cell, 
and single event, level [ 8 – 20 ]. Live cell and fi xed cell microscopy 
has provided a robust tool for revealing the dynamics of  Salmonella  
adherence, membrane ruffl ing [ 8 – 13 ], SCV biogenesis [ 8 ,  9 , 
 14 – 16 ] and bacterial replication within infected cells [ 17 – 19 ]. 
Advances in microscopy, together with the development of fl uores-
cent protein-based reporters has helped delineate signaling and 
traffi cking events in infected cells [ 8 ,  13 – 16 ,  19 ,  20 ]. Similarly, 
GFP-based reporters and microscopy have advanced understand-
ing of virulence gene expression and the extent of population het-
erogeneity [ 21 ,  22 ]. 

 There is insuffi cient space to discuss in detail the intricate rela-
tionship between  Salmonella  and host cells but information on 
these topics can be found elsewhere in this volume and in other 
comprehensive reviews [ 4 ,  23 ,  24 ]. Here we will focus on the ways 
microscopy is contributing to research in this fi eld.  
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   Although we will mainly discuss the use of light microscopy (LM) 
techniques, including conventional phase contrast, fl uorescence, 
and confocal microscopy, it is worth emphasizing that a much 
broader range of microscopy techniques has been used to study 
bacterial morphology and the processes involved in infection. For 
example, transmission electron microscopy (TEM) provides mor-
phological information on  Salmonella  surface structures such as 
pili, fl agella, and T3SS, even yielding molecular level structural 
information when high-resolution TEM is coupled with advanced 
image processing and analysis [ 25 – 28 ]. In conjunction with TEM, 
immunogold labeling offers a useful biological tool to localize pro-
teins of interest and has been used to locate outer membrane 
 proteins and confi rm expression of the Vi capsular polysaccharide 
in  Salmonella  [ 29 ,  30 ]. Scanning electron microscopy (SEM) is 
also an invaluable technique for revealing the detailed surface 
structure of individual bacteria, biofi lms, and the changes induced 
on host cells during infection [ 5 ,  7 ,  11 ,  31 – 33 ]. We will briefl y 
discuss some examples of the use of EM and processing techniques 
we have employed to examine the morphology of  Salmonella  and 
of membrane ruffl es induced during infection of epithelia (Fig.  1 ) 
but refer the reader to other papers for detailed technical aspects of 
the application of EM to study bacterial infection [ 34 ,  35 ].

   Atomic force microscopy (AFM) is also capable of providing 
high-resolution images of surface structures including those on 
 living bacteria [ 36 ,  37 ] and, although it has yet to be widely used 
to study  Salmonella  infection, it has been employed to study the 
morphology of protein secretion and translocation pores of  E. coli , 
bacterial motility, and biofi lm formation [ 38 – 43 ]. 

1.2  Applications 
of Microscopy 
in  Salmonella  
Research

1.2.1  Introduction 
to Microscopy Techniques

  Fig. 1    Scanning electron microscopy (SEM) used to investigate surface structure of  Salmonella  biofi lms (panel  a ) 
and membrane ruffl es induced on epithelial cells during infection (panel  b ). Dense  Salmonella  community archi-
tecture includes prevalent fi lamentous material after 48 h growth on plastic coverslips ( a ). Infection of MDCK 
cells for 15 min with  Salmonella  leads to formation of prominent membrane ruffl es ( b ). Panel ( a ): 3.5 × 2.8 μm. 
Panel ( b ): 9 × 7.2 μm       
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 Light microscopy techniques are more frequently used to 
study the interaction of bacteria with cells because they are more 
readily accessible and, though they fall short of some other tech-
niques in terms of resolution, they are very fl exible and can be used 
to study dynamic processes occurring in living cells. We will discuss 
some technical aspects of these methods later but will fi rst give a 
brief introduction to the types of imaging techniques available and 
how they have been applied to study  Salmonella  infection. Although 
we are concentrating on the most widely used and accessible 
 techniques it is likely that other techniques will start to become 
more commonplace in  Salmonella  research. For example, multi-
photon (MP) microscopy utilizes the greater penetration of longer 
wavelength light to study fl uorescent entities deep within complex 
environments and therefore has potential applications in studying 
the dynamics of host–pathogen interactions during infection 
of intact tissues as well as intricate biofi lm structure [ 44 – 46 ]. This 
approach was recently used to study  Salmonella -induced recruit-
ment of dendritic cells into the intestinal epithelium of living mice 
[ 47 ]. Within the past few years, a number of optical and statistical 
methods have been developed to overcome the traditional diffraction 
limit to optical resolution improving resolution of LM from 200–
250 nm to <100 nm (reviewed in refs.  48 ,  49 ). These “super- 
resolution” microscopy techniques are an area of rapid technological 
development that will offer new opportunities to bridge the gap 
between convention LM and EM resolution. Although we are una-
ware of any publications reporting application of super-resolution 
microscopy to image  Salmonella,  the recent application of PALM 
and structured illumination microscopy to image in unprecedented 
detail the DNA repair machinery, cell wall architecture, and cyto-
kinesis mechanisms in bacteria [ 50 – 52 ] provides proof of principle 
for their potential application in  Salmonella  research. 

 Many researchers use a combination of microscopy techniques 
to address specifi c questions, refl ecting the fact that each has 
 distinct advantages for specifi c purposes. Having said that, most 
researchers will not have the luxury of access to a vast range of 
microscopy systems and here we intend to concentrate primarily 
on those techniques that are most widely available, namely wide-
fi eld microscopy (WFM) and confocal laser scanning microscopy 
(CLSM). 

 It is necessary to understand some basic principles underlying 
LM techniques in order to assess their relative merits for certain 
applications. The reader requiring more detailed information is 
referred to other papers dealing with these issues in greater depth 
[ 53 – 55 ]. WFM can also be referred to as conventional light micros-
copy and in its simplest form involves a standard upright or inverted 
microscope (often with fl uorescence capabilities) to which a cam-
era (e.g., CCD camera) is added to enable simple image acquisi-
tion. The term “widefi eld” refers to the fact that light is detected 
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from a broad focal depth so the resulting image approximates that 
seen by the user through the microscope eyepieces, including both 
“in-focus” and “out-of-focus” information. WFM imaging sys-
tems are highly adaptable, for example they may incorporate 
 shuttering, focus drives, and fi lter changers to enable the user to 
automate rapid switching between imaging parameters. These 
capabilities, together with the high sensitivity of camera systems, 
which allows rapid image acquisition and minimization of light 
exposure, makes WFM a popular choice for live cell imaging. 
Cameras and illumination systems are areas of rapid technological 
development leading to increased sensitivity, speed, and stability of 
WFM systems in recent years. This progress seems likely to con-
tinue and offers new opportunities for the application of WFM in 
live cell imaging by optimizing acquisition of quantifi able image 
data while minimizing the risk of imaging conditions interfering 
with the cellular processes being investigated. 

 Since its commercialization in the 1980s, confocal microscopy 
has become a relatively routine research tool, with CLSM systems 
in particular being widely available. In CLSM, an image of fl uores-
cence (or refl ectance) is acquired point-by-point, or more rarely 
line-by-line, as a laser is scanned across a fi eld of view. Light ema-
nating from the sample follows a reverse path (is “descanned”) and 
passes through an aperture (pinhole) to a detector, typically a pho-
tomultiplier tube (PMT). In allowing light from only one plane of 
focus to reach the detector, the confocal aperture facilitates “optical 
sectioning,” enhancing axial resolution and giving CLSM its major 
advantage over WFM. Most CLSMs allow simultaneous detection 
of different fl uorophores by selectively directing different wave-
lengths of emitted light to different detectors. The ability to rap-
idly switch between excitation wavelengths using an acousto- optic 
tuneable fi lter (AOTF) to sequentially excite different fl uorophores 
simplifi es separation of their signals and is a standard feature of 
many modern CLSMs. 

 When considering CLSM and WFM we are discussing systems 
with distinct fl uorescence imaging capabilities; CLSM providing the 
best axial resolution achievable with commonly available systems 
but generally at the cost of sensitivity, speed, increased risk of pho-
todamage, and price. An important caveat to the above generaliza-
tion is that recent advances in detector and scanning technology 
have increased the sensitivity and speed of CLSM systems, although 
these advances are yet to become standard features. It is also worth 
mentioning an additional type of “confocal” microscopy technique, 
that of spinning (or Nipkow) disk systems, which in some respects 
occupy a position in between CLSM and WFM. These systems illu-
minate specimens with laser light spread across a fi eld of view via an 
array of pinholes which limit detection to a single level of focus and 
use a camera to simultaneously detect emitted light from the entire 
fi eld. Although faster and less prone to inducing photodamage than 

Applications of Microscopy in Salmonella Research



170

conventional CLSMs, which gives them advantages for live cell 
imaging, spinning disk systems are less fl exible in terms of magnifi -
cation and depth of focus, and provide lower axial resolution than 
point-scanning confocals. Spinning disk systems offer a very good 
alternative for imaging at improved axial resolution compared with 
WFM and have been used extensively for live cell imaging, e.g., of 
 Salmonella  infection of cultured cells [ 18 ,  19 ] and also for imaging 
 Salmonella  biofi lms [ 56 ]. 

 The other principle advantage that CLSM has over WFM and 
spinning disk systems is that its use of point-scanning allows fl exibil-
ity over magnifi cation (by “zooming” on a subregion of the speci-
men). Control of scan geometry also makes CLSM inherently 
applicable to techniques that require selective illumination of defi ned 
areas (photo bleaching, photo activation, uncaging). Selective pho-
tobleaching can, for example, be used to study mobility of GFP-
tagged cellular proteins in the FRAP ( f luorescence  r ecovery  a fter 
 p hotobleaching) technique which has found widespread application 
in cell biology. For example, FRAP has been used to track the diffu-
sion of effector proteins along  Salmonella  -induced fi laments during 
infection [ 57 ]. While addition of photo bleaching lasers to WFM 
and spinning disk confocals can also enable such techniques on these 
systems and do this in a way that can be more interactive than CLSM 
systems, the fl exibility of point-scanning systems usually gives them 
an advantage in this respect. 

 Up until now we have emphasized increased axial resolution as 
a major advantage of CLSM but it should always be remembered 
that this is accompanied by a decrease in sensitivity due to the large 
proportion of photons that are discarded at the confocal aperture. 
Moreover, optimal resolution can be a disadvantage where simul-
taneous detection of fl uorescence in a broad depth of fi eld will 
accelerate data acquisition. Typically, CLSM systems allow the user 
to open the confocal aperture to increase sensitivity and this is an 
option well worth exploring whenever sensitivity is favored above 
optimized resolution, as is usually the case in live cell imaging. 

 In emphasizing the low axial resolution of WFM systems we 
have yet to consider improvements that can be made subsequent to 
image acquisition by image processing. The application of decon-
volution algorithms to stacks of WFM images allows reassignment 
of “out-of-focus” light to its point of origin and can result in 
marked improvement of image clarity (Fig.  2 ). WFM coupled with 
deconvolution can often perform at least as well as CLSM in resolv-
ing fl uorescent structures, especially when these are of relatively 
low intensity and samples are relatively thin [ 58 ]. However, decon-
volution is most effective when stacks of images at relatively nar-
row focus increments are acquired in a way that optimizes sampling 
frequency (Nyquist sampling) [ 54 ,  58 ,  59 ]. Since deconvolution 
relies on accurate imaging of both in-focus and out-of-focus signal 
within multiple images, it is reliant on the stability of the imaging 

Layla M. Malt et al.



171

systems and susceptible to any movement of fl uorescent entities 
during stack acquisition. The effectiveness of deconvolution 
depends on the robustness of the algorithms applied and these vary 
signifi cantly between commercial software packages. Because 
deconvolution can be problematic for reasons outlined above, 
high-resolution images can generally be obtained more simply 

  Fig. 2    Comparison of WFM and CLSM imaging and the effects of deconvolution on image clarity. Images of 
 S.  Typhimurium-infected GFP-actin expressing MDCK cells stained with anti- Salmonella  antibody and Alexa 
555-conjugated secondary antibody to localize bacteria relative to actin cytoskeleton with both channels pre-
sented in a single monochrome image. Panel ( a ): Representative image from a stack of WFM images acquired 
at 250 nm intervals with a 100× oil immersion lens (NA 1.4) throughout the cell depth and beyond with param-
eters recommended by Huygens software [ 59 ]. Panel ( b ): After deconvolution using Huygens software (and a 
calculated PSF), a prominent increase in clarity is observed due to removal of out-of-focus fl uorescence and 
increased spatial accuracy within this optical section. Despite the very clear improvement in image clarity, 
which is especially evident for  Salmonella  localization ( arrows ), deconvolution has been less effective in remov-
ing out-of-focus information from some parts of the actin cytoskeleton due to its highly complex distribution. 
Panel ( c ): A representative CLSM image from a stack of 160 nm steps acquired with Leica SP5 AOBS system 
and a 63× glycerine-immersion lens, with pixel size (43 nm) optimized for Nyquist sampling [ 59 ] by using the 
zoom function. Note the improved image clarity compared with the WFM in panel ( a ) that is especially prominent 
for the more diffuse actin distribution ( arrows ). This image nevertheless suffers from a common problem with 
CLSM imaging, that of low signal-to-noise and a tendency for high-resolution images to appear “speckly.” Panel 
( d ): CLSM image as shown in panel ( c ) following deconvolution (Volocity software) improves resolution and 
reduces noise. Field of view approx 42 × 32μm (panels  a ,  b ) and approx. 28 μm × 21 μm (panels  c ,  d )       

 

Applications of Microscopy in Salmonella Research



172

using CLSM and this technique is thus preferred by most researchers 
unless the advantages of WFM outweigh these issues, e.g., when 
fl uorescent signal is necessarily low. It should also be noted that 
deconvolution can also enhance confocal data by removing rem-
nant out-of-focus information and signal noise that arises from 
inherent low signal-to-noise ratio of CLSMs (Fig.  2 ). It is generally 
accepted that CLSM is likely to out-perform  WFM/deconvolution 
when thicker specimens with more complex distributions of fl uo-
rescence are to be imaged, since the contribution of “out-of- focus” 
fl uorescence has a more profound effect on image resolution in 
such circumstances [ 54 ,  58 ]. For this reason CLSM has distinct 
advantages when studying  Salmonella  infection of polarized epi-
thelia and intact tissues.

      Monitoring bacterial invasion and precise localization of  Salmonella  
within cells and tissues is a routine requirement in  Salmonella  research. 
 Salmonella  invasion of epithelial cells in guinea pig ileum was fi rst 
observed in TEM studies [ 60 ] and subsequent studies built on these 
observations using a combination of light and electron microscopy 
(SEM and TEM) techniques [ 5 ,  6 ,  61 ]. Examination of tissues by 
TEM alone is relatively laborious and for this reason most studies will 
examine a limited number of cells and thus potentially bias observa-
tions and overlook signifi cant events [ 62 ]. Therefore, where the opti-
mal resolution of TEM is not required, methods that allow  en face  
imaging of extensive areas of epithelium have a distinct advantage in 
facilitating observation of interactions of  Salmonella  with many cells. 
For example, CLSM has been used to localize  Salmonella  adhered to 
and within M cells in intact Peyer’s patch tissue preparations, while 
parallel studies with SEM—sometimes examining the same cells pre-
viously imaged by CLSM in a primitive form of CLEM (correlative 
light electron microscopy), allowed surface morphology of  Salmonella -
infected epithelial cells to be examined [ 5 ,  62 ,  63 ]. Similar techniques 
have also been applied to precisely localize infrequently encountered 
 Salmonella  within thick sections of intestine and liver [ 64 ,  65 ]. 

 Identifi cation of  Salmonella  using specifi c antibodies in con-
junction with fl uorescently labeled secondary antibodies rapidly 
became the main method for localizing  Salmonella  in relation 
to cellular components or in specifi c cell types [ 66 ,  67 ]. Antibody 
staining has also been used to differentiate between, and quantify, 
internalized and external bacteria after infection of cells, exploiting 
the fact that bacteria within intact eukaryotic cells are inaccessible 
to externally applied antibodies unless the plasma membrane is per-
meabilized. This method is sometimes regarded as an alternative to 
the more commonly used, and arguably less laborious, gentamicin- 
protection assay of bacterial internalization. However, differential 
immunolabeling of adhered and invaded bacteria has distinct 
advantages in that adherence and invasion are quantifi ed in the 
same cells, it provides information on heterogeneity in  distribution 
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of  Salmonella  within cells and it allows simultaneous monitoring of 
cell damage—cytotoxicity and cell loss being a potential source 
of serious artifacts in the gentamicin-protection assay. Variations of 
differential immunolabeling technique have been used. One uses 
transfer of cells to ice-cold PBS before application of ice-cold anti-
bodies to label external  Salmonella  prior to fi xation, and permeabi-
lization with methanol to allow access of antibodies to internalized 
bacteria in a second round of labeling with a different fl uorophore 
[ 68 ,  69 ]. We have adopted a variation of this technique that allows 
more fl exibility with the timing of labeling by using paraformalde-
hyde (PFA) to fi x, but not permeabilize, cells [ 22 ]. The samples 
can then be labelled with antibodies to localize external bacteria, 
permeabilized with Triton X-100, then re-stained with antibodies 
and an alternative fl uorophore to label all bacteria (described in 
Subheading  3.3.2 ). In our hands, each of these immunolabeling 
methods has proved more reproducible for assaying bacterial inva-
sion than the gentamicin-protection assay. Immunolabeling to dis-
criminate external and internal bacteria can also be employed along 
with additional antibodies, or GFP expression, to localize cellular 
components or transfected cells, enabling quantifi cation of invasion 
in transfected versus nontransfected cells to investigate the effect 
on infection of modulating host protein expression [ 70 ]. 

 Expression of GFP or alternative fl uorescent proteins such as 
mCherry is now widely used to localize  Salmonella  since it avoids 
the need for additional labeling steps and enables live cell imaging 
[ 18 ,  19 ,  71 ,  72 ]. Genetic manipulation of bacteria, although argu-
ably more time consuming and technically challenging to engineer, 
can provide users with real time information which can be applied 
in vivo. Another advantage of this technique is that it provides less 
complicated sample preparation compared to antibody labeling 
techniques. GFP labeling has also been used in conjunction with 
immunolabeling to differentiate internalized bacteria from exter-
nal ones using a simplifi ed technique based on that described later 
(Subheading  3.3.2 ), only requiring fi xation and one round of anti-
body labeling to localize external bacteria, GFP marking both 
external and internal bacteria [ 68 ]. Alternative fl uorescent pro-
teins, such as GFP and mCherry, can discriminate between bacte-
rial populations [ 20 ] and offer the potential to simultaneously 
follow infection of distinct  Salmonella  strains during coinfection. 
It is important to consider the impact that high levels of fl uores-
cent protein expression might have on bacterial fi tness and to 
 perform appropriate controls to test for this possibility. Indeed 
some studies have highlighted adverse effects of plasmid carriage 
on  Salmonella  infection [ 72 ,  73 ]. Single-copy expression of GFP is 
less likely to affect bacterial behavior [ 21 ]. 

 In addition to providing a method of detecting and enumerat-
ing  Salmonella , GFP expression may be coupled to specifi c 
 promoters to monitor expression of particular genes or sets of 
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genes, either microscopically or through the use of fl ow cytometry 
or fl uorescence-activated cell sorting (FACS). The “differential 
fl uorescence induction” technique of Valdivia and Falkow [ 74 ], 
which utilizes GFP and FACS, identifi es promoters whose expres-
sion depends on particular environmental stimuli, such as low pH, or 
are expressed during infection of specifi c cells or tissues [ 74 ,  75 ]. 
GFP-promoter constructs have been shown to report gene induc-
tion in  Salmonella  as accurately as  lacZ  gene fusions, are being used 
successfully to monitor gene induction in vitro and during infec-
tion of mammalian cells [ 18 ,  21 ,  22 ] and have the potential to be 
applied in animal infection models. 

 Fluorescence microscopy, including CLSM, has also been used 
to locate translocated effector proteins within infected cells using 
antibodies to the effector protein itself or, more commonly, epit-
ope tags [ 76 – 78 ]. Use of full length GFP as a means of fl uores-
cently labeling effectors has not been possible since the GFP 
molecule blocks transfer into host cells. Other methods have 
recently been devised to measure the rate of translocation of effec-
tor proteins that, due in part to the rather small numbers of mol-
ecules translocated into host cells, have proved diffi cult to localize 
by immunolabeling. For example,  Salmonella  effector transloca-
tion has been studied using a sensitive method employing tagging 
of effector proteins with TEM-1 beta-lactamase. Treatment of cells 
with a fl uorescent lactamase substrate CCF2/AM that is seques-
tered in the cytoplasm allows detection of TEM-1-tagged proteins 
translocated into the cells [ 79 ]. By effectively amplifying the signal 
from individual effector molecules this method enhances detection 
sensitivity and, despite its inability to precisely localize effector pro-
teins (due to diffusion of fl uorescent enzyme product) has proven 
potential as a sensitive single cell assay of translocation. Quantitative 
immunolabeling of SipA within  Salmonella  after defi ned periods of 
interaction with host cells (determined by live cell imaging prior to 
fi xation and labeling) has been used to estimate the rate of transfer 
of SipA into the host cell [ 10 ]. 

 Detection of SopE2 and SptP delivery into host cells has also 
been examined using the tetracysteine-dependent FlAsH tag to 
fl uorescently label effector protein within bacteria and monitor 
its secretion as loss of signal during infection of host cells [ 80 ]. An 
elegant “split GFP” method was also employed to detect effector 
delivery, whereby effectors were linked to a small part of GFP, to 
enable translocation. Reconstitution of full GFP was then enabled 
by expression of the remaining part of the molecule in host cell 
cytoplasm so that effector delivery could be effectively monitored 
by appearance of GFP fl uorescence [ 57 ].  

  When microscopy methods were fi rst used to study  Salmonella  -
infected cells and tissues, it became clear that entry of  Salmonella  
into epithelial cells involved major changes in cell morphology. 

1.2.3  Imaging Cellular 
Responses to  Salmonella  
Infection
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Formation of the characteristic  Salmonella -induced “membrane 
ruffl es” was studied extensively using TEM [ 60 ,  61 ,  81 ] and SEM 
[ 61 ,  62 ,  69 ,  82 ], and fl uorescence labeling with LM helped 
 determine how the redistribution of actin and other cytoskeletal 
proteins promoted formation of these ruffl es [ 3 ,  61 ,  67 ]. With the 
discovery of the SPI-1 T3SS, attention has turned to unraveling 
the roles of the various effector proteins in triggering cellular 
responses associated with bacterial pathogenesis. 

 Much of the research studying the mechanisms of  Salmonella  
invasion has been based on infection of cultured cells. Such model 
systems have clear advantages in being relatively simple to set up, 
maintain, genetically manipulate and analyze. However, it is always 
important to critically consider whether they accurately refl ect 
in vivo infection. For example, using nonepithelial and nonpolar-
ized epithelial cells, e.g., HeLa, as a surrogate for epithelia should 
be interpreted with caution, as these cells do not always mimic the 
changes occurring in polarized epithelial cells and tissues during 
 Salmonella  infection. 

 Although cultured cells are often considered to be relatively 
homogeneous,  Salmonella  infection of cells is notoriously heteroge-
neous and this can limit the effectiveness of quantitative analysis 
unless large samples are imaged and analyzed. This has highlighted 
the value of scaling up image acquisition and analysis, e.g., by apply-
ing high content imaging techniques to mechanistic studies of 
 Salmonella  invasion and the role of host cell proteins in different 
stages of the infection cycle [ 83 ,  84 ]. Recent studies utilizing micros-
copy have also highlighted factors affecting heterogeneous infection 
of cells, including the role of “skimming” motility in promoting 
invasion of cells with a prominent profi le [ 12 ] and the role of vacu-
olar escape and subsequent replication within subpopulations of cul-
tured epithelial cells [ 19 ]. While the use of micropatterned cells may 
offer some benefi ts for standardization of cell morphology for some 
infection studies [ 13 ] there remain questions regarding how closely 
such manipulated cells resemble in vivo epithelia. 

 When studying  Salmonella  infection of polarized epithelial cells, 
CLSM has distinct advantages over WFM, which is often prone 
to “out-of-focus” light interfering with image resolution, even if 
deconvolution is applied. The redistribution of cellular proteins 
induced by bacterial infection has therefore been monitored by con-
focal microscopy in a large number of studies in both polarized epi-
thelial cells [ 85 – 87 ] and in intact tissues [ 1 ,  62 ,  65 ,  87 – 89 ]. It is of 
course not an absolute requirement to use confocal  microscopy for 
all fl uorescence imaging and excellent results can be obtained with 
conventional WFM, especially on fl atter cultured cells [ 76 ], and 
spinning disk microscopes [ 18 ,  19 ]. 

 Understanding how  Salmonella  trigger cellular responses relies 
on studying highly dynamic processes. In the early 1990s, studies 
using a combination of fl uorescence labeling, EM and live cell 
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imaging demonstrated that the triggering of membrane ruffl ing 
occurs soon after  Salmonella  adherence to the surface of cells [ 61 ]. 
Several studies have demonstrated the value of live cell imaging in 
determining the sequence of rapidly occurring events during 
 Salmonella  invasion, which can be obscured by the nonsynchro-
nized nature of  Salmonella  interaction if studies are limited to the 
examination of cells fi xed at discrete time-points during infection 
[ 72 ,  90 ]. Live cell imaging is also being supported by develop-
ments in image analysis, including tracking algorithms which can 
semi-automate analysis of complex dynamic processes. 

 Imaging cellular processes in living cells can frequently reveal 
facets of bacterial interactions with host cells that would be impos-
sible to determine by other means. This is especially evident when 
using specifi c fl uorescent probes, e.g., indicators of signaling events 
and GFP-tagged proteins (e.g., [ 8 ,  14 ,  15 ]). An example of live 
cell imaging of  Salmonella  infection of GFP-actin expressing epi-
thelial cells is illustrated in Fig.  3 . Such probes enable monitoring 
of the redistribution of proteins and other cellular changes in real 
time and have revealed some of the dynamic processes occurring 
during  Salmonella  invasion. An example from our own research is 
the identifi cation of cycles of PI(3)P generation on  Salmonella -
containing vacuoles (SCVs) over several minutes, which were 
revealed by live cell imaging of  Salmonella  invading cells stably 
expressing GFP-FYVE [ 8 ]. Without live cell imaging, the fact that 
a proportion of SCVs were labelled with PI(3)P would have led to 
the assumption that this indicated a temporary location rather than 
the repeated cycles of acquisition and loss identifi ed in this study [ 8 ]. 
Similarly, live cell imaging revealed highly dynamic tubulation of 

  Fig. 3    Use of time-lapse phase contrast and fl uorescence WFM to examine membrane ruffl e propagation and 
development in GFP-actin expressing MDCK cells. Representative phase contrast ( top row ) and fl uorescence 
( bottom ) images of a membrane ruffl e generated by wild-type  S . Typhimurium (SL1344) is shown at distinct 
points in ruffl e development during a 20 min time course. Timestamps on each image indicate relative time 
compared to the fi rst image in which the bacterium ( arrows ) responsible for inducing this membrane ruffl e 
attached to cells (0 s). Increased fl uorescence due to GFP-actin concentration as  Salmonella  induce mem-
brane ruffl ing is evident by 80 s following attachment ( arrow ) and very prominent at 100 s and later time points 
( arrows ), when ruffl ing is also clearly evident in phase contrast images ( arrows ). Scale bar = 5 μm       
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SCV-associated compartments during early infection of  SNX1-GFP 
expressing epithelial cells which were less evident in fi xed cells due 
to their tendency to be poorly preserved during  fi xation [ 15 ].

   Longer-term live cell imaging can also be used to study later 
events occurring post-invasion; including SPI-2-mediated effects 
on intracellular traffi cking, SCV development and maturation, and 
bacterial division [ 16 ,  19 ]. However, prolonging the time-course 
over which images are acquired can be challenging as cells are more 
prone to damage during such experiments, especially from photo-
damage if fl uorescent images are acquired. Focus drift during pro-
longed imaging has also been a common cause of frustration but 
this can now be largely prevented by use of focus correction devices 
which detect, and adjust for, movement of a reference point such 
as refl ection from a coverslip. As discussed earlier, WFM has dis-
tinct advantages for live cell imaging where the high-intensity 
 excitation required for CLSM is more likely to impair cellular pro-
cesses. Nevertheless, advances in confocal technology, e.g., spinning 
disk, hybrid detectors, open up further opportunities for long-term 
higher resolution imaging [ 19 ]. The additional challenges of pro-
longed imaging have, however, resulted in most studies of longer 
term infection to date being limited to static imaging techniques 
[ 10 ,  11 ,  91 ].  

  A wealth of LM techniques are available to study aspects of 
 Salmonella  biology aside from infection. Often these are well suited 
to WFM because they can be applied to bacteria within a narrow 
focal depth in suspension or on agar-coated coverslips. Motility, 
growth, and septation can be examined in time-lapse studies which 
are often limited to phase contrast as a convenient means of locat-
ing and potentially tracking bacteria due to high contrast between 
the bacteria and growth medium. An example of the use of this 
technique to study septation of fi lamentous  Salmonella  [ 92 ] is 
illustrated in Fig.  4 . The combination of LM with microfl uidics 
apparatus provides detailed information on growth patterns under 
precisely controlled conditions [ 93 ]. Growth of GFP-expressing 
 Salmonella  has also been studied by WFM to assess the impact of 
SPI gene expression on growth rates [ 94 ]. Further, in addition to 
using phase contrast microscopy as a simple test of bacterial motil-
ity, fl agellar dynamics have also been studied in detail following 
their specifi c labeling with fl uorescent dyes [ 95 ,  96 ].

   The integrity and metabolic status of bacteria can also be assessed 
by fl uorescence labeling. The most commonly used technique for 
assessing viability is the Live/Dead™ BacLight™ kit from Molecular 
Probes/Invitrogen. This distinguishes “live” and “dead” bacterial 
cells using two spectrally discrete fl uorophores with different perme-
abilities. One (green) fl uorophore is  internalized by all cells, while 
the other (red) dye can only be internalized by cells with compro-
mised membranes, the “dead” population. Live/dead staining has 
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been used to monitor  Salmonella  viability under adverse growth 
conditions [ 92 ,  97 ] and during infection of macrophages [ 98 ]. 
Along with an alternative labeling method that monitors bacterial 
“vitality” with an insoluble fl uorescent product of electron transport 
chain activity (RedoxSensor™ kit from Molecular Probes/Invitrogen; 
[ 99 ]), it has the potential to fi nd further applications in  Salmonella  
research.    

2    Materials 

      1.    Most of our  Salmonella  infection studies have utilized Madin- 
Darby canine kidney (MDCK) epithelial cells and the details of 
culture methods given here are specifi c for these cells. Infection 
of other cells, both epithelial, e.g., Caco-2, HeLa, Hep-2, and 
nonepithelial, e.g., macrophages, COS cells, can be studied 
using similar methods.   

   2.    Cell culture medium: Minimum Essential Eagle’s Medium, sup-
plemented with 1 % (v/v) GlutaMAX (Gibco, Life Technologies 
Paisley, UK), 10 % (v/v) fetal calf serum (Biosera, Boussens, 
France), 1 % (v/v) nonessential amino acids (Gibco) and 100 μg/
ml kanamycin (Sigma-Aldrich, MO, USA) ( see   Note 1 ).   

   3.    Glass coverslips: 13 mm diameter, thickness #1 from VWR 
International (PA, USA), Menzel-Gläser (Braunshweig, Germany) 
or Corning Inc (NY, USA) ( see   Notes 2  and  3 ).   

   4.    75 % (v/v) ethanol in dH 2 O.      

2.1  Preparing Cell 
Monolayers

  Fig. 4    Septation of fi lamentous  Salmonella  monitored by phase contrast microscopy following relief from 
 fi lament-inducing conditions.  Salmonella  on agar disks imaged every 2.5 min to follow the septation process. 
Figures refer to time intervals (minutes) for each fi gure. Scale bar represents 10 μm       
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      1.    Luria-Bertani (LB) broth and LB agar plates, e.g., from Merck 
Millipore (MA, USA).   

   2.     Salmonella  strains grown overnight in LB broth, diluted 
1:100 in fresh LB and grown in a shaking incubator at 37 °C 
for 3.5–4.0 h, 150 rpm ( see   Note 4 ).   

   3.    Modifi ed Krebs’ buffer: 137 mM NaCl, 5.4 mM KCl, 1 mM 
MgSO 4 , 0.3 mM KH 2 PO 4 , 0.3 mM NaH 2 PO 4 , 2.4 mM CaCl 2 , 
10 mM glucose and 10 mM Tris, adjusted to pH 7.4 at 37 °C 
with HCl ( see   Note 5 ).      

      1.    Phosphate buffered saline (PBS), pH 7.4.   
   2.    Fixative: 2 % (w/v) paraformaldehyde (PFA) in PBS ( see   Note 6 ).   
   3.    Permeabilization buffer: 0.3 % (v/v) Triton X-100 in PBS.   
   4.    Primary antibody: Either a specifi c monoclonal or polyclonal 

antibody generated against an antigen of interest, or an anti-
body fragment in some cases.   

   5.    Secondary antibodies: Commercial fl uorochrome-conjugated 
antibodies specifi c for the primary antibody ( see   Note 7 ).   

   6.    TRITC-conjugated phalloidin from Sigma ( see   Note 8 ).   
   7.    Mounting media: We use Vectashield ®  mounting media for 

preservation of fl uorescent labeling, usually employing the ver-
sion supplied with DAPI (Vector Laboratories Inc, CA, USA) 
( see   Note 9 ).   

   8.    Clear nail varnish.   
   9.    Fluorescence microscope with appropriate fl uorescence fi lters: 

Leica DMLB2 (Leica, Mannheim, Germany ( see   Note 10 ).      

      1.    CLSM: Leica TCS SP5 AOBS attached to a Leica DMI6000 
inverted epifl uorescence microscope ( see   Note 11 ).      

      1.    Modifi ed Krebs’ buffer ( see  above and  Note 5 ).   
   2.    Imaging dishes: 35 mm diameter (MatTek Corporation, MA, 

USA).   
   3.    Microscope system and hardware: The systems we routinely 

use are based on Leica DMIRB inverted microscope. One has 
a Hamamatsu ORCA ER (12-bit CCD) camera and Prior 
Scientifi c fi lter wheel and shutters. The other has a Photometrics 
HQ2 camera, a Sutter DG5Plus illumination device, Ludl fi lter 
wheels and a PiFoc piezo focus ( see   Note 12 ).   

   4.    Image acquisition software: Volocity™ (Improvision/Perkin 
Elmer, Coventry, UK) or Metamorph (Molecular Devices, 
Sunnyvale, CA, USA) ( see   Note 12 ).   

   5.    Microscope incubation chamber from Solent Scientifi c 
(Segensworth, UK) ( see   Note 13 ).      

2.2  Infecting Cell 
Monolayers 
for Immunofl uo-
rescence Microscopy

2.3  Immunofl uo-
rescence Microscopy

2.4  Confocal Laser 
Scanning Microscope 
(CLSM)

2.5  Live Cell Imaging
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      1.    13 mm glass coverslips (thickness #1; VWR).   
   2.    75 % (v/v) ethanol.   
   3.    90 mm diameter petri dish (Greiner Bio-one, Frickenhausen, 

Germany).   
   4.    LB agar.   
   5.     Salmonella  strains grown as required ( see  above and  Note 3 ).   
   6.    Metal imaging coverslip chamber for 22 and 24 mm coverslips 

(custom made).   
   7.    22 mm glass coverslips (thickness #1; VWR)   
   8.    Microscope system and hardware: Leica DMIRBE inverted 

microscope (Leica Microsystems, Mannheim, Germany) with a 
CCD camera (Hamamatsu) ( see   Notes 11  and  12 ).      

      1.    PBS, pH 7.4.   
   2.    13 mm glass coverslips (thickness #1).   
   3.    Fixative: 2.5 % (v/v) glutaraldehyde in 100 mM phosphate 

buffer pH 7.4.   
   4.    Ethanol: 25, 50, 75, 90, and 100 % (v/v) in dH 2 O.   
   5.    Hexamethyldisilazane (Sigma-Aldrich, Poole, Dorset, UK).   
   6.    SEM specimen stubs 0.5″ (Agar Scientifi c, Stansted, UK).   
   7.    Specimen carbon adhesive tabs 12 mm (Agar Scientifi c, 

Stansted, UK).   
   8.    Gold sputter-coater: Emitech K575x (Quorum Technologies, 

Lewes, UK).   
   9.    Scanning electron microscope: FEI Quanta 400 SEM (FEI, 

Eindhoven, Netherlands).       

3    Methods 

       1.    Place glass coverslips between two pieces of tissue and spray 
with 75 % ethanol to sterilize. When dry, use forceps sterilized 
in 75 % ethanol to transfer the coverslips into the appropriate 
well plate ( see   Note 14 ).   

   2.    Seed coverslips in well plates (or fi lters as appropriate) with 
epithelial cells. The number of cells used depends on the 
experimental requirements ( see   Note 15 ).   

   3.    Incubate at 37 °C in humidifi ed atmosphere with 5 % 
(v/v) CO 2  until required confl uence reached—generally 2–4 
days.      

2.6  Agar-Disk 
Imaging Technique

2.7  Preparation 
of Bacteria 
for Scanning Electron 
Microscopy

3.1  Preparing Cell 
Monolayers
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   The following protocol includes volumes and other details specifi c 
for infection of cells grown on 13 mm coverslips. These would 
need to be adjusted for cells grown on other substrates.

    1.    Wash cells three times with 1 ml prewarmed Krebs’ buffer, 
with the fi nal wash media remaining in the well. Incubation for 
10–15 min at 37 °C allows equilibration of the cells in the 
buffer.   

   2.    Add 50 μl of the log phase  Salmonella  culture to the wells 
to give a multiplicity of infection (m.o.i) of approximately 50 
( see   Note 16 ).   

   3.    Incubate cells for the required time at 37 °C ( see   Note 17 ).   
   4.    To remove nonadherent bacteria, extract each coverslip from 

the well plate with forceps and wash, with moderate agitation, 
in a beaker of PBS.   

   5.    Place the coverslip in a well of a 12-well plate fi lled with 1 ml 
of 2 % PFA, and leave to fi x for 45 min (or longer) at 4 °C.      

  There are multiple protocols that may be employed for immuno-
fl uorescence microscopy depending on which components of the 
cell/bacteria are to be localized. We introduce two representative 
protocols which we routinely use; the fi rst for localization of 
 Salmonella  and F-actin, the second to measure  Salmonella  invasion 
by separately labeling the adhered and entire bacterial populations 
associated with cells. In each case, volumes refer to labeling of cells 
on 13 mm coverslips. Volumes should be increased as required for 
larger coverslips or permeable supports. 

      1.    After fi xation in PFA for at least 45 min (overnight if conve-
nient), wash the coverslips in a beaker of PBS and place in a 
well containing 1 ml of 0.3 % (v/v) Triton X-100 for 10 min 
to allow permeabilization ( see   Note 18 ).   

   2.    Wash coverslip again in PBS and place in a well of 1 ml PBS.   
   3.    Remove excess PBS from the coverslip by blotting with tissue 

paper ( see   Note 19 ) before transferring to an empty well.   
   4.    Incubate cells with 50 μl of primary antibody, in our case goat 

anti- Salmonella  CSA-1 antibody (Kirkegaard and Perry 
Laboratories, MD, USA) diluted 1:200 in PBS, for 45 min at 
room temperature (RT). Replace the lid on the plate to pre-
vent drying ( see   Note 19 ).   

   5.    Add a little PBS to each coverslip to aid its removal from the 
well plate with forceps. Wash each coverslip in PBS and place 
in a well of 1 ml PBS, before transferring to an empty well.   

3.2  Infection of Cell 
Monolayers 
for Immunofl uo-
rescence Microscopy

3.3  Fluorescence 
Microscopy

3.3.1  Staining F-Actin 
and  Salmonella 

Applications of Microscopy in Salmonella Research



182

   6.    Incubate cells with 50 μl of secondary antibody (we use Alexa 
Fluor ®  488 anti-goat antibody from Molecular Probes, Life 
Technologies) and TRITC-conjugated phalloidin (Sigma).
diluted in PBS, for 45 min at RT in the dark (replace lid on the 
plate to prevent drying, and cover with foil to limit photo-
bleaching) ( see   Note 20 ).   

   7.    Remove coverslip from the well plate, wash in PBS, wipe the 
back of the coverslip and blot with tissue to remove excess 
liquid.   

   8.    Mount coverslips by placing cell side down on microscope 
slides with a small drop of mounting media (we generally use 
Vectashield ®  mounting media with DAPI;  see   Note 9 ). Remove 
excess mounting medium by gently overlaying tissue on top of 
the mounted coverslips.   

   9.    Affi x the edges of the coverslip with a minimal amount of clear 
nail varnish and allow to dry for at least 15 min and/or store 
at 4 °C, in order to seal and hold the coverslip in place.   

   10.    Store slides in the dark prior to examination in order to reduce 
photo bleaching.   

   11.    Examine cells using a fl uorescence microscope with the appro-
priate fi lters and objective lens ( see   Note 10 ).      

         1.    After fi xation in PFA, wash coverslip in beaker containing PBS 
and place in a well containing 1 ml PBS, before transferring to 
an empty well ( Note 19 ).   

   2.    Incubate cells with 50 μl of primary antibody (anti- Salmonella  
CSA-1 antibody from Kirkegaard and Perry Laboratories) 
diluted 1:200 in PBS, for 45 min at RT. As no permeabiliza-
tion step has been performed, only the  Salmonella  adhered to 
the cell surface are accessible to antibodies at this stage. Place 
the lid on the well plate to prevent drying ( see   Note 20 ).   

   3.    Remove coverslip from the well plate, wash in PBS, and place 
in a well of 1 ml PBS, before transferring to an empty well.   

   4.    Incubate cells with 50 μl of secondary antibody (we use Alexa 
Fluor ®  555 antibody from Molecular Probes, Life Technologies) 
diluted 1:200 in PBS, for 45 min at room temperature. During 
this incubation and all subsequent steps, replace lid on the 
plate to prevent drying and cover with foil to protect fl uoro-
phores from bleaching.   

   5.    Remove coverslip, wash in beaker of PBS and place in a well 
containing 1 ml of 0.3 % (v/v) Triton X-100 for 10 min to 
permeabilize the plasma membrane.   

   6.    Remove the coverslip from the well plate, wash in PBS, and 
place in a well of 1 ml PBS, before placing in an empty well.   

3.3.2  Differential 
Antibody Staining 
of Adhered/Invaded 
 Salmonella  ( See   Note 21 )
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   7.    Incubate cells again with 50 μl of anti- Salmonella  antibody 
(as above) diluted 1:200 in PBS, for 45 min at RT. This time 
both adhered and invaded  Salmonella  will be accessible to anti-
bodies allowing enumeration of all  Salmonella  associated with 
cells.   

   8.    Remove coverslip from the well plate, wash in PBS, and place 
in a well of 1 ml PBS, before transferring to an empty well.   

   9.    Incubate cells with 50 μl of secondary antibody conjugated to a 
different fl uorophore (we use Alexa Fluor ®  488 anti-goat anti-
body) diluted 1:200 in PBS, for 45 min at RT. Using a different 
fl uorophore at this stage to label the total population allows the 
adhered bacteria to be visualized as a separate population, 
enabling enumeration of adhered and invaded  Salmonella .   

   10.    Remove the coverslip, wash in PBS, wipe the back of the cov-
erslip and blot edge with tissue to remove excess liquid.   

   11.    Mount coverslips cell side down on microscope slides using a 
drop of mounting media (we use Vectashield ®  mounting media 
with DAPI,  see   Note 9 ). Remove excess mounting medium by 
gently overlaying tissue on top of the mounted coverslips.   

   12.    To seal and hold the coverslip in place, paint edges of coverslip 
with a minimal amount of clear nail varnish and leave to dry for 
15 min and/or store at 4 °C excluding light.   

   13.    Examine cells with a fl uorescence microscope using the appro-
priate fi lters and objective lens ( see   Note 10 ).       

  Although we have provided a protocol for imaging triple-labelled 
 Salmonella -infected MDCK cells using a Leica CLSM system 
( see   Note 10 ) as used to generate Fig.  2 , the general principles 
described are applicable to other CLSM systems.

    1.    Select 63× objective lens (glycerine immersion; 1.3 NA).   
   2.    Examine the slide to locate suitable area for imaging. At this 

stage it is worth taking care to ensure the image is as clear as 
expected by eye ( see   Note 22 ).   

   3.    Select appropriate zoom factor as required ( see   Note 23 ).   
   4.    The confocal aperture (or “pinhole”) is normally left at the 

default setting (equivalent to 1 Airy Unit) to optimize resolu-
tion ( see   Note 24 ).   

   5.    Select averaging, e.g., averaging three frames as in Fig.  2 , to 
reduce the effect of detector noise ( see   Note 25 ).   

   6.    Select appropriate laser power for each fl uorophore to allow 
images of these brightly stained cells to be acquired, with HyD 
detector settings preferably below 80 % to reduce detector 
noise. With the CLSM system used, laser powers of <10 % 
 generally provide suffi cient signal ( see   Note 26 ).   

3.4  Confocal Laser 
Scanning Microscopy 
(CLSM)
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   7.    Using the “TRITC” setting for red fl uorophores, locate and 
select the top and bottom extremes of the cell. This allows a 
stack of images to be acquired at user-defi ned intervals within 
the selected limits ( see   Note 27 ).   

   8.    After adjusting AOTF setting and PMT voltage for each 
 fl uorophore (Alexa 555, GFP and DAPI), and phase contrast 
(or brightfi eld or DIC) if required, save these settings to allow 
sequential imaging of the three fl uorophores ( see   Note 28 ).   

   9.    Choose option for sequential imaging and import previously 
defi ned Alexa 555, GFP, and DAPI settings to allow switching 
between three excitation wavelengths during image capture 
( see   Note 29 ).   

   10.    Acquire image sequence and save as a stack of TIFF fi les (the 
default save option), which can be easily exported to other 
software.    

    Although this protocol refers to the phase contrast imaging we rou-
tinely perform to examine propagation of membrane ruffl es (Fig.  3 ), 
the automated imaging can be modifi ed to include fl uorescence 
imaging, e.g., GFP and/or other fl uorophores or for  differential 
interference contrast (DIC) imaging ( see   Note 30 ). The live cell 
imaging described here can be performed using a reasonably low 
cost system but faster switching and focussing, and more sensitive 
cameras are also available ( see   Note 11 ).

    1.    Make sure the microscope incubator has been running for at 
least 30 min, and preferably longer, to allow required tempera-
ture to be achieved and stabilized.   

   2.    Wash imaging dishes which cells have been grown in (as described 
in Subheading  3.1 ) twice with warm (37 °C) modifi ed Krebs’ 
buffer.   

   3.    Prewarm imaging dish within microscope incubator. The time 
taken to move the dish between rooms will be enough for its 
temperature to drop so it is best to allow 5–10 min on the 
microscope stage before imaging.   

   4.    Examine cells under phase contrast or GFP optics and select a 
suitable area for imaging.   

   5.    Open Improvision Volocity software and a previously used 
automation for the acquisition of images using hardware 
described in  Note 12 . We typically set up the automation to 
capture images at three focal depths (at 1.5 μm increments 
to ensure data is acquired at correct level and allowing for 
the possibility of minor stage drift) at 10 s intervals over a 
20–30 min time course. Run the automation prior to the start 
of imaging to allow for trouble-shooting and to optimize the 
quality of the images obtained, for example by adjusting focus 
and lamp intensity.   

3.5  Live Cell 
Imaging: Time-Lapse 
Phase Contrast 
Microscopy
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   6.    Adjust automation to include specifi c exposure times and focus 
increments for all channels. These could be standard protocols 
for established techniques or ones set according to the specifi c 
requirements of the sample ( see   Note 31 ).   

   7.    When ready to start imaging, begin the automation and then, 
after 1–2 min, add 50 μl of log phase culture to the Krebs’ buffer 
in the coverslip holder ( see   Note 32 ).   

   8.    Images can be exported for processing and analysis in the 
Volocity format to an off-line workstation running Volocity 
core software. Alternatively images can be exported as a stack 
of TIFF images for processing with other software.    

    This method can be used to examine bacterial suspensions, for 
example to assess GFP expression, viability or to monitor division 
(as in Fig.  4 ).

    1.    13 mm coverslips are sterilized by placing them between two 
pieces of tissue and spraying with 75 % (v/v) ethanol. When 
dry, forceps sterilized in 75 % ethanol should be used to trans-
fer the coverslips to a sterile petri dish.   

   2.    To make agar disks, 200 μl of molten LB agar—supplemented 
with antibiotics if appropriate—is applied to the center of each 
13 mm coverslip and allowed to set (Fig.  5 ).

       3.    To prepare a sample for imaging, spread 7 μl of fi xed or live 
bacterial culture onto a 13 mm agar disk and allow it to dry for 
1 min at room temperature.   

   4.    Prepare a metal imaging chamber to receive the agar disk by 
mounting a 22 mm glass coverslip over the rubber O-ring and 
screwing the base of the imaging chamber tightly against the 
glass to form a seal.   

   5.    Using sterilized forceps to grasp the glass base of the agar disk, 
invert it into the imaging chamber with the bacterial sample 
resting against the large glass coverslip (Fig.  5 ).   

   6.    To capture phase contrast images of the bacterial sample, 
mount the imaging chamber onto a Leica DMIRBE inverted 
microscope with an appropriate 63× or 100× oil-immersion 
lens and a CCD camera (as above and  see   Notes 10  and  33 ). 
All images and time-lapse sequences should be captured at 
maximum resolution if possible.    

    This protocol describes how to prepare  Salmonella  cultures for 
visualization by SEM, however the general principles described 
here are also applicable to other SEM systems. This protocol is a 
quick method that is adequate for our requirements but improved 
results may be obtained in some cases using protocols involving 
additional fi xation steps and/or critical point drying.

3.6  Imaging Live 
Bacteria: Agar-Disk 
Imaging Technique

3.7  Preparation 
of Infected Cells 
for Scanning Electron 
Microscopy
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    1.    Following infection of monolayers as described in 
Subheading  3.2  ( see   Note 17 ), place coverslips in individual 
wells fi lled with 2 % glutaraldehyde in 100 mM phosphate 
 buffer pH 7.4 and leave to fi x overnight at 4 °C.   

   2.    To dehydrate the sample, incubate fi xed coverslips sequentially in 
25, 50, 75, 90, and 100 % ethanol (with the 100 % step repeated) 
for 20 min at each concentration at room temperature.   

   3.    In a fumehood overlay coverslips with 1 ml hexamethyldisila-
zane and incubate for 1 h at room temperature.   

   4.    Remove coverslips and transfer to a new 12-well plate and 
allow residual solvent to evaporate at room temperature.   

   5.    Following solvent evaporation, attach coverslips to SEM stubs 
with adhesive carbon tabs and coat with gold/palladium using 
an Emitech sputter coater.   

   6.    Store samples in airtight conditions until examination with an 
FEI Quanta 400 SEM.    

  Fig. 5    Agar disk imaging technique. ( a ) 13 mm agar coverslips are prepared by spreading 200 μl molten LB 
agar onto sterile 13 mm glass coverslips. Once set, 7 μl of bacterial sample is spread onto the surface of the 
agar and allowed to dry for 1 min. ( b ) Using forceps, a 22 mm glass coverslip is mounted onto a metal imaging 
chamber over the O-ring seal. ( c ) The base of the metal imaging chamber is screwed on tightly against the 
glass coverslip to form a seal. ( d ) Using forceps, the agar disk is then inverted into a metal imaging chamber, 
with the bacterial sample resting against the glass coverslip       
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4       Notes 

     1.    Media recipes differ for other cells. Cell culture media and 
supplements are available from many suppliers.   

   2.    Coverslips are available in a range of thicknesses. Most often we 
use thickness #1 (130–170 μm) and do not go to any additional 
lengths to determine the precise thickness of individual cover-
slips, despite known variability in thicknesses. Microscope manu-
facturers often specify 170 nm as the optimum coverslip thickness 
for performance of their objective lenses; so some researchers 
prefer to purchase thickness #1.5 (160–190 μm) as a result. 
It should, however, be remembered that many of these will be 
too thick to allow optimal resolution. Small differences in cover-
slip thickness are unlikely to signifi cantly affect image quality in 
most applications, but where optimal resolution is needed, e.g., 
to ensure optimal precision in deconvolution, some researchers 
will check the thickness of coverslips. High-performance objec-
tive lenses often have correction collars that should be adjusted 
to the correct coverslip thickness and it is advisable to make fi ne 
adjustment to these collars while viewing the effects on image 
clarity to ensure correct positioning. Multiwell slides, e.g., Lab-
Tek, also provide a convenient means of separately treating mul-
tiple cell samples on a single slide. At the end of the experiment 
the chambers are removed and a coverslip placed onto the slide. 
Cells can also be grown on conventional plasticware if low mag-
nifi cation is suffi cient or in multiwall plates with coverslip-quality 
glass bottoms if high resolution is required.   

   3.    MDCK cells, like some other epithelial cell lines, can form 
functionally polarized monolayers when grown on permeable 
supports. The most commonly used permeable culture inserts 
include Transwell™ (Corning) and Anopore™ (Nalge Nunc 
International, NY, USA). Epithelial cells able to form polar-
ized layers should be grown on such permeable supports when 
the effects of  Salmonella  on epithelial properties, such as trans-
port and barrier functions, are to be investigated.   

   4.    Although we mostly use this method to obtain mid-log bacteria 
with maximal invasiveness, other growth parameters can also be 
used as required.   

   5.    We use Krebs’ buffer as a convenient physiological buffer 
that avoids the requirement for CO 2  that comes with using 
bicarbonate- buffered media. Alternatives, which are especially 
useful for longer-term infection studies, include conventional cell 
culture media or bicarbonate-free versions of these that incorpo-
rate alternative buffering to avoid the requirement for CO 2 . 
For fl uorescence microscopy, avoidance of Phenol Red (which 
is included in standard cell culture media as a pH indicator) is 
advisable as this causes substantial background fl uorescence.   
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   6.    PFA causes less autofl uorescence than glutaraldehyde. PFA 
should be prepared fresh or can be stored in frozen aliquots 
for many applications. We don’t use commercial formalde-
hyde solutions due to impurities. PFA fi xation works well for 
a large proportion of antigens but in some cases solvent fi xa-
tion, e.g., methanol, acetone, or mixtures of these, gives supe-
rior results. Solvent fi xation also has the advantage that it 
permeabilizes cells and thus eliminates the requirement for 
this additional step.   

   7.    Indirect immunofl uorescence is more commonly used than 
direct fl uorophore conjugation of primary antibodies for a 
number of reasons including usual scarcity of primary antibod-
ies and the signal amplifi cation and fl exibility in fl uorophore 
selection provided by the indirect approach. Secondary anti-
bodies are generally raised in larger animals and are available in 
a wide variety of fl uorophore-conjugates (excited from UV 
through to red) from suppliers including Jackson Immuno 
Research Laboratories, Molecular Probes/Invitrogen, and Sigma. 
In recent years the fi rst generation fl uorophores such as fl uores-
cein and rhodamine derivatives have largely been superseded by 
improved fl uorophores, including the extensive range of Alexa 
Fluor ®  dyes (350, 488, 555, 594, 633, etc.) and the cyanine dyes 
(Cy2, Cy3, and Cy5) which have higher quantum yield (bright-
ness) and improved photo-stability.   

   8.    We generally use TRITC-phalloidin, but alternative fl uorophore-
conjugated versions, e.g., Alexa Fluors ® , FITC, Cy5, are avail-
able from Sigma, Molecular Probes/Invitrogen, etc.   

   9.    We routinely use Vectashield ®  supplied with DAPI, unless we 
specifi cally want to avoid an additional UV-excited dye inter-
fering with labeling in that part of the spectrum or when we 
use the far-red alternative TOPRO-3 to avoid the cross-talk 
between DNA labeling and other fl uorophores which is 
unavoidable when using DAPI. The main advantage of using 
DAPI-containing mountant is to avoid an additional labeling 
step and the need to prepare toxic solutions of DAPI or alter-
native DNA labels. Many researchers instead mount with 
Mowiol™ containing n-propyl gallate as an anti-fade, which 
sets hard unlike the Vectashield ®  we use. A hard-set version of 
Vectashield ®  is also available from Vector Laboratories. Other 
alternative mountants available from other sources include 
SlowFade Gold™ and ProLong™ from Molecular Probes/
Invitrogen. Anti-fade mountants can vary in their effectiveness 
against photobleaching, and also in the initial intensity of fl uo-
rescence. We have not performed a thorough side-by-side 
comparison of their properties. It is also important to bear in 
mind that mounting media may not be completely compatible 
with all fl uorophores. For example some users have reported 
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decreased signal from Cy2 and other cyanine dyes over time 
when mounted in media containing phenylenediamine as an 
anti-fade.   

   10.    This can be a relatively simple upright or inverted microscope 
with fl uorescence capabilities. Usually this will have separate 
fl uorescence fi lter blocks for each fl uorophore and be 
equipped with a range of objective lenses. The major suppli-
ers include Leica, Olympus, Zeiss, and Nikon. All of these 
produce high- quality optical instruments and choice comes 
down to personal preferences and practicalities. Details of the 
Leica upright microscope we use for examining staining are 
available at   http://www.bris.ac.uk/biochemistry/mrccif/ 
techspecleicadm.html    .   

   11.    We use one of a range of Leica CLSMs. The one used to acquire 
images in Fig.  2  is a Leica TCS SP5 AOBS tandem scanning CLSM 
attached to a Leica DMI6000 inverted epifl uorescence micro-
scope. Further details of this and our other con focal microscopes 
are at    http://www.bris.ac.uk/biochemistry/mrccif/equipment.
html    .     Other suppliers of CLSMs include Zeiss, Olympus, and 
Nikon.   

   12.    Further details of the WFM system used to acquire images in 
Fig.  3  are available at:   http://www.bris.ac.uk/biochemistry/
mrccif/equipment.html    . Alternative imaging systems, including 
integrated acquisition and deconvolution systems are available 
from other companies, e.g., Applied Precision, Leica, Zeiss, 
Olympus, Molecular Devices, and Media Cybernetics. Each of 
these has image processing and analysis capabilities. Some 
researchers prefer to build their own systems, and the open 
source software, Micro-manager, is now a popular choice for 
this due to its ability to drive an expanding range of microscope 
hardware. Similarly, ImageJ, with its extensive range of plug-ins 
for image processing and analysis is a popular alternative to com-
mercial image analysis software.   

   13.    There are distinct advantages in sample stability (reducing 
focus drift) by enclosing a large proportion of the microscope 
in a temperature-controlled environment and ensuring tem-
perature equilibration of cells before imaging, the advantages 
being more apparent with long-term imaging. Focus control 
systems, e.g., CRISP from Applied Scientifi c Instrumentation, 
Eugene OR, USA, can also be used to correct for any residual 
focus drift, which is not always possible to eliminate with tem-
perature control devices. Cells in dishes can also be maintained 
at 37 °C and perfused using on-stage heating devices as sup-
plied by various companies, e.g., Harvard Apparatus, Scientifi ca, 
Life Imaging Services, Bioptechs. If using bicarbonate- buffered 
media it is necessary to have a means of enriching the environ-
ment around the cells with CO 2 .   
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   14.    For fl uorescent labeling of fi xed cells we favor 13 mm  coverslips 
in 12-well tissue culture plates. For live cell imaging applica-
tions we grow cells on 35 mm imaging dishes with 14 mm 
glass coverslips.   

   15.    We typically seed 13 mm coverslips with 1 ml of 1 × 10 5  cells/
ml or 1 ml of 0.66 × 10 5  cells/ml so that after 2 and 3 days, 
respectively, we obtain cells with ~80 % confl uence. The same 
dilutions but 2 ml volumes are used for 35 mm MatTek dishes.   

   16.    This gives a high infection rate which is ideal for live cell imag-
ing and some other experiments. Decreased m.o.i. can be used 
to provide more realistic infection levels and are preferable 
for longer-term infection studies. When comparing strains it is 
important to check that growth characteristics are similar to 
ensure infection is comparable, i.e. similar numbers of bacteria 
at equivalent growth state. This can be measured by determin-
ing absorbance at 600 nm with volumes adjusted to match 
m.o.i. for different cultures or more accurately by determining 
colony forming units (c.f.u.).   

   17.    We routinely examine time points between 5 and 60 min. 
When later time points after infection are to be examined we 
use a “pulse-chase” protocol involving initial 15 min infection 
followed by removal of external  Salmonella .   

   18.    Alternative detergents, e.g., saponin are used in some proto-
cols. Permeabilization is not required if solvent-fi xation is 
employed.   

   19.    To remove excess PBS from coverslips prior to labeling, dry the 
back of the coverslip with fi ne tissue paper and remove excess 
liquid remaining on the sample surface by tilting the coverslip 
and holding the edge of the coverslip with tissue paper. This 
step is used between all staining steps but has been omitted 
from elsewhere in the protocols for brevity.   

   20.    It is important to stress that the labeling methods described 
here and in Subheading  3.3.2  are minimalist protocols used for 
speed and convenience. We know the labeling will be bright 
and we are not overly concerned with the presence of some 
nonspecifi c labeling. This basic protocol does not include any 
steps to quench autofl uorescence or to block nonspecifi c bind-
ing. Several alternative modifi cations could be employed 
to decrease nonspecifi c labeling, the most common being to 
include BSA or serum from unrelated species (preferably 
including the same species as that in which secondary antibod-
ies were raised) before and/or during antibody incubations. 
For example, we have frequently used pre-blocking with 1 % 
(w/v) BSA (or 5–25 % serum) in PBS as well as addition of 
0.1 % BSA (or 5–10 % serum) in the antibody diluents.   
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   21.    This is just one alternative method for differentially labeling 
adhered and invaded  Salmonella , an alternative is the use of 
methanol fi xation as discussed in Subheading  1.2.2 . Although 
the resulting staining might be cleaner if blocking steps were 
introduced, this simplifi ed method has proved adequate for 
our requirements.   

   22.    It is important to optimize image clarity during visual inspec-
tion. It is useful to check that there is no additional factor, such 
as contamination of oil or incorrect objective setting that will 
compromise image quality. With thicker specimens, e.g.,  tissues 
that are more likely to be examined by CLSM than WFM, it 
can be much harder to determine if the image is optimal 
because of the level of out-of-focus fl uorescence, so it may be 
worth checking this with a pre-prepared, familiar, and clear 
specimen such as a standardized slide.   

   23.    In this case, in order to meet the requirements for optimal 
resolution imaging [ 59 ] a zoom factor was selected to obtain 
43 nm pixels at 1,024 × 1,024 pixel density. It is not always 
necessary to optimize XY resolution to this extent and it is 
worth bearing in mind that increasing zoom also increases the 
light dose per pixel so may be accompanied by increased 
photo bleaching, and, in the case of live cell imaging, 
phototoxicity.   

   24.    The confocal pinhole can be opened if required to increase 
sensitivity, which is especially useful for live cell imaging. 
Signifi cant increases in signal can be achieved with only minor 
loss of axial resolution. It is also worth considering the light- 
collecting properties of the objective lens when applications 
require optimal signal, e.g., live cell imaging. For example, signal 
intensity achieved with the oil-immersion lenses available on 
our CLSM system decreases with increasing magnifi cation 
such that users will often prefer to use a 40× or 63× objective 
lens and zoom rather than choosing 100× objective.   

   25.    Depending on the characteristics of the detector, and the 
amplifi cation applied, there may be additional benefi ts in noise 
reduction to be gained from averaging more than three frames. 
It should be taken into consideration that more averaging 
comes at the expense of increasing the time taken to acquire 
stacks, in addition to increasing the light dose received by the 
sample, with resulting risk of photo-damage. For live cell appli-
cations averaging is often limited to fewer frames or completely 
avoided due to considerations of phototoxicity, as well as 
movement-based artifacts. Most CLSM systems will now allow 
line averaging rather than frame averaging, which is particu-
larly useful where movement is likely to affect information 
within acquired images, as the time between repeated line 
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scans is negligible compared to the frame interval. We still prefer 
frame averaging for fi xed samples as line averaging can result in 
decreased signal intensity.   

   26.    Today’s CLSM systems generally have acousto-optic tuneable 
fi lters (AOTFs) to allow rapid and independent adjustment of 
illumination intensity from individual laser lines. In the case 
of fi xed (and anti-fade mounted) specimens, the laser power is 
less critical than for live cell imaging, where it is often necessary 
to use higher PMT voltages to enable laser power, and hence 
photo bleaching/damage, to be minimized. We use a color LUT 
that clearly identifi es pixels with intensities 0 or 255 (extremes 
of 8-bit range) by displaying them as green or blue, respectively. 
In the case of CLSM there is less advantage to be gained by using 
12-bit imaging because, in contrast to WFM, the number of 
photons detected for each pixel is usually rather small. The image 
in Fig.  2  was acquired using the Ar laser (488 nm) at 10 % and 
561 nm laser at 2 % with detection set at 493–549 nm for GFP 
and 569–651 nm for Alexa 555. GaAsP (HyD) detectors were 
used for both channels, at 65 and 74 % gain.   

   27.    Of course it is not always necessary to obtain image stacks, 
sometimes a single image or at most a small number of sections 
are all that are required if a limited part of the cell depth con-
tains the required information. In the case of the image shown 
in Fig.  2 , the full depth amounted to an approximately 6 μm 
stack and step size was set at 126 nm to optimize data acquisi-
tion (Nyquist sampling). More often, larger step sizes are 
selected, e.g., 500 nm, to limit the time required to obtain 
images, and thereby photobleaching, as well as to limit imag-
ing time, light dose, and fi le size.   

   28.    This approach has distinct advantages over acquiring images 
simultaneously, as it usually avoids the cross-talk between fl uo-
rophore signals that is almost inevitable if all three fl uorophores 
are excited simultaneously. For example, DAPI emission spec-
trum overlaps with those of both Alexa Fluor ® 488 and 555, 
while the Alexa 488 emission is also likely to contaminate the 
Alexa 555 channel when labeling with the green fl uorophore is 
relatively intense. With careful selection of fl uorophores and 
balanced labeling intensity, two or more fl uorophores can 
be imaged simultaneously without signifi cant cross-talk, with 
resulting savings in imaging time.   

   29.    In this case the image stacks were acquired using “line-by- line” 
sequential imaging where the AOTF is controlled to rapidly 
switch between excitation lines for every line scanned such that 
the fl uorophores are imaged at millisecond intervals and appear 
simultaneously on the display panel. Other parameters such as 
PMT settings, the wavelength range detected, and pinhole size 
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can be adjusted between fl uorophore settings only in the 
other, slower, and sequential modes i.e. “between frames” and 
“between stacks” in the Leica confocal software.   

   30.    DIC imaging affords enhanced contrast for some samples 
compared to phase contrast, although in our hands we have 
preferred images acquired by phase contrast to monitor ruffl e 
propagation and internalized  Salmonella . Automated imaging 
of fl uorescence, e.g., GFP, alongside phase contrast is some-
what more straightforward than with DIC, as the DIC optical 
components reduce detected fl uorescence signal intensity. This 
can be avoided by using a motorized fi lter cube to switch 
between DIC and fl uorescence fi lter blocks or by placing the 
DIC analyzer within an emission fi lter wheel, though there will 
be an additional time delay introduced into the time course 
using this approach. The loss of sensitivity using DIC simulta-
neously with fl uorescence is much greater than the small loss of 
light transmission caused by the phase ring within phase con-
trast objectives. Phase contrast also has advantages in facilitat-
ing clear discrimination of internalized bacteria which are often 
more diffi cult to detect in DIC images.   

   31.    Live cell imaging automations can be customized to switch 
between, for example, GFP and phase contrast imaging. 
This can be used to examine the dynamics of intracellular 
GFP- tagged probes (as in Fig.  3 ) or GFP-expressing bacteria 
alongside morphological responses to infection. Automated 
shuttering of the light source is benefi cial to decrease likeli-
hood of photobleaching or phototoxicity compromising data 
acquisition.   

   32.    In order to compare one strain or growth condition with 
another it is necessary for the cultures to have been incubated 
for the same length of time. Therefore, we set up cultures at 
45 min intervals, and subsequently the imaging of each culture 
is timed to allow 20–30 min time courses to be acquired while 
also allowing time to set the system up for capturing the next 
time course.   

   33.    This methodology can also be adapted to allow visualization of 
GFP-expressing bacteria or those stained using a fl uorescence 
stain, for example DAPI or the Molecular probes LIVE/
DEAD ®   bac Light™ viability kit for microscopy (Invitrogen 
Life Technologies, Paisley, UK). To view fl uorescent bacteria 
using this method, stain the bacteria according to the manu-
facturer’s instructions and apply 7 μl of stained sample to the 
agar disk. To prevent bleaching of the fl uorescent sample, 
allow the sample to dry onto the surface of the agar in the 
dark. In order to visualize the bacterial sample, use a fl uores-
cence microscope with appropriate fi lters ( see   Note 10 ).         
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    Chapter 13   

 Live Cell Imaging of Intracellular  Salmonella enterica  

           Alexander     Kehl     and     Michael     Hensel    

    Abstract 

   During the intracellular phase of the pathogenic lifestyle,  Salmonella enterica  massively alters the endosomal 
system of its host cells. Two hallmarks are the remodeling of phagosomes into the  Salmonella  -containing 
vacuole (SCV) as a replicative niche, and the formation of tubular structures, such as  Salmonella -induced 
fi laments (SIFs). To study the dynamics and the fate of these  Salmonella -specifi c compartments, live cell 
imaging (LCI) is a method of choice. In this chapter, we compare currently used microscopy techniques and 
focus on considerations and requirements specifi c for LCI. Detailed protocols for LCI of  Salmonella  infec-
tion with either confocal laser scanning microscopy (CLSM) or spinning disk confocal microscopy (SDCM) 
are provided.  

  Key words      Salmonella -containing vacuole  ,   Intracellular pathogen  ,    Salmonella -induced fi laments  , 
  Confocal microscopy  

1      Introduction 

   Salmonella enterica  is the etiological agent of both acute gastroen-
teritis and the systemic disease typhoid fever. Whereas for the fi rst 
the understanding of the invasion event into epithelia, the extracel-
lular fate, is fundamental, for enteric fever knowledge about the 
intracellular lifestyle is crucial. Although this introduction is not 
meant as a thorough discussion of the infectious cycle of  Salmonella , 
some notable processes will be outlined. For general overviews 
refer to recent reviews [ 1 ,  2 ]. 

 After oral ingestion and survival of the passage through the 
acidic stomach,  Salmonella  is able to invade the epithelium in 
the intestine. The pathogenicity of  Salmonella  is mainly conferred 
by genes located on the  Salmonella  Pathogenicity Islands (SPI), 
whereby SPI1 is most important for invasion of non-phagocytic 
cells. This is mainly mediated by a type III secretion system (T3SS) 
encoded by SPI1. The SPI1-T3SS translocates so-called effector 
proteins into host cells that, amongst other activities, rearrange the 
actin cytoskeleton [ 3 ]. In addition, the giant fi mbrial adhesion SiiE 
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acts in cooperation with the SPI1-T3SS to allow  Salmonella  to 
specifi cally breach polarized epithelial barriers [ 4 ]. SiiE is substrate 
of a type I secretion system (T1SS) encoded by SPI4. 

 After entry into host cells,  Salmonella  is able to remodel 
its compartment into the  Salmonella -containing vacuole (SCV), 
which enables the pathogen to withstand the acidic and nutrient- 
poor environment it is subjected to. The SCV does not follow 
 normal endosomal maturation to late endosomes (LE)/lysosomes 
[ 5 ]. This ability is due to the translocation of a set of effectors by 
the SPI2-encoded T3SS [ 6 ]. During the course of infection, the 
SCV is positioned in a perinuclear position near the microtubule- 
organizing center (MTOC) and the Golgi. The SCV matures to 
a certain degree and acquires over time several LE markers, like 
Rab7 and lysosome-associated membrane proteins (LAMPs) [ 7 ,  8 ], 
even though in slightly altered sequences compared to LEs. Other 
LE markers though, such as the mannose-6-phosphate receptor 
(M6PR) responsible for the delivery of hydrolases to LEs, are 
excluded [ 9 ]. In this modifi ed organelle,  Salmonella  is able to actively 
proliferate, representing a hallmark of its pathogenic lifestyle. 

 Another hallmark is the unique ability of  Salmonella  to induce 
an extensive network of tubular membrane structures. Whereas for 
a long time only one type of these structures, the  Salmonella  - 
induced fi laments (SIFs), was known, in recent years a whole 
bunch of other structures was discovered, including  Salmonella -
induced secretory carrier membrane protein 3 (SCAMP3) tubules 
(SIST), LAMP1-negative tubules (LNTs), and sorting nexin 
(SNX) tubules like the spacious vacuole-associated tubules (SVAT) 
[ 10 ]. However, out of these the SIFs are still the best-studied ones, 
with a membrane composition similar to that of SCV, i.e., being 
also highly enriched in LAMP1. Although at later time points 
(≥8 h after infection) SIFs form an elaborate but rather rigid net-
work, a highly dynamic behavior, revealed by live cell imaging 
(LCI), was demonstrated at earlier time points [ 11 ,  12 ]. Here SIFs 
are rapidly extending, retracting, or branching. SIF dynamics are 
exemplifi ed in Fig.  1  with various temporal resolutions. Formation 
of SIF is dependent on several SPI2 effectors, some of them inter-
acting directly or indirectly with the microtubule (MT) cytoskele-
ton, leading to a close association of MT with SCV and SIF and a 
possible role in the biogenesis of SIF.

     To date, no light microscopy (LM) technique matches the high 
resolution obtained by electron microscopy (EM), specifi cally 
transmission EM (TEM). Although efforts were made to combine 
the benefi ts of LM and EM, i.e., observation of dynamic events and 
ultrastructural information, leading to correlative light and elec-
tron microscopy (CLEM) [ 13 ], fi xation of cells is prerequisite for 
transition from LCI to TEM. The development of super- resolution 
techniques like stimulated emission depletion microscopy (STED), 

1.2  High-Resolution 
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photo-activated localization microscopy (PALM), and stochastic 
optical reconstruction microscopy (STORM) pushed the resolu-
tion border in LM, but lacked until recently live cell applications. 
Even though this problem, too, was overcome these applications 
are still in progress [ 14 – 16 ]. What remains with respect to elevated 
resolution and compatibility with LCI compared to conventional 
epifl uorescence wide-fi eld microscopy (WFM) is the confocal 
microscopy, a kind of optical sectioning method. Again, a thorough 
discussion here is not achievable, but is passed to recent reviews 
[ 17 ,  18 ]. Thanks to availability of confocal microscopes from 
 several commercial suppliers; such systems are nowadays widely 
distributed. 

 Confocal microscopy systems can be divided into two types: 
confocal laser scanning microscopy (CLSM) and spinning disk 
confocal microscopy (SDCM). Basic principle of the improved 
resolution in both cases is the elimination of out-of-focus light by 
using pinhole apertures, thus excluding this light from detection. 

  Fig. 1    Short-term and long-term dynamics of SIFs. ( a ,  b ) HeLa cells stably transfected with LAMP1-GFP were 
infected with mCherry-expressing wild-type  Salmonella  and imaged with an SDCM ( see   Note 10 ) 5 h post 
infection using 5 % 488 nm laser and 100 ms camera exposure time for GFP and 10 % 561 nm and 100 ms 
for mCherry, respectively. Shown is a maximum intensity projection (MIP) of a 4.56 μm Z-stack displayed with 
“Best Fit” parameters. Extending and retracting SIFs are indicated by  brown  or  blue arrowheads , respectively. 
Scale bar, 5 μm. ( a ) Time-lapse acquisition for 5 min illustrating SIF dynamics in the subminute range; time 
stamp is given as mm:ss.ff. ( b ) Time-lapse acquisition for 1 h illustrating SIF dynamics in the subhour range; 
time stamp is given as hh:mm:ss       
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In CLSM systems this is achieved by a single pinhole (or in some 
cases an extremely narrow slit). In contrast in SDCM systems a so- 
called rotating Nipkow disk with multiple pinholes is applied. 

 WFM is a further option of LCI of Salmonella intracellular life-
style. The advantages of WFM include for example inexpensiveness 
due to simpler setups and higher sensitivity thanks to non- exclusion 
of light, but the two major ones with respect to LCI are higher 
acquisition speed and less photobleaching or -toxicity, respectively, 
of the sample since no laser is utilized ( see  Subheading  1.3 ). Even 
the resolution can be optimized by using restorative deconvolu-
tion, at least if samples are thin and fulfi ll the Nyquist sampling 
during imaging (but this conversely requires higher processing 
capacities) [ 19 ,  20 ]. So, if high resolution is not necessarily needed, 
WFM is still a valuable technique. 

 Nevertheless with thick specimens (meaning more out-of- focus 
light) and suffi ciently high fl uorescent signal (making higher sensi-
tivity obsolete) CLSM clearly outperforms WFM. Still CLSM can 
be troublesome if desiring to combine high resolution with on the 
one hand weaker signals since in most CLSM systems photomulti-
plier tubes (PMT) are deployed as light detectors, which have 
rather low quantum effi ciencies (QE) and high noise due to the 
charge multiplication process, resulting in worse signal-to-noise 
ratios (S/N); on the other hand one has to accept high resolution 
with relatively slow acquisition speed. Both problems are circum-
vented to some degree in SDCM [ 21 ]. 

 Whereas SDCM formerly was hampered by insuffi cient pas-
sage of excitation light the introduction of a second microlens disk 
focusing incoming light into the pinholes of the Nipkow disk by 
Yokogawa [ 22 ] permitted the spread of this technique, also due to 
the fact that SDCM overcomes some of the problems or disadvan-
tages, respectively, of CLSM. First by applying a rotating disk with 
multiple pinholes a larger area of a specimen can be scanned simul-
taneously, thus with a highly increased speed. This reduces remark-
ably the risk of photobleaching/-toxicity, also due to the fact that 
using a microlens disk concurrently to the emission the excitation 
light is confocal. Second, the high frame rate allows the use of 
charge-coupled device (CCD) cameras which are superior to PMTs 
with regard to sensitivity/QE. With yet more sensitive (and speed- 
adapted) back-thinned electron multiplication (EM)CCD cameras 
excitation light can be even more decreased (if avoiding noise), 
thus additionally reducing photobleaching/-toxicity (though 
actually used to compensate for comparatively weak excitation 
lasers). Only disadvantage of EMCCD cameras is the rather small 
chip in most cases and thus the reduced resolution, but which also 
can be avoided by using higher resolution scientifi c grade CCD 
cameras.  
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         If executing LCI, several considerations have to be made  beforehand 
since special requirements are necessary concurrently excluding 
possibilities normally applicable to fi xed imaging setups [ 23 ]. 

 Naturally, the most important point concerns the incubation 
itself or the type of incubation, respectively. Basically one can 
choose from two types of incubation depending on the sample and 
microscope used: (1) Box incubation where the complete micro-
scope is heated in a more or less sealed box or (2) cage or stage top 
incubation    where it is only part of the sample stage with special 
chambers. If using a box solution acquired separately from the 
microscope one has to make sure that all of the parts surrounded 
by the box are indeed heatable (which should be the case with 
most suppliers). The exact buildup of a stage top incubation cham-
ber is heavily varying depending on the culture vessels or sample 
carriers employed. In most cases one and the same chamber cannot 
be used for smaller and larger carriers alike, which has to be rea-
soned in advance. Anyway, with both types of incubation it should 
also be considered to include humidity- and/or CO 2 -supplying 
devices. Whereas in short-term LCI culture medium evaporation 
might be negligible, for longer-term LCI a compensation via 
humidity should be contemplated, because this can cause a severe 
change of osmolarity. Nevertheless, ideally only a small part of the 
stage should be humidifi ed to protect the remaining microscope 
parts from moisture. Likewise a CO 2  supply (mostly via the humid-
ity supply) is inevitable if using a bicarbonate buffer-based culture 
medium. Nevertheless, this can easily be avoided by replacing with 
another buffer system, such as bicarbonate-free HEPES-buffered 
culture medium. In the process one might also use a medium with-
out phenol red (normally used as a pH indicator in bicarbonate 
buffer-based cell culture media), since phenol-red-containing 
media affect image acquisition by increasing background noise. 

 Other major issues in LCI are photobleaching and phototoxic-
ity, i.e., the production of deleterious free-radical species with the 
risk of oxygen-dependent damage of cellular components. Both 
artifacts are due to repeated excitation in the same fi eld of the 
sample. Several approaches can be employed to remedy these prob-
lems. With a range of fl uorescent proteins (FPs) to tag intracellular 
targets available by now such ones should be used with suitable 
properties regarding stability. Whereas enhanced green fl uorescent 
protein (EGFP) still works fairly well concerning brightness and 
quantum yield (QY) in the green spectral emission range, this does 
not necessarily hold true for the rest of the spectral range [ 24 ]. 
Of course one is bound to the microscopic setup available regard-
ing the choice of FPs, but apart from the above addressed points 
the stability is the most important factor to select for in LCI if 
alternatives are applicable (with EGFP again a rather good choice). 
Helpful overviews are available [ 25 ,  26 ], but one should be on the 
qui vive since new FPs are constantly invented. 

1.3  Specifi c 
Requirements 
for Live Cell Imaging

Imaging Intracellular Salmonella



204

 Another possibility to avoid photobleaching/-toxicity is to 
increase the speed of acquisition. Again, several actions can be 
taken in this direction. One is to modify the mode of acquisition by 
choosing binning (i.e., the integration of arrays of adjacent pixels), 
and the other is to reduce the chip size of the CCD camera, but 
both have the disadvantage to reduce at the same time the resolu-
tion. One rather easy possibility is to simply concentrate the acqui-
sition on a region of interest (ROI), i.e., not imaging the complete 
fi eld of view, which will likely lend itself to many cases. If acquiring 
in three dimensions (3D) additionally the thickness of a Z-stack 
as well as the single slices themselves can be varied. If not aiming 
for deconvolution this parameter can be considerably reduced. 
Nevertheless in long-time experiments possible cell movements in 
the z-direction should be defi nitely considered (alleviated either 
by larger, but more time-consuming Z-stacks or to some extent by 
suitable focus strategies,  see  below). Furthermore switching of fi l-
ters or other motorized parts is often not triggerable therefore 
decreasing speed substantially. One possibility to avoid this is to use 
band-pass (BP) emission fi lters (i.e., fi lters which permit the pas-
sage of emission signal from a designated range/band of 
the spectral range) that feature two separate emission bands, double 
BP (DBP) fi lters. This allows the acquisition of two colors without 
switching fi lters but only the lasers for excitation. One has only to 
take care of possible crosstalk (i.e., the unintended excitation of 
another FP) and/or bleed-through (i.e., the unintended detection 
of the emission of another FP) of the FPs used. This is demon-
strated in Fig.  2b, c , where the bacterial signal is visible in the GFP 
channel if using a DBP fi lter instead of single BP fi lters, since 
TagRFP-T used here can also be excited at 488 nm. Another option 
is to use a dual camera setup where the acquisition of two colors is 
split onto two separate cameras via a beamsplitter. Here not only a 
change of fi lters is omitted but even that of lasers, since they are 
both working at a time, allowing remarkable speeds in acquisition.

   Mostly, LCI will include some form of bright fi eld (BF) 
 acquisition, often deploying contrast enhancements such as phase 
contrast or differential interference contrast (DIC)/Nomarski. 
One problem in combining BF with fl uorescence imaging is the 
loss of light due to the partial block by the contrast-enhancing 
parts if they remain in the light path. So apart from manipulation 
of the fl uorescence acquisition this is another parameter for speed 
optimization (this means the exclusion of phase contrast objectives 
since this cannot be altered), since switching the microscopic parts 
from fl uorescence to BF/DIC acquisition is principally (if not 
using triggerable modifi cations) a highly time-consuming step. 
Nevertheless, it is often inevitable to delineate cell boundaries, to 
score cell morphology or to follow cell movement. It is not always 
required to capture BF images at every time point, but instead it 
might be suffi cient to capture at the beginning and the end of an 
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  Fig. 2    Use of various fl uorescent proteins in  Salmonella  infection models. ( a – c ) HeLa cells stably transfected 
with LAMP1-GFP were infected with wild-type  Salmonella  expressing different FPs and imaged by SDCM ( see  
 Note 10 ). Shown is a maximum intensity projection (MIP) of a 4.56 μm Z-stack displayed with “Best Fit” 
parameters. ( a ) Cells harboring GFP-expressing  Salmonella  were imaged 5 h postinfection using 1 % 488 nm 
laser and 100 ms ( i ), or 1,000 ms ( ii ) camera exposure time for GFP, demonstrating underestimation of cellular 
signals if excitation is adjusted to bacterial signal ( i ), or overexposure of bacteria if adjusted to cellular signal 
( ii ). Scale bar, 5 μm. ( b ,  c ) Cells harboring TagRFP-T-expressing  Salmonella  were imaged 3 h post infection 
using 5 % 488 nm laser and 200 ms camera exposure time for GFP and 10 % 561 nm and 100 ms for TagRFP-T, 
respectively, using separate 525/50 nm BP and LP 580 nm fi lters ( b ), or a 527/54 nm and 645/60 nm DBP fi lter 
( c ) for GFP and RFP detection. An overview of the imaged cell with the indicated area enlarged in GFP, RFP, and 
merge images is shown.  Blue arrowheads  indicate absence ( b ) or presence ( c ) of bacterial signal in the GFP 
channel due to the use of the different emission fi lters. Scale bars, 5 and 2 μm in overview and detail images, 
respectively       
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experiment to show the extremes of morphological changes of the 
cell during acquisition. The Z-stack software nowadays also allows 
to differently acquire the single channels, i.e., acquiring a full 
Z-stack with the fl uorescence channels and only a single slice with 
the BF channel, e.g., the center. 

 If aiming for multi-position experiments LCI is accompanied by 
another set of obstacles. Often one wants to image several positions 
over time (time-lapse acquisition), which can be cumbersome 
depending on the sample carrier and therefore the objective applied. 
Higher magnifi cation objectives require immersion oils, which can 
dry out over time if too many positions are approached or if the 
sample carrier is too large. Therefore, the use of standard multiwell 
plates is normally excluded with oil objectives. Instead, small dishes 
(35 mm) or chamber slides (which are available in diverse variants 
from different suppliers) are often employed. If nevertheless a mul-
tiwell plate needs to be used, e.g., for screens, relatively low magni-
fi cation (10–20×) air objectives or rather expensive so-called long 
distance (LD) air objectives (available for 40×) are inevitable. In any 
case, the objectives should include temperature correction rings to 
compensate for spherical alterations if imaging at 37 °C, which is by 
the way another essential factor to consider. 

 Connected to multi-position experiments is the requirement 
for proper focus strategies. Nowadays most microscope operating 
software include some form of software autofocus (SAF), which 
determines independent of the hardware components the sharp 
focal plane guided by certain software parameters. Major disadvan-
tage of SAFs is the use of the actual lasers virtually scanning a 
Z-stack for this purpose, thereby already exciting the sample before 
the acquisition. This might not be elementary for fi xed samples but 
with living samples this can be crucial. In addition, this procedure 
is rather slow, with too many positions possibly disabling a desired 
time interval. 

 Recently a new type of focus was introduced by several micro-
scope suppliers: infrared-based focus (IRF). The principle is the 
determination of the distance between objective and the border 
between sample and slide via an infrared light-emitting LED. This 
measurement is then used to continuously adjust either other posi-
tions or the same position over time, in case drifts of mechanical or 
thermal nature occur (with the latter less pronounced with proper 
incubation). This method offers the advantage of being exception-
ally gentle to the samples since a signifi cantly less powerful LED is 
employed (with the infrared excitation additionally being out of 
range of normal chromophores). As a limitation of IRF, it is not 
possible to compensate for cell movements in Z, so that an SAF on 
top might still be indispensable. 

 Should the sample carrier by itself exhibit drifts or variations of 
the bottom surface (and therefore the focal plane) over its area, 
some software are also able to calculate a compensation if supported 
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with the focal planes for some points randomly distributed over 
the vessel. All of these focus strategies alone or to some degree in 
combination (as for the cell movements) can be the proper choice 
(if software allow combinations), depending on the exact experi-
mental setup. One essential point with regard to focus strategies 
though is the nature of the sample carrier employed. For high- 
resolution oil-immersion imaging a glass or glass-like bottom with 
a thickness of ca. 0.17 mm is imperative (which is commonly avail-
able for the above mentioned smaller sample carriers), whereas with 
lower magnifi cation plastic bottom (1 mm) carriers like standard 
multiwell plates normally are suffi cient. But one specifi c task might 
be the scanning of multiwell plates with a relatively high magnifi ca-
tion, which could demand multiwell plates with glass bottom. The 
reason is the possible failure of focus strategies, whether the SAF or 
IRF, due to not only the variation in distance between the objective 
and the bottom but also the comparably high variation in bottom 
thickness itself. In addition to an LD air objective this could neces-
sitate another correction ring for bottom thickness at the objective, 
calling for a highly sophisticated product. 

 Apart from these hardware-specifi c considerations, some major 
factors specifi cally concerning LCI pertain to the biological sam-
ples themselves. Connected to the above mentioned FP tags is the 
way of introduction of these tags into the cells of interest. In infec-
tion biology, in most cases this is done via transfection (TF) of the 
eukaryotic host cells with plasmid DNA bearing a marker gene or 
gene of interest (GOI) tagged with an FP. Basically, two different 
outcomes can be achieved: (1) transient TF leading to the expres-
sion of the FP-tagged GOI for a certain period of time (depending 
on a range of factors), (2) or stable TF with constant expression of 
the FP-tagged GOI (mostly via integration into the genome). 
Both feature mutual advantages/disadvantages. 

 A diverse range of methods is available to achieve TF, includ-
ing chemical, physical, or viral ones. Basically all of the methods 
employing chemical agents aim at increasing the probability of 
closer contact between the negatively charged DNA and the 
equally negatively charged cell membrane, mostly by surrounding 
the DNA with a net positive charge, with subsequent uptake of the 
DNA by the cell. One such type of agents are cationic polymers, 
like diethylaminoethyl (DEAE)-dextran (one of the fi rst chemical 
agents used for TF at all) [ 27 ] or the successively developed poly-
brene, polyethyleneimine, and the so-called dendrimers. Another 
well-established chemical agent for TF (since it is inexpensive, 
effective with a range of cell lines, and easy-to-use) is calcium phos-
phate, causing co-precipitation und consecutive uptake of the 
DNA [ 28 ,  29 ]. Third of the widespread chemical ones are lipid- 
based transfection reagents (this process also called lipofection) 
[ 30 ,  31 ], with newer developments utilizing cationic lipids with 
the inclusion of neutral ones [ 32 ]. Some of these agents build 
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 liposomes leading to actual fusion with the cell membrane; others 
simply encapsulate the DNA before uptake. 

 Even if transient TF is successful, care still has to be taken to 
choose cells in the actual imaging that do not exhibit unnatural 
traits, such as uncommon FP aggregation. This for sure represents 
cellular stress, whether as a stress response itself or due to the 
 overexpression of the FP/FP-tagged GOI in highly expressing 
cells. In addition, effects possibly not directly visible (such as poten-
tially detrimental metabolic burden due to high expression) have to 
be considered. Ideally, the construct used displays an expression 
level comparable to the endogenous one. Because this is not always 
clear, generally selecting a moderate or low level will likely not be 
disadvantageous since high levels might again induce stress. 

 Whereas transient TF is more or less independent of the cell line 
employed (with the misfortune of not all cell lines being accessible to 
transient TF or at least only to some degree), the major disadvantages 
of it include fi rst a TF effi ciency that is often not reliably predictable 
and second the frequent result of cells with a highly heterogeneous 
GOI expression which is illustrated in Fig.  3b, c  for TF of LAMP1-
GFP with calcium phosphate and FuGene ( see   Note 6 ), respectively. 
Both is exceptionally undesirable for LCI since this elongates the 
search procedure for appropriate cells and thus can signifi cantly 
reduce the time to analyze certain time points or prohibit analysis 
completely. The alternative would be to establish stable TF, in which 
notably the latter two of the above mentioned chemical agent 
types provide adequate success, in most cases exploiting antibiotic 
selection (e.g., with Geneticin/G418). But since this is laborious and 

  Fig. 3    Comparison of stable and transient transfection. ( a – c ) HeLa cells expressing LAMP1-GFP were imaged 
by SDCM ( see   Note 10 ) using 1 % 488 nm laser and 200 ms camera exposure time for GFP. Shown are single 
Z-slices indicating the heterogeneity of LAMP1-GFP expression. Scale bar, 20 μm. ( a ) Stably transfected HeLa 
cells imaged 48 h after seeding showing overall moderate expression and low heterogeneity. ( b ) HeLa cells 
transiently transfected using calcium phosphate ( see  Subheading  3.2 ) imaged 48 and 24 h after seeding and 
transfection, respectively, show highly variable expression levels. ( c ) HeLa cells transiently transfected using 
FuGene ( see  Subheading  3.2 ) imaged 48 and 24 h after seeding and transfection, respectively, show higher 
heterogeneity and an overall higher expression leading to a higher cytosolic background signal       
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unfortunately also yields recurrently negative results another approach 
for stable TF is the use of viral vectors, with adenoviral or lentiviral 
ones being well established by now [ 33 ,  34 ]. Of course these meth-
ods can likewise be used for transient TF, which is particularly benefi -
cial for cell lines inaccessible to other methods, but its full potential 
lies in its rather easy employment for stable TF. Taking safety consid-
erations into account (an issue not to be underestimated with viral 
vectors) especially the lentiviral transfer applying a three- plasmid sys-
tem proved to be suitable, where enveloping, packaging, and inte-
grating (with the GOI incorporated) parts of the viral genome are 
separated. If successful, subsequent sorting via fl ow cytometry allows 
selecting for an appropriate level of fl uorescence, thus with the reli-
able expression taken altogether abolishing several of the problems of 
transient TF, which also is illustrated in Fig.  3a  with a stably trans-
fected HeLa LAMP1-GFP cell line. Still such stably transfected cell 
lines have to be thoroughly tested for possible alterations of the 
examined phenotypes.

   LCI certainly does not forbid the inclusion of other micro-
scopic techniques if the acquired setup is open to. These might 
comprise for example fl uorescence recovery after photobleaching 
(FRAP) as well as total internal refl ection fl uorescence (TIRF) 
techniques, but will not be discussed here in detail.  

  Apart from requirements necessary for LCI infection experiments 
with  Salmonella  call for yet another set of considerations. First, 
 Salmonella  has to be visualized during imaging, in most cases accom-
plished by using some standard plasmid simply bearing an FP gene. 
Aside from the same parameters important for the use of FPs in LCI 
in general ( see  Subheading  1.3 ), which have to be tested and possibly 
optimized in  Salmonella , another critical one here is the choice of the 
promoter located before the FP gene (a parameter separate from the 
copy number of the plasmid). Together with the inherent brightness 
of the FP this factor controls the overall intensity of the fl uorescence 
signal. For  Salmonella  theoretically a diverse set of promoters can be 
employed, ranging from natural enterobacterial or  Salmonella  specifi c 
to artifi cial ones. Naturally a promoter with constitutive expression 
would be chosen. But though also a bright signal is usually desirable, 
a combination of promoter and FP (and plasmid copy number) giv-
ing the highest signal intensity will unlikely be the preferred choice 
( see  Subheading  1.3 ). After all it has to be ensured that the FP expres-
sion does not alter traits of  Salmonella , here especially that it does not 
impair the virulence (e.g., due to metabolic burden or FP aggrega-
tion), which will more probably be achieved with moderate levels of 
fl uorescence. One such suitable combination is the mid-copy plasmid 
pFPV25.1 with a GFPmut3a variant controlled by the ribosomal 
 rpsM  promoter [ 35 – 37 ], concurrently providing a backbone to intro-
duce other FPs like mCherry [ 11 ]. These plasmids were used for 
imaging shown in Figs.  1  and  2a . 

1.4  Imaging Setups 
for  Salmonella 

Imaging Intracellular Salmonella



210

 Concerning methods of TF, one has to bear in mind that 
 lipid- based methods may alter a phenotype examined in general, 
and in particular lipid-related phenotypes. It is therefore pivotal to 
carefully determine the effect of the TF reagent for  Salmonella  - 
induced phenotypes, such as tubular membrane structures like SIF. 

 Furthermore, if using transient TF one empirical observation is 
the preference of  Salmonella  to invade non-transfected cells, com-
plicating again the search for proper cells suitable for imaging. 
Although increasing the multiplicity of infection (MOI, i.e., the 
ratio of bacteria to cells) might alleviate this problem, this also 
results in an increased amount of cells with a high number of bacte-
ria invaded, which can lead to such a high bacterial load that 
 Salmonella  escapes from the SCV and massively replicates in the 
cytosol (a phenomenon termed “hyper replication”), representing 
only in part a natural situation. Hence this also strongly argues for 
the use of stably transfected cell lines if available. However as men-
tioned above alterations of in this case  Salmonella -induced virulence 
phenotypes have to be excluded by any means in such cell lines and 
correspondingly tested. Another empirical observation is the occa-
sional appearance of “hyper replication” independent of elevated 
MOIs (i.e., regardless of the starting bacterial load) in moderately 
infected cells, again representing a possible hindrance in analysis. All 
in all these obstacles have to be taken into account when planning 
infection experiments. 

 Normally, the host cells and the  Salmonella  will be tagged with 
different FPs to allow precise intracellular localization of the bacteria 
and to avoid possible confusion with cellular compartments or com-
plexes. Nevertheless if speed is of utmost importance the same 
tag can be applied (so one excitation laser can be omitted), since 
 Salmonella  normally can be distinguished rather well from cellular 
elements due to their size and form. In combination with LAMP1- 
tagging however one disadvantage would be the loss of discrimina-
tion between  Salmonella  and the SCV membrane. Additionally, since 
the fl uorescence signal in  Salmonella  is comparatively condensed and 
bright, another problem might be overexposure of the  Salmonella  if 
the signal of the cell is adjusted to suitable levels or vice versa. This is 
illustrated in Fig.  2a  by adjusting the acquisition of the signal with 
the camera exposure time to either the bacterial signal or the cellular, 
in the fi rst case underestimating the cellular signal and in the second 
overexposing the bacterial.   

2    Materials 

      1.    Cell line: we routinely use the non-polarized epithelial cell line 
HeLa, transfected with LAMP1-GFP or -mCherry either tran-
siently ( see  Subheading  2.2 ) or stably using lentiviral vectors 
( see   Note 1 ).   

2.1  Seeding of Cells 
for LCI
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   2.    Cell culture medium (for HeLa cells): Dulbecco’s Modifi ed 
Eagle’s Medium (DMEM), supplemented with 1 mM sodium 
pyruvate, 4 mM stable glutamine, and 10 % inactivated fetal 
calf serum (FCS) ( see   Note 2 ).   

   3.    Phosphate buffered saline (PBS): 1.06 mM KH 2 PO 4 , 2.97 mM 
Na 2 HPO 4 , 155.2 mM NaCl, pH 7.4; Accutase ( see   Note 3 ).   

   4.    Culture vessels/sample carriers for LCI: high-resolution com-
patible 35 mm dishes or chamber slides for regular imaging, or 
standard multiwell plates for screening approaches ( see   Note 4 ).      

    Transfection using calcium phosphate 

    1.    DNA constructs of interest.   
   2.    Solution A: 250 mM CaCl 2 .   
   3.    Solution B: 1.4 mM phosphate (H 2 PO 4  −  or HPO 4  2− ), 140 mM 

NaCl, 50 mM HEPES; adjust to pH 7.05 using HCl/NaOH 
( see   Note 5 ).   

   4.    Cell culture medium DMEM with FCS.   
   5.    Optional: 10 % Glycerol in PBS.    

   Transfection using FuGENE HD transfection reagent 

    1.    DNA constructs of interest.   
   2.    FuGENE HD ( see   Note 6 ).   
   3.    Cell culture medium DMEM without FCS.   
   4.    Cell culture medium DMEM with FCS.    

        1.    Luria-Bertani (LB) broth: 10 g/L tryptone, 5 g/L yeast 
extract, 10 g/L NaCl, adjusted to pH 7.0–7.5; LB agar plates 
(with 15 g/L agar); both with appropriate antibiotics if neces-
sary ( see   Note 7 ).   

   2.    Desired  Salmonella  strains ( see   Note 8 ).   
   3.    PBS.   
   4.    Cell culture medium DMEM without FCS.   
   5.    Cell culture medium DMEM with FCS.   
   6.    Gentamicin (Sigma-Aldrich): 10 mg/mL in H 2 O dd .      

      1.    Imaging medium (IM): MEM without sodium pyruvate, glu-
tamine, phenol red, and bicarbonate; 30 mM HEPES pH 7.4 
and 10 μg/mL added ( see   Note 9 ).   

   2.    Confocal Microscope: either a CLSM or an SDCM system 
( see   Note 10 ).   

   3.    Heating device for 37 °C incubation ( see   Note 11 ).      

2.2  Transient 
Transfection

2.3  Infection of Cells

2.4  LCI Using 
Confocal Microscopy

Imaging Intracellular Salmonella



212

      1.    3 % paraformaldehyde (PFA) in PBS ( see   Note 12 ).   
   2.    PBS.       

3    Methods 

      1.    Seed PBS-washed and Accutase-detached cells (following stan-
dard cell culture procedures) into the culture vessel/sample 
carrier of choice ( see   Note 13 ).   

   2.    Incubate for 1–2 days at 37 °C, 90 % humidity, 5 % CO 2 .      

     Transfection using calcium phosphate 

    1.    Dissolve DNA in Solution A ( see   Note 15 ).   
   2.    Add the same volume of Solution B to this mixture, homogenize 

shortly by pipetting.   
   3.    Incubate for 1 min at room temperature (RT).   
   4.    Apply the complete transfection mixture to the well/dish.   
   5.    Incubate cells for 4 h at 37 °C, 90 % humidity, 5 % CO 2 .   
   6.    Remove old and add fresh medium ( see   Note 16 ).   
   7.    Incubate for 24 h at 37 °C, 90 % humidity, 5 % CO 2  ( see   Note 17 ).    

   Transfection using FuGENE HD transfection reagent (Promega) 

    1.    Dissolve DNA in medium without serum ( see   Note 18 ).   
   2.    Add FuGENE HD in the desired reagent:DNA ratio 

( see   Note 19 ).   
   3.    Incubate for 5–15 min at RT ( see   Note 20 ).   
   4.    Apply the transfection mixture to the well/dish.   
   5.    Incubate for 24–48 h at 37 °C, 90 % humidity, 5 % CO 2  

( see   Note 21 ).    

        1.    Inoculate liquid LB cultures (with antibiotics if required) in 
glass test tubes with single colonies from plates of the desired 
 Salmonella  strains.   

   2.    Grow cultures overnight at 37 °C with aeration ( see   Note 22 ).   
   3.    Dilute the culture 1:31 in fresh LB (with antibiotics if required, 

“subculture”) and incubate for another 3.5 h at 37 °C with 
aeration ( see   Note 23 ).   

   4.    Measure OD 600  and adjust to an OD 600  of 0.2 with PBS 
( see   Note 24 ).   

   5.    Add the appropriate amount of bacteria for a specifi c MOI 
to the culture and distribute by gently pipetting up and down 
( see   Note 25 ).   

   6.    Incubate for 25 min at 37 °C, 90 % humidity, 5 % CO 2 .   

2.5  Fixation of Cells 
After LCI

3.1  Seeding of Cells 
for LCI

3.2  Transient 
Transfection 
( See   Note 14 )

3.3  Infection of Cells
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   7.    Wash cells 2–3 times with PBS ( see   Note 26 ).   
   8.    Add medium without serum containing 100 μg/mL gentami-

cin; this is time point 0 h ( see   Note 27 ).   
   9.    Incubate for 1 h at 37 °C, 90 % humidity, 5 % CO 2 .   
   10.    Change to medium with serum containing 10 μg/mL genta-

micin ( see   Note 28 ).   
   11.    Incubate until imaging at 37 °C, 90 % humidity, 5 % CO 2 .      

   The following procedure describes the generic steps to be applied 
to any confocal microscope system, although specifi c references to 
our systems described in Subheading  3.4  are inevitable.

    1.    Preheat the microscope system so that it can suffi ciently equili-
brate to 37 °C ( see   Note 29 ).   

   2.    After desired time of infection, change cell culture medium to 
IM ( see   Note 30 ).   

   3.    Transport the samples to the microscope ( see   Note 31 ).   
   4.    Choose a high-resolution objective and add immersion medium 

as appropriate ( see   Note 32 ).   
   5.    Search through the eyepiece for one or more suitable infected 

cells for imaging phenotypes under study using mercury, 
xenon, or metal halide arc lamp illumination with appropriate 
FITC/GFP and TRITC/RFP fi lters ( see   Note 33 ).   

   6.    Switch to defi ne appropriate settings for acquisition with lasers:
    (a)    For a CLSM system:

 ●    Mode of acquisition: dimensions, scanning order, tiles 
or multiple positions, size/resolution, speed, zoom, 
line/frame averaging, pinhole size ( see   Note 34 ).  

 ●   Beam path settings: laser power, PMT emission setting 
( see   Note 35 ).  

 ●   Signal adjustment: smart gain, smart offset ( see   Note 36 ).      
   (b)    For an SDCM system:

 ●    Channel confi guration and light path settings: laser 
power, emission fi lters, camera exposure time and EM 
gain, dual camera settings ( see   Note 37 ).  

 ●   Further acquisition parameters: binning, ROI, camera 
orientation, focus strategy and devices ( see   Note 38 ).  

 ●   Multidimensional acquisition: Z-stack, time-lapse, 
tiles or multiple positions ( see   Note 39 ).          

   7.    Start the acquisition of your defi ned experiment ( see   Note 40 ).   
   8.    After acquisition fi nished save the generated fi les ( see   Note 41 ).    

3.4  LCI Using 
Confocal Microscopy
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        1.    Remove medium and incubate for 15 min at RT with 3 % PFA 
( see   Note 43 ).   

   2.    Wash thrice with PBS and store in PBS ( see   Note 44 ).       

4    Notes 

     1.    Various other cell lines can be used to study the infectious cycle 
of  Salmonella , including macrophages and polarized epithelial 
cell lines Caco-2 or MDCK. We record the passage number of 
cells and use cells up to a maximal passage number.   

   2.    We routinely use cell culture media from PAA (GE Healthcare) 
or Biochrom (Merck Millipore). Considering the instabil-
ity of  L -glutamine if heated continuously or repeatedly most 
suppliers offer now media containing stable glutamine, i.e. a 
dipeptide of  L -alanyl- L -glutamine (in some cases also glycyl-
 L -glutamine), which withstands heating (also called GlutaMAX 
from Gibco/Life Tech). Many suppliers of FCS do no longer 
recommend inactivating FCS, since destruction of benefi cial 
components might prevail over inactivation of the complement 
system. Nevertheless we still complement inactivate serum to 
avoid undesired effects on  Salmonella .   

   3.    For detachment of adherent cells, Accutase (PAA) is routinely 
used. Alternatively, trypsin-EDTA solutions may be used.   

   4.    Use 35 mm dishes with glass bottom    (FluoroDishes World 
Precision Instruments or ibidi) for one-condition experiments. 
For sequential imaging of conditions, e.g.,  Salmonella  strains, 
chamber slides are recommendable, ranging from 2- to 8-well 
slides (ibidi, with glass-like bottom; Nunc, glass bottom). For 
high-throughput analyses, 96-well plates may be used (TPP, 
Nunc).   

   5.    The TF procedure is extremely dependent on the stable and 
precise pH of this solution [ 29 ].   

   6.    We gained decent results especially regarding possible interfer-
ence with  Salmonella -induced phenotypes with this lipid- based 
but nonetheless non-liposomal TF reagent from Promega. 
Of course, there is a whole range of other renowned TF 
reagents, such as Lipofectamine from Life Tech (liposomal) or 
PolyFect from Qiagen (dendrimer).   

   7.    Alternatively, use premixed LB media (Difco, BD).   
   8.     S. enterica  serovar Typhimurium NCTC12023 (identical 

to ATCC14028s) and SL1344 are used as wild-type (WT) 
strains, usually harboring the plasmid pFPV25.1 or derivatives 
for constitutive expression of GFP and alternative fl uorescent 
proteins, complementary to the respective LAMP1-tagging 
(except if only one FP is used). Strains with these plasmids 

3.5  Fixation of Cells 
After LCI ( See   Note 42 )
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show stable fl uorescent signals and acceptable impairment of 
virulence traits. Nevertheless, other vector/FP combinations 
are possible.   

   9.    This medium proved to be suitable for LCI, main aims being 
to exclude bicarbonate as buffer system and phenol red from 
microscopy ( see  Subheading  1.3 ) [ 12 ].   

   10.    A Leica TCS SP5 II with a DMI6000 B stand and automated 
stage, operated via the Leica Application Suite Advanced 
Fluorescence (LAS AF) software, was used as CLSM. SDCM 
was performed on a Zeiss Cell Observer stand with a spinning 
disk Confocal Scanner Unit (CSU)-X1, an automated PZ-2000 
stage from Applied Scientifi c Instrumentation (USA), two 
Evolve EMCCD cameras from Photometrics (USA), an IRF 
device called “Defi nite Focus” directly from Zeiss, a UNIBLITZ 
transmitted light (TL) shutter from Vincent Associates (USA), 
and an optional DirectFRAP device, operated via the ZEN 
2012 software. Both systems are capable of multicolor imaging 
and are part of the Center for Advanced Light Microscopy of 
the University of Osnabrück (CALMOS); exact details includ-
ing images of the systems can be looked up at the following 
address:   http://www.biologie.uni-osnabrueck.de/Calm-OS/
index.php?cat=Home    . The Leica system is a rather basic, but 
highly stable system for standard CLSM applications adapted 
for LCI with an additional heating device, whereas the Zeiss 
system is specifi cally equipped for high-speed imaging, also 
combined with a heating device for LCI ( see   Note 11 ).   

   11.    For environmental control, the CLSM was equipped with a 
large incubation chamber , “The Box,” by Life Imaging Services 
(Switzerland), with “The Cube” heating unit, and gas mixer 
“The Brick,” which delivers gas via a water-fi lled column ( see  
 Note 9 ). The SDCM uses a stage top incubation P Lab-Tek S1 
heating insert and a PM S1 incubator lid from PeCon (Germany), 
which enables to insert 35 mm dishes or chamber slides. It is also 
capable of supplying CO 2  and humidity (via a water-fi lled bot-
tle). Additionally, this system is equipped with a heated “work-
ing plate” where samples can be deposited temporarily.   

   12.    We routinely use 3 % PFA; other laboratories also use 4 % PFA 
or additives such as 4 % sucrose.   

   13.    If using stably transfected cells we normally seed 1 day before 
infection 4–6 × 10 4  cells in 0.3 mL per well of an 8-well cham-
ber slide (ibidi, 1 cm 2  growth area) or 3–4 × 10 5  cells in 2–3 mL 
per FluoroDish (WPI, ca. 8.5 cm 2 ). If cells are additionally 
transiently transfected, we seed 2 days before infection with 
half of the cell number stated above. In our hands these num-
ber give suffi cient, but not too dispersed cells suitable for LCI 
(and if desired for TF). Nevertheless, cell numbers can be var-
ied for specifi c tasks or depending on personal preferences.   
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   14.    This step may be skipped if using stably transfected cell lines, 
except if a second marker shall be introduced. Independent of 
the actual TF method used cells in general should be kept at 
optimal conditions during the whole experiment avoiding 
amongst others temperature shifts, e.g., by using aluminum 
heating plates while working outside the incubator to maintain 
37 °C. With the cell numbers given in  Note 13  cells seeded 
1 day before TF (and 2 days before infection) should show 
70–80 % confl uency at the time point of TF, being optimal for 
this process.   

   15.    Optionally, medium can be changed directly or 30 min before 
TF, sometimes resulting in higher effi ciency. The optimal 
amount of DNA has to be standardized for each combination 
of plasmid and cell line. We typically use 0.5 μg per well in 
an 8-well chamber slide or 2 μg in a 35 mm dish (thus not 
completely adjusting to the bigger growth area/higher cell 
number) of our LAMP1-GFP or LAMP1-mCherry plasmids 
with HeLa cells. Usually we use per well of 8-well chamber 
slides (or 24-well plates) 25 μL of Solution A and B, each, for 
dishes accordingly 200 μL.   

   16.    Optionally, replace medium by pre-warmed 10 % glycerol in 
PBS for 1 min before adding fresh medium.   

   17.    Exact times may vary dependent on constructs, but for most 
constructs the highest expression level can be observed after 
24 h (as for our LAMP1 constructs).   

   18.    Volumes of the serum-free medium correspond to the ones of 
the single solutions in calcium phosphate TF, i.e., 25 and 
200 μL, respectively ( see   Note 15 ).   

   19.    Basically, the manufacturer’s instructions were applied. Minor 
modifi cations are reagent:DNA ratio of 2:1 for LAMP1 con-
structs, i.e., 1 μL FuGENE HD to 0.5 μg DNA or 4 μL 
to 2 μg in 8-well chamber slides or 35 mm dishes, respectively. 
It is important to avoid contact of FuGENE HD reagent with 
the walls of mixing tube, reagent must be added directly into 
the medium.   

   20.    As mentioned these are the manufacturer’s instructions, we 
generally incubate for 10 min.   

   21.    Standard is 24 h.   
   22.    We use a roller drum for optimal growth of bacterial cultures 

regarding aeration in glass test tubes. Alternatively, a platform 
shaker with tilted test tubes may be used. Alternatively, a cul-
ture grown overday can be used as long as it is stationary 
(grown at least for 8 h).   

   23.    We empirically determined the highest expression of SPI1 genes 
(needed for invasion) with subcultures prepared this way 
(late logarithmic growth phase). Other laboratories use different 
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times and dilutions, partly due to the devices used. Independent 
of the exact growth conditions used one has to ensure optimal 
SPI1 gene expression. In our hands it is also possible to use time-
controlled climate fridges/incubators. Inoculated culture tubes 
kept at 4 °C with shift to incubation at 37 °C is timed in a man-
ner that allows start of host cell infection in the morning.   

   24.    An OD 600  = 0.2 correlates empirically with roughly 3 × 10 8  
 bacteria/mL, allowing estimations of the MOI applied.   

   25.    This procedure is the most convenient one for a single dish or 
well. If the same condition is applied to several dishes or wells 
an infection master mix can be prepared, i.e., an appropriate 
amount of bacteria in medium adjusted to the volume per 
dish/well needed. In such a mix medium without serum can 
be used, since it is discarded afterwards and thus does not 
remain long enough on the cells to induce serum hunger. 
Optionally, if possible (e.g., with standard multiwell plates), 
the infection can be synchronized by centrifugation for 
5 min, 500 ×  g  at RT, thus increasing the contact frequency 
between bacteria and cells.   

   26.    One the one hand excessive non-internalized bacteria should 
be removed; on the other hand care should be taken that cells 
do not detach from the bottom at this step.   

   27.    The procedure described here is also called gentamicin protec-
tion assay: since eukaryotic cells are impermeable to gentami-
cin, after some time given for infection, only the non-internalized 
and non-washed-away bacteria should be killed by gentamicin, 
so that the ones that invaded the cells successfully are protected. 
In doing so initially, a rather high gentamicin concentration is 
chosen to effectively eradicate extracellular bacteria. Afterwards 
concentration is lowered, so again (as with the infection master 
mixes,  see   Note 25 ) medium without serum can be applied due 
to the short time of exposure.   

   28.    A moderate antibiotic pressure is maintained to account for 
bacteria that still adhered to the outside of the cells despite the 
washing and the ones that get loose from bursting cells due to 
hyper-replication at early time points or normal replication at 
later time points.   

   29.    Preheating of a large incubation box takes longer, normally 
0.5–1 h, whereas a stage top incubation takes only several min-
utes (except the relatively large working plate,  see   Note 11 ).   

   30.    One washing step with PBS may be included, but is not 
essential.   

   31.    Again ideally, the cells are transported heated, e.g., using heat-
ing plates ( see   Note 14 ).   

Imaging Intracellular Salmonella



218

   32.    For the CLSM, HCX PL APO 40×/1.25–0.75 Oil or HCX 
PL APO 100×/1.40–0.70 Oil CS objectives are routinely 
used. The 40× objective might be the better choice in combi-
nation with zoom if resolution is not critical, because it is more 
light sensitive than the 100× and thus imaging of the sample 
can be designed more gentle (since with similar numerical 
apertures (NA) the magnifi cation has a higher impact on the 
light collection effi ciency of an objective). At the Zeiss system 
we  normally use a α Plan-Apochromat 63×/1.46 Oil Corr 
(with a cover glass correction ring) or a Plan-Apochromat 
40×/1.4 Oil DIC objective (both equipped with a DIC slider). 
Alternatively an LD Plan-Neofl uar 40×/0.6 Corr air objective 
with a bottom thickness correction ring proved to be highly 
useful for multiwell plates and multi-position experiments 
since oil loss is omitted. For further details of the objectives 
refer to the website in  Note 10 .   

   33.    Searching for suitable positions is usually done using the eye-
piece with an arc lamp (thus being basically wide-fi eld micros-
copy), primarily because laser illumination is prohibited at this 
step and it is gentler to the sample. But if for example using 
FRAP the fi lter wheel is replaced by a fast beam path switch, so 
one is forced to search with laser illumination. In both, the Leica 
system with the EL6000 and the Zeiss system with the HXP 
120 C lamp, alignment-free metal halide type lamps are inte-
grated, which are superior to mercury and xenon lamps with 
regard to LCI due to lower power and less spectral UV compo-
nents. Whereas in LAS AF all concerning acquisition is arranged 
in one window or tab, “Acquire,” in ZEN the software is con-
veniently sorted by superior tabs, with the “Locate” tab being 
the one for manipulating the eyepiece observation. Depending 
on the exact FP-tagging of the cells and the bacteria other fi lters 
might be necessary, but here we mostly use a GFP fi lter to iden-
tify cells and an RFP fi lter for bacteria (or vice versa), which are 
the fi lter sets A and N2.1 at the Leica, and 38 HE and 43 HE at 
the Zeiss system (for detailed properties refer to the website in 
 Note 10 ). From most suppliers a range of fi lters is available for 
the same spectral range and one has to decide which to choose 
depending on the exact preferences and requirements. For eye-
piece observation emission longpass (LP) fi lters (i.e., from a des-
ignated wavelength onwards) are perfectly fi ne (as our Leica 
fi lters), even if FP crosstalk/bleed-through appears, as long as 
one can suffi ciently distinguish the signals to choose suitable 
cells/positions and as long as acquisition settings are different 
from that. Otherwise BP fi lters (as our Zeiss fi lters) can be 
 chosen. At this point it is especially useful to have the bacteria 
differently FP-tagged than the cells, so that searching for infected 
cells is rather straightforward with another fl uorescence. 
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Searching for cells in BF is of course another possibility. Many 
like to use it for fi nding the focus since it is even gentler to the 
sample, albeit the general intensity of the lamp can mostly be 
adjusted or decreased, respectively, so that searching with fl uo-
rescence might again be acceptable. Additionally notably in 
transient TF fi nding cells using BF does not guarantee also 
transfected cells; hence one has to use fl uorescent settings any-
way at some step.   

   34.    In LAS AF in the fi rst tab, “Acquisition Mode,” fi rst the dimen-
sions are set: different combinations of x, y, z, and t are possi-
ble, whereupon using z or t opens additional tabs. The same 
holds true for using the “Sequential Scanning” ( see   Note 35 ) 
and “Tile Scan” or “Mark and Find” options (the latter two 
work only if the motorized stage was initialized, which is asked 
for during the start-up of LAS AF). In the next tab, “XY,” most 
of the image quality-infl uencing parameters can be modifi ed. 
The default settings are a format of 512 × 512 and 400 Hz 
speed, which are basically fully suffi cient for LCI. If resolution 
is increased to 1,024 × 1,024 (which we normally do), corre-
spondingly the speed should be, especially for LCI, increased 
to account for slower scanning speed (e.g., to 700 Hz). 
Additionally “Bidirectional” should be checked so that scan-
ning meanders instead of combing, also increasing the overall 
speed. Furthermore, a digital zoom can be applied accommo-
dating for lower-resolution objectives ( see   Note 32 ). Moreover, 
the averaging of lines or complete frames can be chosen 
to reduce background noise. However due to the considerable 
loss of speed, elevated photobleaching/-toxicity, and possible 
cell movement, frame averaging is not advisable for LCI, and 
some even resign line averaging, but we nonetheless use 2–4 
line averages. Along this it is possible to open the pinhole, thus 
increasing sensitivity (which might be benefi cial for LCI) but 
also losing some axial resolution, but again we nevertheless 
stick to the default setting (i.e., 1 Airy Unit). If acquiring 
Z-stacks the beginning and end can be defi ned in the homony-
mous tab with the “Live” mode turned on. For the z-step size/
number of z-steps either “System Optimized” can be checked 
or they can be defi ned individually; normally we stick to the 
latter and defi ne somewhat bigger Z-steps (0.3–0.5 μm size) to 
increase speed, depending on the exact requirements. Similarly 
if acquiring a time-lapse experiment either a certain number of 
steps with a certain interval or a fi xed duration (or even simply 
continuously until stopped) can be defi ned in the “t” tab, which 
is completely sample- dependent. If we analyze the overall devel-
opment of the SIF network, we acquire for example for several 
hours with 30–60 min intervals. For SIF movements (highly 
dynamic events) we try to image as fast as possible (or switch 
to the Zeiss system since it is more suitable for such analyses). 
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If using “Tile Scan” a mosaic-like acquisition of neighboring 
fi elds of view can be designated in the corresponding tab, with 
“Mark and Find” being the analogous option for individual/
separated positions.   

   35.    In the main panel of LAS AF the beam path settings are 
adjusted. To avoid possible crosstalk/bleed-through of the 
FPs applied, sequential scans should be performed, i.e., acqui-
sition of the channels one after the other. After choosing the 
appropriate number of scans each one of them can be altered 
separately. Switching between the scans during acquisition can 
be done between lines, frames, or even stacks, but again due to 
cell movement line switching should be preferred to frames 
(let alone stacks). Now the PMT settings can be defi ned for 
each of the scans (after clicking “Visible”), by fi rst choosing a 
proper fl uorophore (e.g., Alexa488 or Alexa568, respectively, 
as GFP and mCherry/RFP surrogates), then turning up/
adjusting the laser power/percentage of the acousto-optical 
tunable fi lters (AOTF), and adapting the slider bar to the emis-
sion spectrum. Last an appropriate fi lter is selected for this 
channel setup, where we normally use the double dichroic 
(DD) 488/543 polychromic mirror for GFP/RFP acquisition 
(theoretically a triple dichroic (TD) 488/543/633 could 
also be employed, without actually using the additional band). 
In LCI we generally try to decrease laser powers as much as 
possible to avoid photobleaching/-toxicity, so we typically do 
not excel 15 % 488 nm laser (20 mW Ar) and 30 % 543 nm 
laser (1 mW He-Ne) with the 100× objective. Besides we nor-
mally expand the emission slider bar a little bit to increase the 
overall signal intensity. Additionally here in the main panel a 
freely defi nable “ROI Scan” selection can be included, if desired, 
e.g., if not the complete fi eld of view is necessary to image (thus 
also being benefi cial for LCI).   

   36.    To acquire with an optimized S/N start the “Live” mode (after 
choosing the intensity scale display mode with the “Quick Loop 
Up Table” (LUT) button) and fi rst adjust the smart offset so 
that the background appears green, which means in this mode 
no signal. Then adjust the smart gain so that most areas appear 
orange to white and only some blue (the latter meaning satu-
rated signal). We typically defi ne an offset of −0.2 to 0.0 % and 
a relatively high gain of ca. 800 V for 488 nm and ca. 1,000 V 
for 543 nm lasers (rather high voltages, but which are also gen-
erally recommendable for LCI to increase sensitivity even if the 
S/N is lowered to some degree). If acquiring with cells and 
bacteria tagged with the same FP here specifi cally the bacteria 
will inevitably become saturated to get suffi cient signal for 
the cells since their FP signal is highly condensed compared to 
the cells.   
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   37.    In ZEN, channel confi guration can be done in two ways. 
Either by using the smart setup or by setting up channels from 
scratch. Smart setup is rather convenient, you simply choose 
the FPs used and decide between different light path setups 
(if several equivalent microscope components are available), 
which can include “Fastest,” “Best Signal,” or “Best Compro-
mise.” The software automatically chooses the appropriate 
hardware components, depending on the chosen setup. The 
settings can then be checked and/or modifi ed, if desired, at 
the “Light Path Settings” tab at the “Setup Manager” block 
and the “Channels” tab at the “Acquisition Parameters” block. 
But since these settings still might not be optimal and addi-
tionally might not recognize custom-altered parts (e.g., if 
Zeiss-external parts are not defi nable in the Micro Tool Box 
(MTB), the hardware-determining background software of 
Zeiss ZEN), we prefer to defi ne channels from scratch via the 
“Channels” tab in combination with the Light Path Settings 
tab. This, albeit more error prone, gives higher fl exibility in 
confi guring proper channels. A standard confi guration we use 
comprises channels with a 488 nm laser (100 mW optically 
pumped semiconductor) in combination with a 525/50 nm 
BP fi lter and a 561 nm laser (40 mW diode) with a LP 580 nm 
fi lter. With the 63× oil objective and a suffi ciently bright FP 
signal 1–2 % 488 nm with an exposure time of the Evolve 
camera of 100 ms or even less is satisfactory. For the 561 nm 
we use about 5 % with 100–300 ms exposure time. Both 
holds true if the EM gain (also located here) is near 500. It 
ranges from 0 to 1,000 and can be increased independent of 
laser power/exposure time to raise the overall signal intensity. 
However, the so-called “sweet spot” of the camera is at a gain 
of ca. 500, which should result in a decent S/N compromise. 
For smaller magnifi cation objectives, all these parameters have 
to be adjusted accordingly. Commonly adjustments of the fl u-
orescence signal are monitored with the “Live” mode, where 
similar to LAS AF ( see   Note 36 ) over-/underexposed areas are 
marked as red or blue, respectively, by choosing the “Range 
Indicator” (in the “Dimensions” tab below the image). 
Addi tionally, ZEN shows a display curve of the gray values 
beneath the image which can be fl uently adjusted for bright-
ness, contrast, and gamma online. Generally, signal intensity is 
a point where a balance has to be found between laser power 
and exposure time. Raising laser power allows reducing the 
exposure time and thus increases speed, but conversely risks 
more photobleaching/-toxicity, and vice versa. This way or the 
other ideally exposure times of different channels should be 
synchronized so that the Nipkow disk shows the same rotation 
speed (we determined this empirically, reported at the “Light 
Path Settings” tab) and no speed is lost in accelerating or 

Imaging Intracellular Salmonella



222

 decelerating the disk. As described in Subheading  1.3  different 
actions can be taken to further increase speed. For example 
we also use a 527/54 nm and 645/60 nm DBP for GFP/
RFP acquisition (which is more suitable for a GFP/mCherry 
combination than for GFP with DsRed or TagRFP-T, respec-
tively, since the latter exhibit a second excitation maximum 
at 488 nm and thus cause crosstalk and bleed-through with 
this fi lter). Another possibility is to use a dual camera option, 
where a 629/62 nm beamsplitter in the CSU unit separates 
the signal onto two different cameras (with only red signal 
detected with the second camera due to this specifi c beam-
splitter, whereas with the fi rst camera any fi lter of the normal 
CSU fi lter wheel can be used). However, the cameras have 
to be aligned each time in a separate menu opening there-
upon. This is best done with botanical samples (such as from 
 Convallaria majalis ), which normally show a uniform image 
almost all over the spectral range. Additionally, one has to bear 
in mind that by splitting up the beam signal intensity for the 
individual channels is lost, so laser power/exposure time has to 
be adjusted (again increasing photobleaching/-toxicity risk).   

   38.    Additional adjustments regarding the cameras are done in the 
“Acquisition Mode” tab at the “Acquisition Parameter” block, 
with one being the defi nition of an “Acquisition ROI,” where 
the rectangular shape is freely adjustable in size and position. 
Moreover, here binning can be adjusted and the orientation or 
the “Live” speed of the cameras altered, if desired. In the “Focus 
Strategy” tab different choices are available: none, Absolute 
Fixed Z-Position (e.g., if for several positions individual z-posi-
tions are defi ned,  see   Note 36 ), Defi nite Focus, SAF, Global 
Focus Surface (the strategy to defi ne several focal support points 
to account for drift/variation in the sample carrier bottom, 
 see  Subheading  1.3 ), or different combinations of these. In the 
“Focus Devices” tab reference channels, exact settings of the 
SAF and time points of execution are hereupon adjustable. 
If Z-stacks are acquired (covering most of the cell) and cell 
movement is limited we stick in multi-position experiments to 
“Absolute Fixed Z-Position” with “Use Z-Position from Tiles 
Setup” checked ( see   Note 39 ). After all this works rather well 
and reduces the risk of failure of additional devices (only the 
motorized movement of the objective remains to be controlled). 
Otherwise the “Defi nite Focus” proved to be useful for LCI, 
especially because the SAF uses laser and (similar to the “Global 
Focus Surface”) appeared to be problematic in multi-position 
experiments if the sample carrier shows too much bottom 
 variation, such as standard plastic bottom multiwell plates 
( see  also Subheading  1.3 ).   
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   39.    At the “Multidimensional Acquisition” block additional tabs 
appear only if checked at the heading of the blocks. Comparable 
to LAS AF ( see   Note 34 ) Z-stacks can be defi ned at the 
 homonymous tab via beginning/end, but also simply by a cen-
ter. Here using the “Optimal” button fulfi lls the Nyquist crite-
rion, but similar to the Leica system 0.3–0.5 μm is often 
suffi cient. With the “Time Series” tab again either a certain 
number of steps or a fi xed duration (or simply as long as pos-
sible), each also with a certain interval, can be defi ned with 
similar considerations as for the CLSM, only that the SDCM is 
generally much faster, if desired. Furthermore, in the “Tiles” 
tab (this being different from LAS AF) both “Tiles Regions” 
and independent “Positions” can be designated. If using a 
defi ned sample carrier (several templates are available, but new 
ones can also be defi ned from scratch), which was properly 
calibrated (using again a separate menu opening thereupon), it 
is also possible to defi ne “Position Arrays” for automated 
screening of the sample carrier (with several possibilities to 
arrange the single positions, exhibiting an astounding position 
stability). Unfortunately the selectable “Options” (such as comb-
ing vs. meandering or optimized stage travel) apply only to tiles 
and not positions. If all these options do not suffi ce the use of the 
“Experiment Designer” allows the setup of acquisitions with 
complete liberty in design (e.g., if one wants to acquire every 
hour for 5 min at full speed).   

   40.    In both LAS AF and ZEN settings can be saved (or even be 
retrieved from previous fi les/experiments) so that they do not 
have to be established from scratch every time.   

   41.    The lite version of LAS AF allows opening, display of meta-
data, conversion and basic editing of images. Open source soft-
ware such as ImageJ or Fiji may be used and incorporate 
routines of opening LAS fi les. In contrast, the ZEN lite version 
allows remarkably extensive image processing.   

   42.    This step is optional if one wants to postpone certain analysis 
not dependent on LCI or to freeze an interesting phenotype, 
time point, etc.   

   43.    This is our standard procedure. Additional washing steps 
with PBS might be included, but are not necessary, might 
even interfere with cellular phenotypes before they can be 
fi xed. Additionally, depending on the phenotype observed 
some extend the fi xation time to 1 h and/or fi x at 37 °C 
(e.g., for actin cytoskeleton analysis temperature stability is 
crucial).   

   44.    Samples fi xed in such a way can be stored for several weeks 
without signifi cant fl uorescence signal loss.         
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    Chapter 14   

 In Vitro Modeling of Gallbladder-Associated  Salmonella  
spp. Colonization 

           Geoffrey        Gonzalez-Escobedo     and     John     S.     Gunn    

    Abstract 

   The host–pathogen interactions occurring in the gallbladder during  Salmonella  Typhi colonization 
contribute to typhoid fever pathogenesis during the acute and chronic stages of disease. The gallbladder is 
the primary reservoir during chronic typhoid carriage. In this organ,  Salmonella  encounters host-barriers 
including bile, immunoglobulins, and mucus. However, the bacterium possesses mechanisms to resist and 
persist in this environment, in part by its ability to attach to and invade into the gallbladder epithelium. 
Such persistence in the gallbladder epithelium contributes to chronic carriage. In addition, patients har-
boring gallstones in their gallbladders have increased risk of becoming carriers because these abnormalities 
serve as a substrate for  Salmonella  biofi lm formation. Our laboratory has studied the  Salmonella  interac-
tions in this specifi c environment by developing in vitro methods that closely mimic the gallbladder and 
gallstones niches. These methods are reproducible and provide a platform for future studies of acute and 
chronic bacterial infections in the gallbladder.  

  Key words      Salmonella   ,   Gallbladder  ,   Canine gallbladder epithelial cells  ,   Invasion  ,   Biofi lms  

1      Introduction 

 The gallbladder is a pear-shaped organ that stores and concentrates 
bile, a complex fl uid involved in the emulsifi cation of lipids after 
ingestion of food [ 1 ]. Histologically, the gallbladder consists of 
three layers: mucosa, muscularis, and adventitia or serosa. The gall-
bladder has no muscularis mucosae or submucosa. The mucosa 
consists of a single layer of columnar epithelial cells and the under-
lying lamina propria that contains loose connective tissue, blood 
vessels, and some diffuse lymphatic tissue [ 2 ,  3 ]. The gallbladder 
epithelium produces mucus as a response to the presence of bile 
and lipopolysaccharide [ 4 – 6 ]. Thus, mucus induction represents 
an innate response of the gallbladder for initial protection against 
pathogens and bile. Bile itself has been demonstrated to be an 
environmental signal that alters the expression of many  Salmonella  
genes [ 7 ,  8 ], including a downregulation of SPI-1 gene expression 
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which decreases epithelial cell invasion [ 9 ]. Bile has also been 
shown to enhance  Salmonella  biofi lm formation [ 10 ]. 

 Intracellular persistence and biofi lm formation into/on the 
gallbladder epithelium have been shown to participate in  Salmonella  
chronic carriage in the gallbladder of mice and humans [ 11 ]. This 
was determined by performing in vitro methods that closely mimic 
the gallbladder environment. These in vitro results were validated 
in our mouse model of chronic carriage [ 11 ,  12 ]. 

 In this chapter, we describe the materials and methods used to 
study the host–pathogen interactions between  Salmonella enterica  
serovar Typhimurium and canine gallbladder epithelial cells 
(CGEC), which are physiologically similar to human gallbladder 
epithelial cells [ 13 – 15 ]. These cells were a donation from the Sum 
P. Lee laboratory at the University of Washington. Emphasis is 
given to invasion and attachment assays to directly quantify and 
monitor these mechanisms by confocal and electron microscopy.  

2    Materials 

     1.    DMEM-GEC medium: Dulbecco’s modifi ed Eagle’s medium 
supplemented with high glucose,  L -glutamine, and sodium 
pyruvate (DMEM-high glucose, Gibco|Life Technologies, 
CA), 10 % of fetal bovine serum (FBS), 1× of 10 mg/mL 
streptomycin/10,000 IU/mL penicillin, 1× of MEM nones-
sential amino acids. Mix the components and fi lter the entire 
solution and keep at 4 °C for less than 2 weeks.   

   2.    Bile solution (30 %): Dissolve 7.5 mg of ox-bile (sodium chole-
ate, Sigma, MO) in DMEM-high glucose to a fi nal volume of 
25 mL. Filter to sterilize. This stock solution has to be made the 
same day of use. Do not store.   

   3.    Transwell Inserts: All described methods have been optimized 
using 24-mm collagen-coated Transwell-COL inserts, 3 μM 
membrane pore size (six-wells) (Corning, MA).   

   4.    Trypsin/EDTA 0.25 %.   
   5.    Trypan blue 0.4 %.   
   6.    Luria Bertani (LB) broth.   
   7.    Gentamicin.   
   8.    Triton X-100.   
   9.    Cell Tracker Red CMPTX (Invitrogen, CA).   
   10.    4 % paraformaldehyde in 0.1 M sodium phosphate, pH 7.4.   
   11.    2.5 % glutaraldehyde in 0.1 M phosphate buffer–0.1 M sucrose 

(pH 7.4).   
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   12.    Hexamethyldisilazane (HDMS) (Ted Pella, CA).   
   13.    1.5 % paraformaldehyde–1.5 % glutaraldehyde in 0.1 M 

cacodylate buffer, pH 7.2–7.4.   
   14.    0.1 M cacodylate buffer–0.1 M sucrose.   
   15.    1 % osmium tetroxide in 0.1 M cacodylate buffer, pH 7.2–7.4   
   16.    2 % uranyl acetate.   
   17.    2-hydroxypropyl methacrylate (HPMA).   
   18.    Eponate resin.   
   19.    1× Phosphate buffered saline (PBS).   
   20.    Millicell Electrical Resistance System (Millipore, MA).   
   21.    Neubauer chamber.      

3    Methods 

      1.    Thaw frozen cells in a 37 °C water bath for 1 min.   
   2.    Inoculate in a 75 cm 2  fl ask containing DMEM-GEC medium.   
   3.    Incubate at 37 °C in 5 % CO 2  until a confl uent monolayer is 

formed (approximately 7–10 days).   
   4.    Scale up to a 150 cm 2  fl ask by trypsinization and subculture of 

the epithelial cells ( see  below).   
   5.    Incubate at 37 °C in 5 % CO 2  until a confl uent monolayer is 

formed (approximately 3–5 days). Exchange DMEM-GEC 
medium every 2 days.      

  Subculturing and cell counting methods were performed accord-
ing to standard tissue culture using Corning’s guidelines [ 16 ]. 
Briefl y, medium is aspirated and then monolayers are rinsed with 
1× PBS before incubation with 10 mL of 0.25 % trypsin/EDTA at 
37 ºC 5 % CO 2  until cells are completely detached (approx. 
20 min). Then, add 10 mL of medium to inactivate the trypsin and 
collect the cell suspension. Centrifuge cells at 259 ×  g  for 6 min. 
Dilute the pellet in 12 mL of medium (normally a confl uent mono-
layer from a 150 cm 2  fl ask has the adequate number of cells to 
inoculate 12 Transwell inserts). Count the cells in the microscope 
by mixing 10 μL of trypan blue and 10 μL of cell suspension in a 
Neubauer chamber.  

      1.    Start an equilibrium period to improve cell attachment by add-
ing 1.5 mL of medium to the Transwell insert and 2.5 mL of 
medium into the chamber below the insert ( see   Note 1 ). These 
volumes are Corning’s recommendation. Incubate O/N at 
37 °C in 5 % CO 2 .   

3.1  Growth of CGEC

3.2  Subculturing 
Monolayer Cell 
Cultures from Flasks

3.3  Growth 
and Differentiation 
of CGEC in Transwell 
Inserts

Salmonella-Gallbladder Associations
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   2.    Inoculate 2 × 10 6  epithelial cells in each Transwell. Prepare the 
cell suspension in 1.5 mL of fresh medium. Replace the 
medium from the Transwell insert with this cell suspension.   

   3.    Spin the plate down for 10 min at 59.7 ×  g  and incubate at 
37 °C in 5 % CO 2 .   

   4.    Monitor the polarization of cells by measuring the trans- 
epithelial electrical resistance (TEER) (require a resistance of 
>700 Ω cm −2 ) using a Millicell Electrical Resistance System. 
CGEC usually polarize and differentiate after 8–10 days. 
Medium needs to be exchanged at least every 2 days.   

   5.    Remove the medium from the insert well and exchange it with 
1.5 mL of DMEM-high glucose ±0.3 % ox bile ( see   Note 2 ). 
Add 2.5 mL of DMEM-high glucose to the chamber below 
the insert. Incubate overnight (O/N) at 37 °C in 5 % CO 2 .      

      1.    Grow  Salmonella  spp. O/N at 37 °C in LB broth with aeration 
at 225 rpm.   

   2.    On the next day, back-dilute the bacterial culture 1:100 in LB 
broth and incubate at 37 °C with aeration at 225 rpm until an 
optical density (OD) of 0.6 at 600 nm is reached (OD 600  of 0.6 
represents approximately 1 × 10 9  bacteria) ( see   Note 3 ).   

   3.    Trypsinize two wells (±bile) to count the epithelial cells. 
Calculate the amount of inoculum needed to have a multiplic-
ity of infection (MOI) of 100 (100 bacteria for every epithelial 
cell;  see   Note 4 ).   

   4.    Aspirate the medium from the Transwell inserts and bottom 
wells. In the case of bile exposed cells (apical surface), wash 
twice with pre-warmed 1× PBS.   

   5.    Add 1 mL of bacterial suspension/well (MOI of 100) to the 
Transwell insert and to the chamber below the insert ( see   Note 5 ). 
Include three technical replicates per bacterial strain or condi-
tion. Keep inoculum on ice, perform tenfold dilutions in 1× 
PBS, plate on LB agar (10 −4 , 10 −5 , and 10 −6  dilutions), and 
incubate at 37 °C for exact bacterial enumeration.   

   6.    Incubate at 37 °C in 5 % CO 2  for the desired time of infection 
( see   Note 6 ).   

   7.    Remove the supernatant from wells and wash twice (1 mL of pre-
warmed 1× PBS to insert well and 1 mL to the bottom well). 
Do not let cells dry during washes and be careful when adding 
the solutions.      

      1.    Add 1 mL of DMEM-high glucose with or without gentami-
cin (50 μg/mL) to both insert and bottom wells. Incubate at 
37 °C in 5 % CO 2  for 30 min ( see   Note 7 ).   

   2.    Remove medium with gentamicin and wash two times with 1× 
PBS (insert and bottom wells).   

3.4  Infection of CGEC 
with  Salmonella  spp.

3.5  Gentamicin 
Protection Assays (for 
Attachment 
and Invasion Assays)
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   3.    Add 1 mL of 0.1 % Triton X-100 in 1× PBS per well and incu-
bate at 37 °C in 5 % CO 2  for 10 min. Vigorously pipette up 
and down 20 times. Check under the microscope to see if 
detachment is complete.   

   4.    Perform tenfold dilutions of the lysate in 1× PBS (keep dilu-
tions on ice until use) ( see   Note 8 ).   

   5.    Plate each dilution in duplicate on LB agar and incubate at 
37 °C O/N.   

   6.    Enumerate bacteria.   
   7.    Calculate invasiveness with the following formula:    

  
% invasion

average number of bacteria invaded
average of origi

=
´100

nnal inoculum    

    8.    Calculate number of attached bacteria by subtracting the number 
of total bacteria recovered from wells not treated with genta-
micin from the number in wells treated with gentamicin.    

        1.    Before infection, stain epithelial cells (grown on Transwell 
inserts) with 5 M Cell Tracker Red CMPTX according to the 
manufacturer’s directions ( see   Note 9 ).   

   2.    Perform infections as above.   
   3.    After the respective postinfection time points, wash twice with 

1× PBS to remove the medium which is autofl uorescent.   
   4.    Fix CGEC in 4 % paraformaldehyde in 0.1 M sodium phos-

phate, pH 7.4, for 15 min at room temperature (RT).   
   5.    Rinse twice with 1× PBS.   
   6.    Rinse once with sterile water.   
   7.    Prepare a glass slide by applying mounting medium.   
   8.    Carefully remove the membrane from the Transwell with a 

razor blade.   
   9.    Mount membrane inserts on the mounting medium on the 

glass slides. Add a coverslip. Dry at RT O/N.   
   10.    Observe in a confocal microscope ( see  Fig.  1 ).

             1.    After the desired time of infection, rinse the epithelial cells 
twice by adding 1× PBS to the Transwell insert and to the 
chamber below the insert.   

   2.    Fix infected cells O/N at 4 °C in 2.5 % glutaraldehyde in 
0.1 M phosphate buffer–0.1 M sucrose (pH 7.4). Add 1 mL of 
fi xative to both apical and basolateral chambers.   

   3.    Remove the fi xative and rinse twice with 0.1 M phosphate buf-
fer–0.1 M sucrose (pH 7.4) for 5 min.   

3.6  Monitoring by 
Confocal Microscopy

3.7  Monitoring by 
Scanning Electron 
Microscopy

Salmonella-Gallbladder Associations
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   4.    Remove the buffer and dehydrate by addition of 1 mL of solu-
tions of ethanol in a graded series, as follows: 35, 50, 70, 80, 
95, and 100 % (twice). Keep every solution for 10 min. Do not 
let the membrane dry out during the procedure.   

   5.    Chemically dry samples with consecutive washes of 1 mL of 25, 
50, 75, and 100 % (twice) hexamethyldisilazane (HDMS). 
Incubate the sample in every solution for 15 min ( see   Note 10 ).   

   6.    Remove HDMS and dry samples O/N in a fume hood.   
   7.    Put the Transwell inserts on the sticky tape of aluminum stubs, 

and remove the excess of membrane that does not attach to the 
tape.   

   8.    Store samples in a desiccator if they are not coated immediately.   
   9.    Sputter coat with argon or gold for SEM observation ( see  Fig.  2 ).

             1.    After the desired time of infection, remove the medium and 
rinse the infected cells twice by adding 1× PBS to insert and 
bottom wells.   

   2.    Fix epithelial cells O/N at 4 °C in 1.5 % paraformalde-
hyde–1.5 % glutaraldehyde in 0.1 M cacodylate buffer, 
pH 7.2–7.4   

   3.    Rinse three times in 0.1 M cacodylate buffer–0.1 M sucrose for 
5 min each rinse.   

3.8  Monitoring by 
Transmission Electron 
Microscopy (Adapted 
from Corning’s 
Guidelines with Some 
Modifi cations)

  Fig. 1    Representative SEM image of  S . Typhimurium invading CGEC. Note the membrane ruffl ing which is an 
SPI-1 mediated mechanism for  Salmonella  invasion into epithelial cells. Cells were fi xed and processed at 2 h 
postinfection       
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   4.    Post-fi x in 1 % osmium tetroxide in 0.1 M cacodylate buffer, 
pH 7.2–7.4 for 1 h at 4 °C ( see   Note 9 ).   

   5.    Rinse three times in 0.1 M cacodylate buffer–0.1 M sucrose for 
5 min each rinse.   

   6.    Stain the entire block of tissue with 2 % uranyl acetate in 10 % 
ethanol.   

   7.    Consecutively wash with increasing concentrations of 1 mL of 
ethanol as follows: 35, 50, 70, 80, 95, and 100 % (twice). Each 
rinse is for 10 min.   

   8.    Replace ethanol with 2-hydroxypropyl methacrylate (HPMA) 
to cover the membrane and incubate for 15 min at RT on a 
rotator. Repeat.   

   9.    Incubate in 1:1 HPMA/Eponate resin for 1 h at RT on a 
rocker.   

   10.    After removing the previous resin, incubate in 1:2 HPMA/
Eponate resin O/N on a rotator at RT.   

   11.    After removing the previous resin, incubate in 100 % Eponate 
resin for 2–6 h at RT on a rotator. Repeat.   

   12.    Embed in Eponate resin (on latex embedding molds) and 
polymerize at 60 °C for 16–24 h.   

  Fig. 2    Representative image showing CGEC infected with wild-type  S . Typhimurium at 2 h postinfection in the 
presence of bile. Bacteria harbor the plasmid pFPV25.1 constitutively expressing GFP. DGEC are stained with 
Cell TrackerTM Red CMPTX. Magnifi cation is 60× and the y-projection of the image is shown at the  right side . 
Extracellular bacteria (green) can be seen on the surface whereas intracellular bacteria (yellow) can be seen 
in the y-projection (Color fi gure online)       
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   13.    Remove the area of the resin containing the membrane using a 
fi ne jeweler’s saw.   

   14.    Section samples at 80 nm on a Reichert Ultracut E ultramicro-
tome at RT.   

   15.    Observe on a TEM microscope.       

4    Notes 

     1.    All the reported volumes in this chapter apply to 24 mm six- well 
Transwell inserts (Corning).   

   2.    This bile concentration was determined based on tolerance 
assays in which the TEER and viability of polarized CGEC 
were not altered. This concentration should not cause slough-
ing of the cells but increased mucus production should be evi-
dent (viscous appearance of the monolayers) in comparison 
with cells not exposed with bile.   

   3.    Microaerophilic conditions were also performed and the results 
were not signifi cantly different compared with those obtained 
with aeration conditions.   

   4.    After calculation of the right amount of inoculum needed for 
an MOI of 100, centrifuge the required volume of bacterial 
culture (9,931 ×  g  for 5 min) and then resuspend the pellet in 
DMEM-high glucose (without antibiotics). Final volume 
depends on the inoculum needed (number of wells). Do not 
vortex.   

   5.    Invasion assays (lysed epithelial cells) are usually performed at 
1 or 2 h postinfection. For microcolony/biofi lm observation, 
cells need to be incubated at least for 8 h with an MOI of 10, 
exchanging the medium at least two times.   

   6.    During and after infection, monitor the appearance of the cells 
in terms of number of detached cells and presence of abnor-
malities such as an increased amount of vacuoles. Compare 
with uninfected epithelial cells and with wild-type bacteria 
infected cells (when using mutant strains).   

   7.    For intracellular survival assays, 10 μg/mL of gentamicin needs 
to be included in the medium after the 2 h postinfection time 
point.   

   8.    To save time and materials, dilutions can be made in 96-well 
plates and using a multichannel pipette; 10 μL of each dilution 
can be inoculated on a single plate by dripping the volume 
down the length of the pre-dried agar plate. A maximum of six 
dilutions can be inoculated on a plate in this manner.   
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   9.    For immunofl uorescence, all bacterial strains need to harbor 
the plasmid pFPV25.1, which constitutively expresses  gfp  [ 17 ].   

   10.    Osmium tetroxide and HMDS are hazardous agents. Always 
manipulate them in a fume hood and dispose of them 
properly.         
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    Chapter 15   

  Salmonella  Phages and Prophages: Genomics, 
Taxonomy, and Applied Aspects 

           Andrea     I.     Moreno Switt    ,     Alexander     Sulakvelidze    ,     Martin     Wiedmann    , 
    Andrew     M.     Kropinski     ,     David     S.     Wishart    ,     Cornelis     Poppe    , 
and     Yongjie     Liang   

    Abstract 

   Since this book was originally published in 2007 there has been a signifi cant increase in the number of 
Salmonella bacteriophages, particularly lytic virus, and Salmonella strains which have been fully sequenced. 
In addition, new insights into phage taxonomy have resulted in new phage genera, some of which have 
been recognized by the International Committee of Taxonomy of Viruses (ICTV). The properties of each 
of these genera are discussed, along with the role of phage as agents of genetic exchange, as therapeutic 
agents, and their involvement in phage typing.  

  Key words     Bacteriophage  ,   Temperate  ,   Lytic  ,   Prophage  ,   Genome analysis  ,   Genetic map  ,   Genome 
evolution  ,    Autographivirinae   ,    Chilikevirus   ,    Epsilon15likevirus   ,    Felixounalikevirus   ,    Jerseylikevirus   , 
  Lambdoid phages  ,    Myoviridae   ,    P2likevirus   ,    P22likevirus   ,    Phieco32likevirus   ,    Podoviridae   ,    Siphoviridae   , 
   Sp03likevirus   ,    Sp058likevirus   ,    Sp06likevirus   ,    Sp6likevirus   ,    T5likevirus   ,    T7likevirus   ,    V5likevirus   , 
   Viunalikevirus   

1      Introduction 

       Bacteriophages are the most abundant “life form” on this planet 
[ 1 ] and because their diversity represents an incredible gene pool, 
they have contributed signifi cantly to host bacterial evolution. 
Bacteriophages are basically bacterial parasites, which cannot grow 
or replicate except in bacterial cells. These viruses may go through 
either of two life cycles: the lytic and the lysogenic cycle. A phage 
in the lytic cycle converts a bacterial cell to a factory and produces 
many progeny viruses. Phages adsorb to a specifi c receptors on the 
bacterial surface (fl agella, pili, outer membrane proteins, capsules, 
lipopolysaccharides, lipoteichoic acids, proteins etc.) [ 2 ], and in 
the case of tailed viruses, inject their DNA through the bacterial 
cell wall. Once in the cell, the lytic phage’s genome prevents 
bacterial replication and transcription and subverts the cell to 



238

produce viral nucleic acids and proteins. The latter include catalytic 
and structural proteins involved in DNA replication, packaging, 
and morphogenesis. Ultimately the new phage particles are 
released through the lysis of the host cell brought about by the 
combined action of a membrane pore-forming protein (holin) 
and a peptidoglycan-degrading lysin. A phage capable of only lytic 
growth is called a virulent or lytic phage. 

 Temperate phages can develop either by the lytic route or 
via the lysogenic cycle. A phage in the lysogenic cycle often synthe-
sizes an integration enzyme (integrase), turns off further viral tran-
scription (repressor), and usually inserts itself into the DNA of the 
bacterium, which continues to grow and multiply. The phage genes 
replicate as part of the bacterial chromosome. A bacterium that 
contains a complete set of phage genes is called a lysogen, while the 
integrated viral DNA is called a prophage. A lysogen often cannot 
be reinfected (superinfected) with a phage of the kind that fi rst 
lysogenized the cell; it is immune to “superinfection” by virtue of 
the repressor. A lysogen may replicate the associated prophage 
continuously and stably. However, when its DNA is damaged by 
ultraviolet light or other inducing agents such as mitomycin C, the 
phage becomes derepressed and initiates a lytic cycle. This is called 
prophage induction. Most temperate phages form lysogens by 
integration at a unique attachment ( att ) site in the host chromo-
some. Lysogenization may result in changes to the host’s pheno-
type (lysogenic conversion) such as the acquisition of toxigenicity 
or change in antigenicity [ 3 – 6 ]. Some phages can package host 
DNA and are called transducing phages. Generalized transducing 
phages produce particles that contain only bacterial DNA while 
specialized transducing phages occasionally produce particles con-
taining both phage and bacterial DNA sequences. Both types of 
transducing particles can inject their DNA into a host and transfer 
DNA from one bacterium to another. 

 In addition to playing a signifi cant role in the development of 
the fi eld of “molecular biology” [ 7 ],  Salmonella  phages have prac-
tical signifi cance: strain construction through transduction; phage 
typing for epidemiological purposes [ 8 – 10 ]; and the application of 
phage as therapeutic agents [ 11 ]. Lastly, phage genes and their 
products have contributed signifi cantly to vector development 
(cosmids, integrative vectors, promoters, etc.) and as sources of 
molecular biologicals (DNA and RNA polymerases, ligase, nucleases, 
recombinases, restriction endonucleases, etc.). 

 Bringing Hans-Wolfgang Ackermann’s [ 12 ] list of  Salmonella  
phages observed by electron microscopy up to date, we now have 
almost 250 morphologically characterized viruses. Among the 
tailed viruses of the order  Caudovirales  [ 13 ] the breakdown is as 
follows:  Myoviridae  (phages with contractile tails), 64;  Siphoviridae  
(viruses with long noncontractile tails), 94; and  Podoviridae  
(short noncontractile tails), 71. In addition, we have seen a major 
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increase in the numbers of  Salmonella  phages fully sequenced: 14 
myoviruses, 12 siphoviruses, and an equal number of podoviruses. 
This we believe is primarily due to the renewed interest in the use 
of phages as biocontrol and therapeutic agents ( see  Subheading  7 ). 
But, the impact of these developments has been broader than 
that—resulting in the classifi cation of many of these phages into 
new viral genera which have been proposed to the International 
Committee on Taxonomy of Viruses (ICTV). 

 This review will concentrate on the properties of the fully 
sequenced members of the  Caudovirales . In the fi rst section we 
will describe the lytic phages active against  Salmonella , while in the 
second we will deal with temperate phage and prophages. The last 
sections of this chapter address the practical use of phages in typing 
and therapy.  

2    Diversity of Lytic Phages Infecting the Genus  Salmonella  

 An orthocluster analysis was used to cluster the currently sequenced 
lytic phages infecting  Salmonella  in a similar manner to that which 
was used to classify 22 newly sequenced  Salmonella  phages [ 14 ]. 
In this section of the chapter sequences of  Salmonella  phages rep-
resenting phages belonging to (1) currently ICTV recognized 
phage genera, (2) ICTV non-approved genera, and (3) phages not 
yet classifi ed in a phage genus were clustered using a neighbor- 
joining tree according to the presence/absence of families of 
orthologous genes. Orthologous genes were identifi ed with 
OrthoMCl v1.4 [ 15 ] and the tree was prepared with Splits Tree4 
[ 16 ] (Fig.  1 ).

     The phage genus  Viunalikevirus  was proposed in 2012 to harbor 
seven phages that infected several bacteria of the family 
 Enterobacteriaceae  [ 17 ]. At that time, this genus included three 
 Salmonella  phages (i.e., Vi1, SFP10, and ΦSH19), two  E. coli  
phages (i.e., CBA120, Phax1), a  Shigella  phage (ΦSboM-AG3), 
and a  Dickeya  bacteriophage (LIMEstone1) [ 17 – 23 ]. As of June 
2013, four other  Salmonella  phages (FSL SP-029, FSL SP-063, 
SKML-39, and STML-13-1) [ 14 ] (Table  1  and Fig.  1 ) had been 
isolated from northern New York State, and fully characterized. 
This revealed that they also belong to the genus  Viunalikevirus . 
Genome-wide nucleotide identity with each other revealed >59 % 
identity, along with distinctive genomic and morphological fea-
tures that characterize Vi1-like viruses. Genomic features included 
gene synteny, a genome size of approximately 157 kb, mol.% G + C 
of ca. 44.5 %, putative presence of a modifi ed base (possibly 
HMdU), conserved early and late promoter sequences, and major 
rearrangements in the tailspikes [ 17 ]. Distinctive morphological 
features include icosahedral heads of ca. 90 nm and contractile tails 

2.1  Diversity 
of  Myoviridae 

2.1.1   Viunalikevirus 
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of ca. 110 × 18 nm. In addition, a unique adsorption organelle was 
described for  Viunalikevirus , and specifi cally, phage in this genus 
contain six tailspikes that experience structural changes; when the 
tailspikes are in unfolded conformation, an umbrella-like structure 
is observed [ 17 ]. Importantly, gene synteny is disrupted in the four 
genes encoding the tailspikes which is an important feature of the 
 Viunalikevirus  [ 14 ,  17 ]. Tailspikes in this genus were found to 
contain a conserved N-terminal (137–360 amino acids) and a 
highly variable C-terminal (161–1,044 amino acids); while the 
N-terminal might attach to the baseplate (this need to be experi-
mentally validated), the variable C-terminal contains the residues 

  Fig. 1    Neighbor joining tree that was generated based on presence/absence of orthologous gene families. Lytic 
 Salmonella  phages representing the diversity of phage genera were clustered.  Circles  indicate the phages 
genera. Bootstrap values of 1,000 replicates supporting the clusters are indicated       
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associated with bacterial receptor recognition [ 17 ,  19 ,  20 ]. 
Rearrangements in the tailspikes appear to facilitate infection of 
different  Enterobacteriaceae  by Vi1-like viruses, as is illustrated in 
their wide range of hosts (e.g., different  Salmonella  serovars, 
 Dickeya , and  Shigella ) (shown in Table  1 ). For example, Phage 
Vi1, which infects  S . Typhi, contains in one of the tailspikes an 
acetyl esterase domain that was found to target and hydrolyze the 
capsule polysaccharides of  S . Typhi [ 19 ].

       Table 1  
  Lytic phages infecting the genus  Salmonella    

 Genus a   GenBank acc. no.  Name  Host  Reference 

  Myoviridae  
  Viunalikevirus   JN126049  ɸSH19   S.  Typhimurium  [ 23 ] 
  Viunalikevirus   NC_016073  SFP10   S.  Typhimurium  [ 20 ] 
  Viunalikevirus   NC_015296  Vi01   S.  Typhi  [ 19 ] 
  Viunalikevirus   KC139560  FSL SP-029 b    S.  Dublin  [ 14 ] 
  Viunalikevirus   KC139522  FSL SP-063 b    S.  Dublin  [ 14 ] 
  Viunalikevirus  a   NC_019910  SKML-39   Salmonella  c   Unpublished 
  Viunalikevirus  a   JX181828  STML-13-1   Salmonella  c   Unpublished 
  Felixounalikevirus   NC_005282  Felix01   S.  Typhi  [ 28 ] 
  Felixounalikevirus   JF461087  FO1a   Salmonella  c   Unpublished 
  Felixounalikevirus   JX181822  SPT-1 b    Salmonella  c   [ 29 ] 
  Felixounalikevirus   KC139526  FSL SP-010 b    S.  Mbandaka  [ 14 ] 
  Felixounalikevirus   KC139543  FSL SP-012 b    S.  Mbandaka  [ 14 ] 
  Felixounalikevirus   KC139638  FSL SP-107 b    S.  Mbandaka  [ 14 ] 
  Felixounalikevirus  a   JX181814  SBA-1781 b    Salmonella  c   Unpublished 
  V5likevirus  a   NC_016071  PVP-SE1   S.  Enteritidis  [ 36 ] 
  V5likevirus  a   JX181824  SSE-121   Salmonella  c   Unpublished 
  T4likevirus   NC_020416  vB_SenM-S16   S.  Typhimurium  [ 46 ] 
  T4likevirus   JX181825  STML-198   Salmonella  c   Unpublished 
 Unclassifi ed  JN641803  SPN3US d    S.  Typhimurium  [ 47 ] 

  Siphoviridae  
  T5likevirus   NC_015269  SPC35   S.  Typhimurium  [ 47 ] 
  T5likevirus   NC_010583  EPS7   S.  Typhimurium  [ 52 ] 
  Jerseylikevirus   NC_021777  Jersey   S.  Paratyphi B  [ 53 ] 
  Jerseylikevirus   NC_016763  SE2   S.  Enteritidis  [ 57 ] 
  Jerseylikevirus   NC_009232  SETP3   S.  Enteritidis  [ 58 ] 
  Jerseylikevirus   EF212163  SETP7 b    S.  Enteritidis  [ 58 ] 
  Jerseylikevirus   EF212170  SETP13 b    S.  Enteritidis  [ 58 ] 
  Jerseylikevirus   NC_006940  SS3e   S.  Typhimurium  [ 56 ] 
  Jerseylikevirus   KC139511  FSL SP-101   S.  Dublin  [ 14 ] 
  Jerseylikevirus   JX202565  wksl3   S.  Enteritidis  [ 55 ] 
  Jerseylikevirus   HE775250  vB_SenS-Ent1   S.  Enteritidis  [ 54 ] 
  Jerseylikevirus   vB_SenS-Ent2   S.  Enteritidis  [ 54 ] 
  Jerseylikevirus   vB_SenS-Ent3   S.  Enteritidis  [ 54 ] 
  Jerseylikevirus   KC832325  L3 e    S . Gallinarum  Unpublished 
  Jerseylikevirus   JX233783  ST4 e    S.  Typhimurium  Unpublished 
  Jerseylikevirus   AJ277754  MB78 f    S.  Typhimurium  [ 247 ] 

(continued)
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     Originally known as phage O1, this virus was originally isolated by 
Felix and Callow [ 24 ]. Since this phage infects almost all  Salmonella  
isolates it has been used as a diagnostic reagent [ 25 ]. In addition, 
a derivative of Felix O1 carrying the  luxAB  genes has been con-
structed to examine  Salmonella  in food samples [ 26 ]. Furthermore, 
because of its broad-host range it has been investigated as a way of 
reducing contamination of foodstuffs by  Salmonella  [ 27 ]. 

 Currently, there are genome sequences for ten phages which 
belong to this genus, including seven phages infecting  Salmonella  
(i.e., FelixO1, FO1a, FSL SP-010, FSL SP-012, FSL SP107, SPT- 
1, and SBA-171) ( see  Table  1  and Fig.  1 ) [ 14 ,  28 ,  29 ], two phages 

2.1.2   Felixounalikevirus 

Table 1
(continued)

 Genus a   GenBank acc. no.  Name  Host  Reference 

  Jerseylikevirus   JX297445  vB_SenS_AG11   S.  Enteritidis  Unpublished 
  Sp03unalikevirus  a   KC139518  FSL SP-031   S.  Cerro  [ 14 ] 
  Sp03unalikevirus  a   KC139652  FSL SP-038 b    S.  Cerro  [ 14 ] 
  Sp03unalikevirus  a   KC139557  FSL SP-049 b    S.  Cerro  [ 14 ] 
  Chilikevirus   JX094499  Χ (Chi)   S.  Typhimurium  [ 67 ] 
  Chilikevirus   NC_019417  SPN19   S.  Typhimurium  Unpublished 
  Chilikevirus  a   KC139571  FSL SP-019 b    S.  Newport  [ 14 ] 
  Chilikevirus  a   KC139519  FSL SP-030   S.  Dublin  [ 14 ] 
  Chilikevirus  a   KC139514  FSL SP-039   S.  Cerro  [ 14 ] 
  Chilikevirus  a   KC139512  FSL SP-088   S.  Typhimurium  [ 14 ] 
  Chilikevirus  a   KC139667  FSL SP-099 b    S.  Newport  [ 14 ] 
  Chilikevirus  a   KC139515  FSL SP-124   S.  Cerro  [ 14 ] 
  Jk06likevirus   KC579452  ɸKP26   S.  Oranienburg  [ 248 ] 
  Jk06likevirus   KC139513  FSL SP-126   S.  Kentucky  [ 14 ] 
  Sp062likevirus  g   KC139632  FSL SP-062 b    S.  Newport  [ 14 ] 
  Sp062likevirus  g   KC139649  FSL SP-069 b    S.  Newport  [ 14 ] 
 Unclassifi ed  NC_010495  Vi II-E1   S.  Typhi  [ 69 ] 
 Unclassifi ed  JQ288021  SPN3UB h    S.  Typhimurium  [ 159 ] 

  Podoviridae  
  Sp6likevirus   NC_004831  SP6   S.  Typhimurium  [ 79 ] 
  T7likevirus   NC_010807  ɸSG-JL2   S . Gallinarum  [ 78 ] 
  T7likevirus   NC_015271  Vi06   S.  Typhi  [ 19 ] 
  Phieco32likevirus   NC_015938  7–11   S.  Newport  [ 83 ] 
  Phieco32likevirus  a   Not sequenced  ɸSPB   S.  Paratyphi B  [ 84 ] 
  N4likevirus   KC139517  FSL SP-058   S.  Dublin  [ 14 ] 
  N4likevirus   KC139520  FSL SP-076   S.  Dublin  [ 14 ] 
 Unclassifi ed  NC_016761  SPN1S h    S.  Typhimurium  [ 159 ] 

   a Genus needs to be validated 
  b Genomes in several contigs that all together show similar size as compared with phages of the same genus 
  c Serovar information of the host is not available 
  d This phage shows homology to: JX316028 ( Erwinia  phage ɸEaH2) which is described as a member of the  Siphoviridae  
  e Only one contig representing approximately a half size compared with phages of the same genus 
  f Several small contigs representing a fraction of the whole genome 
  g Genus needs to be proposed 
  h Phage contains an integrase, which indicate a lysogenic cycle  
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infecting  E. coli  (i.e., wV8 and EC6) [ 30 ,  31 ], and a virus infecting 
 Erwinia  (ΦEa21-4) [ 32 ]. Genomic characteristics of the 
 Felixounalikevirus  include (1) genome size of ca. 86 kb (range 
from 84 kb for ΦEa21-4 to 88 kb for vW8), (2) mol.% G + C of ca. 
39 %, except for ΦEa21-4 which is signifi cantly higher (43.8 %), 
(3) the presence of >20 tRNAs, and (4) presence of numerous 
homing endonucleases (six in Felix01) [ 28 ,  30 – 32 ]. Among all 
fully sequenced FelixO1-like viruses,  Erwinia  phage ΦEa21-4 is 
the most distant exhibiting only 69 common protein homologs to 
proteomic content of FelixO1 (131 proteins; 52.7 % identity [ 33 ]). 
This represents a nucleotide identity over these genes that ranged 
from 40 to 86 % [ 32 ]. 

 Morphologically phage FelixO1 has an icosahedral head of ca. 
73 nm and a 17 × 113 nm contractile tail, which contains six straight 
tail fi bers that are typically folded along the tail [ 12 ,  28 ]. Slight varia-
tions in morphology have been reported for other phages in this 
genus; for example, the head of phage wV8 is 70.4 nm and the tail is 
112.8 × 16.8 nm with four instead of six tail fi bers [ 30 ]. One pheno-
typic characteristic of FelixO1 is a very broad-host range. In one 
study FelixO1 infected the 98.2 % of  Salmonella  strains tested (>600 
strains) and only 1.4 % of other  Enterobacteriaceae  [ 34 ]. However, 
this broad-host range is not true for other  Salmonella  phages in this 
genus. FSL SP-010, FSL SP-012, and FSL SP-107 only infected 17, 
30, and 13 % of the  Salmonella  strain tested (23 strains, representing 
17 serovars), respectively, while FelixO1 infected 100 % [ 14 ]. Its sur-
face receptor is the terminal  N -acetylglucosamine residue of the LPS 
core. Therefore, deep rough mutants of this genus are FelixO1 resis-
tant [ 35 ]. Interestingly, two receptors were reported for phage wV8, 
LPS, and a membrane protein [ 30 ]. Importantly, the mechanism 
underlying FelixO1 broad-host range needs to be investigated.  

   Salmonella  phages PVP-SE1 and SSE-121 (Table  1 , and Fig.  1 ) 
along with fi ve  E. coli  phages (rV5, vB_EcoM-FV3, phAPEC8, Delta, 
and phi92), and  Cronobacter sakazakii  phage vB_CsaM_GAP31 
[ 36 – 41 ] have been proposed as members of the  V5likevirus  genus. 
They share (1) genome sizes ranging from 136 kb (phage vB_
EcoM-FV3) to 148 kb (phage phi92), (2) similar number of protein 
coding sequences (CDSs) ranging from 233 (rV5) to 269 (vB_
CsaM_GAP31), (3) mol.% G + C ranging from 37.4 % (phi92) to 
46.3 % (vB_CsaM_GAP31), and (4) number of tRNAs ranging from 
fi ve (vB_EcoM-FV3) to 26 (vB_CsaM_GAP31) [ 36 – 41 ]. Recently, 
doubt has been cast on whether this grouping represents a genus or 
subfamily (“V5virinae”) containing three genera—the “V5likevirus” 
(rV5, FV3), the “Pvplikevirus” (PVP-SE1, GAP31, and SSE-121), 
and the “Phi92likevirus” (phi92 and phAPEC8) [ 37 ]. 

 Morphologically,  Salmonella  phage PVP-SE1 has an icosahe-
dral head 85 nm in diameter and a contractile tail (120 × 18 nm) 
that terminates in short tail fi bers [ 36 ]. Cryo-electron microscopy 
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of phage phi92, at a very high resolution [ 41 ], showed that 
 V5likevirus  have four tailspikes or tail fi bers, as well as a complex 
baseplate structure comparable to an “open Swiss army knife” 
[ 41 ]. Phages of this genus show a wide host range infecting several 
 E. coli  strains and strains representing numerous  Salmonella  
serovars [ 36 ,  41 ]. Whereas the inner core region of the LPS was 
recognized as the receptor for PVP-SE1, another uncharacterized 
receptor was also proposed for this phage [ 36 ]; in addition, capa-
bility of infecting encapsulated and nonencapsulated bacteria was 
also reported for phi92 [ 41 ].  

  Phages related to coliphage T4 [ 42 ,  43 ] are the most diverse group 
of viruses ecologically, morphologically, genomically, and pro-
teomically including viruses infecting members of the 
Gammaproteobacteria ( Aeromonas ,  Escherichia ,  Pseudomonas , 
 Salmonella ,  Vibrio ) and Epsilonproteobacteria ( Campylobacter ) 
[ 42 – 44 ]. These viruses show as much diversifi cation as is seen in 
the order  Herpesvirales . 

 Two  Salmonella  phages, STML-198 [ 45 ] and vB_SenM-S16 
[ 46 ], share 57.6 and 60.0 % homologous proteins with T4 strongly 
suggesting that they are part of the  T4likevirus  genus (ICTV; 
  http://ictvonline.org/    ). While a number of papers describing 
phage T4 are available [ 42 – 44 ], we will here describe in more 
detail  Salmonella  phages of this genus. Among the two  Salmonella  
phages in this genus, only comparative analysis of phage vB_
SenM- S16 has been reported. vB_SenM-S16 has a dsDNA genome 
of 160 kb, a mol.% G + C of 36.9, three tRNAs, and 269 CDSs 
[ 46 ]. Morphologically, vB_SenM-S16 has a head of approx. 
117 nm length and 91 nm width that is slightly elongated, and a 
tail of approx. 120 nm that is terminated by long tail fi bers [ 46 ]. 

 When more than 150  Salmonella  strains were tested for sus-
ceptibility, vB_SenM-S16 infected 76 % of all  Salmonella  isolates 
[ 46 ], but it does not infect other bacterial species. The receptor of 
vB_SenM-S16 is the  Salmonella  outer membrane protein OmpC 
which is recognized as the primary receptor [ 46 ].  

   Salmonella  phage SPN3US was isolated from chicken feces in 
South Korea and its genome was sequenced and released in 2011 
[ 47 ]. However, this phage had not been assigned to a phage genus. 
While phage SPN3US was described as a myovirus, this phage 
shows homology to  Erwinia  phage phiEaH2, which was described 
as a member of the  Siphoviridae  [ 47 ,  48 ]. These two phages do not 
show homology to any other phage in the NCBI database as of 
June 2013. Phage SPN3US has the largest genome size reported 
for  Salmonella  phages (240 kb), and has a mol.% G + C of 48.5 
[ 47 ]. Similarly,  Erwinia  phage phiEaH2 has a large genome size as 
well (243 kb) [ 48 ]. A total of 264 CDSs and two tRNAs were 
identifi ed in phage SPN3US, though most (>79 %) of these were 
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annotated as hypothetical proteins. Functionally annotated CDSs 
include genes encoding proteins involved in phage morphogenesis 
(e.g., capsid, tail, terminase), in replication and transcription (e.g., 
helicase, RNA polymerase), and host lysis (i.e., endolysin) [ 47 ]. 
Importantly, phenotypic evidence shows that this phage’s primary 
receptor is the  Salmonella  fl agella [ 47 ].   

   Members of the genus  T5likevirus  include fi ve  E. coli  phages (e.g., 
phage T5 and AKFV33), one  Vibrio  phage (phage 149), and two 
 Salmonella  phages (SPC35 and EPS7) (ICTV). Phage T5 is the 
type species of this genus, which is a very well-characterized sipho-
virus infecting enterobacterial hosts [ 49 ]. Genomic characteristics 
of this genus include (1) a genome that ranges in size from 108 kb 
(AKFV33) to 118 kb (SPC35), (2) approx. 10 kb direct repeats at 
both ends (terminally redundant), (3) a mol.% G + C of 39, (4) 
greater than 20 tRNAs, and (5) a genome that is divided in three 
regions (pre-early, early, and late) [ 49 – 51 ]. Phages in this genus 
have collinear genomes, as well as high genome conservation 
(approx. 80 % of nucleotide identity) [ 51 ]. The pre-early region 
contains genes encoding host enzyme inhibition proteins, the 
early region contains genes encoding proteins involved in DNA 
replication, transcription, DNA metabolism, and cell lysis, and 
the late region contains genes encoding structural proteins (e.g., 
capsid, tail) [ 49 ]. 

 Morphologically, members of the  T5likevirus  genus possess an 
icosahedral head approx. 70 nm in diameter and a long noncon-
tractile tail of 185 nm, which contains terminal fi bers [ 50 ,  51 ]. A 
number of studies have investigated the receptors for this phage 
genus. Interestingly, T5-like-viruses bind reversible fi rst to the 
LPS, and then the different members of this genus bind irrevers-
ibly to different outer membrane proteins (e.g., FepA, FluA, BtuB) 
[ 50 – 52 ]. The binding to different surface proteins could be related 
with the host range of these phages; while some of them infect 
 E. coli  and  Salmonella  (SPC35, EPS7), other are specifi c to  E. coli  
O157:H7 (AKFV33) [ 51 ].  

  A number of phages representing  Jerseylikeviruses  have been 
sequenced (e.g., wksl3, VB_SenS_Ent1 etc. ( see  Table  1 )). Phage 
Jersey was originally one of the phages used for the  Salmonella  
Paratyphi B typing scheme [ 53 ]. Most of the currently sequenced 
 Jerseylikeviruses  lyse the globally distributed  Salmonella  serovar 
Enteritidis. Genomic characteristics of this genus include a termi-
nally redundant and circularly permuted genome of approx. 42 kb 
[ 54 ], a mol.% G + C of around 49, and a number of encoded CDSs 
ranging from 58 to 64. Four transcriptional clusters, two early and 
two late, were described for the Jersey-like viruses [ 54 – 57 ]. Early 
transcript genes encode DNA replication and regulatory proteins 
and late transcript genes encode packaging, morphogenesis, and 
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lysis proteins [ 54 ]. Jersey-like phages appear to be specifi c for 
 Salmonella , or to some serovars within  Salmonella . For example, 
phage SETP3 was found only to be adsorbed by  Salmonella  
belonging to the serogroups B and D1 [ 58 ]. Distinguishable mor-
phological characteristics include a head of approx. 63–64 nm, a 
long noncontractile tail of approx. 120 nm × 7 nm, and a 20 nm 
baseplate with spikes. Importantly, a high level of nucleotide iden-
tity (up to 93 % of identity between wksl3 and SS3e) is a distinctive 
feature of this phage genus [ 55 ].  

  This phage genus needs to be proposed to ICTV; currently only 
three  Salmonella  phages (e.g., FSL SP-031, FSL SP-038, and FSL 
SP-049) belong to this genus, and all of them were isolated from 
dairy farms in New York State [ 59 ]. Genomic characteristics of this 
phage genus include a genome size of approx. 44 kb and a mol.% 
G + C of 51. A total of 67 CDSs are encoded, including genes 
encoding structural proteins (e.g., head morphogenesis protein, 
tail tape measure protein), genes encoding proteins involved in 
DNA recombination (e.g., DNA helicase), and genes encoding 
proteins involved in lysis (lysozyme) [ 14 ]. Phages in this genus 
resemble  Jerseylikevirus ; however, nucleotide identity between the 
phage Jersey and the  Sp03unalikevirus  FSL SP-031 is only 53.4 %. 
Morphologically, FSL SP-031 is a lambda-like siphovirus. One 
phenotypic characteristic that is distinguishable for the phages in 
this genus is a very narrow host range. When 25  Salmonella  serovars 
were tested, only one strain representing  Salmonella  Cerro was 
infected [ 59 ].  

  Bacteriophage T1, originally called α, was isolated by Milislav 
Demerec [ 60 ]. It was one of the viruses fi rst singled out for intense 
study by Max Delbrück. Bacteriophage T1 is one of the most effi -
cient bacterial killing machines and can withstand drying. Because 
of this many biotechnology companies have produced T1-resistant 
( tonB )  E. coli  strains for molecular cloning experiments. 
Morphologically it possesses an icosahedral head 60 nm in diame-
ter and a long tail (ca. 200 nm) terminated by four short kinked 
fi bers [ 61 ]. The 50.7 kb genome (45.6 % G + C) is a terminally 
redundant and circularly permuted sequence that contains 
48,836 bp of nonredundant nucleotides, and encodes 77 CDSs 
[ 62 ,  63 ]. Since it was fi rst sequenced a number of members of this 
genus have been proposed (ICTV). Two of the interesting proper-
ties of these phages are that the small early region genes tend not 
to be conserved, and these phages possess homologs to coliphage 
lambda gpH, gpL, gpI, gpFII, gpU, and gpV indicating a phylo-
genetic relationship between the tail modules of the T1 and lamb-
doid phages. 

 Recently, a number of T1-like phages, active against  E. coli  
O157:H7, have been isolated from ruminants including JK06 
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(DQ121662) from Israel; vB_EcoS_Rogue1 [ 64 ] from Canada; 
phiKP26 (KC579452) and phiJLA23 (KC333879) from Mexico; 
and  Salmonella  phage FSL SP-126, isolated from cattle manure in 
the USA [ 14 ]. While these viruses resemble T1 at the proteomic 
level, BLASTN analyses reveal that their sequence is considerably 
different from that of T1. This leads to our suggestion that the 
taxonomic status of the  Tunalikevirus  genus should be reassessed, 
with the creation of several new genera including the  Jk06likevirus .  

  Phage Χ (Chi) was isolated in 1935 by Sertic and Boulgakov 
and shown to only attack motile  Salmonella  strains [ 65 ]. Further 
studies revealed its host range to include  Serratia marcescens  
and  E. coli  [ 66 ]. “Bacteriophage chi attaches to the fi lament of 
a bacterial fl agellum by means of a tail fi ber, but the ultimate 
receptor site for the phage is located at the base of the bacterial 
fl agellum” [ 66 ]. Schade and Adler [ 66 ] observed circular DNA 
molecules by electron microscopy indicating cohesive termini. 

 The phage head is an icosahedron measuring 65.0–67.5 nm 
between the parallel sides. The tail is a fl exible rod about 220–
230 nm × 12.5–14 nm wide, displaying approximately 55 
 cross- striations. This is terminated by an extremely long tail fi ber 
measuring 2.0–2.5 nm in width and approximately 200–220 nm in 
length [ 66 ]. 

 Recently the genome of phage Χ was sequenced by three labo-
ratories Denyes and Kropinski (Canada), Hendrix and Casjens 
(USA), and Ryu et al. (Korea [ 67 ]). Its genome is about 59 kb 
with a mol.% G + C content to 56.6. Unpublished work by Hendrix 
and Casjens revealed 5′-GCTCTGCGCACC cohesive termini. 
Ryu and colleagues also identifi ed two other related phages SPN19 
(JN871591) and iEPS5 [ 68 ] which are also fl agella specifi c. Phage 
iEPS5 features an isometric capsid (59 nm) and a noncontractile 
tail (216 nm). These three phages share a high degree of DNA 
identity (89–90 %) and shared proteins (91–93 %) and thus belong 
to the same genus.  

   Sp062likevirus  is a phage genus not yet proposed to ICTV. FSL 
SP-062 and FSL SP-069, the two phages in this genus, were isolated 
recently by Moreno Switt et al. from manure samples of dairy farms 
with history of  Salmonella  isolation [ 59 ]. Sp062-like viruses mor-
phologically resemble coliphage lambda, possess a 56 kb genome 
(mol.% G + C of 42.8), and encode 102 CDSs [ 14 ]. Since only four 
SNPs differentiate FSL SP-062 and FSL SP-069 these phages were 
considered to be phage variants. The host range of these phage vari-
ants are distinct; while FSL SP-062 infects two  Salmonella  serovars 
(i.e., serovars Newport and Kentucky), FSL SP-069 only infects 
 Salmonella  Newport. Importantly, three of the SNPs described 
above are in a gene encoding a tail fi ber.  
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  Vi-typing bacteriophage E1 is one of the phages that have the 
 Salmonella  Typhi capsule antigen as primary receptor [ 69 ]. Phage 
ViIIE1 has a genome size of approx. 45 kb, a mol.% G + C of 47, 
and encodes for 56 CDSs. Comparative genomic analyses showed 
similarity with orthologs of ES18 (encoding head morphogenesis 
proteins) and T1 (encoding proteins involved in replication and 
recombination); however, the amino acid identity of these ortho-
logs is quite low (e.g., 28–36 % for the orthologs shared with ES18) 
[ 69 ]. EM images showed an icosahedral head of 55 nm in diameter, 
and a noncontractile tail 205 nm in length and 11 nm wide.   

   This group of phages is characterized by possessing 37–50 kb ter-
minally redundant genomes which encode large single-subunit 
RNA polymerases which are used in the switch from early to mid-
dle and late transcription of these viruses. The taxonomic status of 
the “T7-superfamily” was reexamined by Lavigne et al. [ 70 ] who 
recommended the creation of a subfamily, the  Autographivirinae , 
containing three genera based upon protein similarity. The genera 
( T7likevirus ,  Sp6likevirus , and  Phikmvlikevirus ) are now ICTV 
ratifi ed genera with the subfamily,  Autographivirinae . One of the 
interesting features of this group of phages is the underrepresenta-
tion of certain common restriction sites, e.g., both T7 and SP6 
which are similar in mass and mol.% GC content but show no DNA 
homology and lack sites for BamHI, PstI, SacI, SacII, SalI, SmaI, 
and SphI. The biotechnological signifi cance of this group of 
phages, and SP6, in particular is that their promoters and polymer-
ases have been used in an extensive array of general cloning (e.g., 
pGEM) and protein expression (pET, pALTER) vector systems as 
well as the production of RNA hybridization probes and RNA 
interference, synthesis of mRNA for in vitro translation. 

  Coliphage T7 is one of the best studied virulent (lytic) bacterio-
phages and one of the fi rst to have been completely sequenced 
[ 71 ]. Its life cycle is described here briefl y: After binding to its cell 
receptor, lipopolysaccharide, viral DNA is translocated into the cell 
through a virus-derived pore in a novel transcription-dependent 
process [ 72 ]. Host RNA polymerase ( Ec RNP) transcribes the left-
most 20 % of the T7 genome. The product of early gene  0.3  (Ocr) 
is a small protein which mimics B-form DNA and binds to, and 
inhibits, type I restriction endonucleases [ 73 ,  74 ]. The product of 
early gene  0.7  functions in host gene shutoff [ 75 ] and as a protein 
kinase which phosphorylates host elongation factors G and P and 
ribosomal protein S6 [ 76 ]. The other, highly signifi cant early gene 
is  1  which encodes the rifampicin-resistant phage-specifi c RNA 
polymerase (φRNP; Fig.  2 ). This protein recognizes specifi c pro-
moters and is responsible for middle (DNA replication) and late 
(morphogenesis and lysis) gene expression. At the molecular level 
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it is the possession of φRNP and their cognate promoters which 
have been used to defi ne the “T7 group” of phages [ 77 ]. Two 
 Salmonella -specifi c phages belong to this genus  S . Gallinarum phage 
φSG-JL2 [ 78 ] and  S . Typhi phage Vi06 [ 19 ].

     SP6 has a 43.8 kb (47.2 % G + C) genome with 174 bp direct ter-
minal repeats [ 79 ,  80 ]. Scholl et al. [ 80 ] described it as belonging 
to “an estranged subgroup of the T7 supergroup” showing the 
closest relationship to coliphage K1-5. The work of Lavigne et al. 
[ 70 ], based largely on proteomic analysis using CoreGenes [ 81 ], 
showed that this phage only shared nine proteins in common with 
T7 indicating that they are related but distinct. An interesting 
property of SP6 is that gp 49  is an acidic 59 kDa protein with 
homology to the C-termini of gp 9  of  Salmonella  phages ST104, 
ST64T, and P22; and to Orf49 of KS7. The P22 homolog has 
been demonstrated to be the tailspike protein and possesses endor-
hamnosidase activity at its carboxyl terminus, the portion of gp 49  
which shares 48.3 % sequence identity.  S . Typhimurium phage 
UAB_Phi78 (NC_020414) is another member of this genus. So 
far no member of the  Phikmvlikevirus  genus has been isolated 
which infects  Salmonella .   

  Phage phiEco32 is a novel coliphage with C3 morphology possessing 
a head 145 nm × 44 nm and short (∼13 nm × 8 nm) tail terminated 
by short tail fi bers [ 82 ]. It harbors a 77.6 kb genome mol.% G + C 
with 193 bp direct repeats (G + C content of 42.3 %).  S.  Newport 
phage 7–11 is very similar in size (head: 154 × 40 nm; tail: 12 × 9 nm). 
Its genome is 89.9 kb long (44.1 mol.% G + C) and encodes 151 
CDSs and six tRNAs [ 83 ]. While currently classifi ed as a member of 
the  Phieco32likevirus  genus its genome exhibits minimal sequence 
similarity to phiEco32, and possess only 41 homologous proteins. 
The result (32 % homologous proteins) suggests that these two 
phages are most likely members of the same subfamily, rather than of 
the same genus. Another possible member of this genus is  Salmonella  
phage φSPB [ 84 ].  

  Sp6likevirus 

2.3.2   Phieco32likevirus 

  Fig. 2    Gene diagram of T7-like phages showing genome terminated by direct 
repeats (DR), the presence of host-dependent    ( vertical lines with right-sided 
arrowhead ) and phage-dependent ( vertical line with right-sided arrowhead ) pro-
moters and the rho- independent terminator at which the host RNP transcription 
terminates ( vertical lines with fi lled circle )       
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  On the basis of host specifi city, this is a very diverse group of phages 
infecting  E. coli  (N4, vB_EcoP_G7C, EC1-UPM, KBNP21), 
 Enterobacter  (EcP1, IME11),  Erwinia  (vB_EamP-S6), 
 Pseudomonas  (LIT1, LUZ7),  Roseovarius  (phage 1),  Ruegeria  
(DSS3φ2), and  Sulfi tobacter  (EE36φ1). To this we can now add 
two  Salmonella  phage FSL SP-058 and FSL SP-076 [ 14 ]. With 
one notable exception, phage EcP1, the genomes range from 69.9 
to 74.9 mol.% G + C. Coliphage N4 has an icosahedral head 
~70 nm in diameter with short tail fi bers originating between the 
head and the tail [ 85 ]. The unique feature of these phages is the 
presence of 1–2 copies of a large (3,500 amino acid residues; 
382,495 Da) rifampicin-resistant single-subunit RNA polymerase 
within the phage particles, which is responsible for early transcrip-
tion [ 85 ]. The two  Salmonella  phages, FSL SP-058 and FSL 
SP-076, were both isolated from manure samples in New York 
State [ 59 ]. A genome size of 72 kb, with a mol.% G + C of 39.5, 
encoding for ten tRNAs and a 97 CDSs are characteristics of this 
genus [ 14 ]. FSL SP-058 and FSL SP-076 show an average overall 
amino acid identity of 89 %; while they show a genome synteny, 
the two tailspikes encoded show a relatively conserved N-terminal 
(60–72 % of amino acid identity) and a very distinct C-terminal 
(7–33 % of amino acid identity). Since these two phages differ con-
siderably in DNA identity to N4 they may be considered part of a 
new genus,  Sp058likevirus , which together with the  N4likevirus  is 
part of a new subfamily.    

3    Diversity of Temperate Phages Infecting the Genus  Salmonella  

 In the organization of this part of the chapter the temperate, but 
plaque- forming phages will be distinguished from phage identifi ed 
as part of host genome studies, or those which are inducible but 
cannot form plaques, i.e., cryptic prophages. 

   In 1952, Zinder and Lederberg demonstrated the transfer (general-
ized transduction) of genetic material between  Salmonella enterica  
serovar Typhimurium mutants involving a phage intermediary 
[ 86 ]. The temperate phage vector, originally called PLT 22, is now 
commonly referred to as P22 and has continued to be the virus of 
choice for investigating the genetics of this bacterium. It is also one 
of the best studied bacterial viruses. Many studies have suggested 
that P22, in spite of its morphology, is a member of the lambdoid 
family. Indeed, the layout of its genes is very similar to that of other 
lambdoid phages ( see  Figs.  3  and  4 ), viable λ-P22 hybrids exist, 
and 15 of its genes show close λ analogues. But, largely because of 
the morphological difference between λ and P22, the latter is 
considered the archetype of the P22-like phage genus by NCBI. 
The  P22likevirus  genus also includes  coliphage HK620 [ 87 ,  88 ]; 
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 Salmonella  phages ε34 [ 89 ], g341c (NC_013059), Phi20 
(GQ422450), SE1 (NC_011802), ST64T [ 90 ], ST160 [ 91 ], and 
vB_SemP_Emek [ 92 ]; and  Shigella  phage Sf6 [ 93 ]. BLASTN anal-
ysis reveals that  Salmonella  Heidelberg strains CFSAN002069, 
41578, B182, and SL476 harbor prophages which are related to 
P22 (74 % query coverage).

    P22 adsorption is a multistep process [ 94 ] which is initiated by 
phage binding to its receptor (lipopolysaccharide [LPS] O side 
chains of  Salmonella  serovars A, B, and D1) via the virion tailspike 
proteins [ 95 ]. The latter possess endorhamnosidase activity, which 
digests the O antigen, permitting diffusion of the phage through 

  Fig. 3    Diagram of the gene layout of coliphage λ. For comparative purposes in all 
the genomic diagrams for the temperate phages, the integration features ( int  and 
 attP ) are presented on the  left . The central control region specifi es the repressor 
and its cognate operators, promoters, and those adjacent genes which control 
the lysis-lysogeny switch       

  Fig. 4    Diagrammatic genetic map of  Salmonella  phage P22. Please note that the 
major differences between this and λ are the presence of the lysogenic conver-
sion module ( gtrABC ) downstream of the integration cassette and the presence 
of the additional regulatory region,  immI , inserted into the tail morphogenesis 
gene cluster       
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the LPS barrier to the surface of the outer membrane, where tight 
binding occurs. The linear viral genome enters the host cell and 
circularizes, a reaction involving (1) the terminally redundant ends 
of the molecules, (2) the phage-encoded protein Erf, and (3) the 
host RecA and gyrase. This is the substrate for replication or inte-
gration into the host chromosome. The phage integration site, 
like that of many prophages, maps within a tRNA gene— thrW . 
Unlike coliphage λ integration, the integration of P22 does not 
require integration host factor (IHF) even though IHF-recognition 
sites are present within  attP  [ 96 ]. 

 In the lysogenic state, P22 expresses three different systems that 
may interfere with superinfection by homologous phages. These are 
immunity conferred by the prophage repressor ( c2 ; N.B. unfortu-
nately the genetic designations for proteins of identical function in 
P22 and λ are frequently different: the lambda homolog in this case 
is  cI ), superinfection exclusion mediated by the  sieA  and  sieB  genes, 
and serovar conversion. The presence of the C2 protein represses the 
replication of homoimmune phage genomes, while the  sie  genes 
appear to function in preventing phage DNA injection [ 97 ,  98 ]. 
Lysogenization by P22 also results in a chemical change to the LPS 
O-antigen which results in a change in the antigenic formula of 
serovar Typhimurium from 4,5,12 to 1,4,5,12 and prevents the 
binding of P22 ( see  Fig.  5  [ 99 ,  100 ]). Sequence analysis [ 101 ] and 
cloning [ 102 ] have shown three membrane-bound phage products 
involved in serovar conversion (i.e., GtrA, GtrB, and GrtC). GtrA is 
a 120 amino acid glucosyl undecaprenyl phosphate fl ippase, GtrB 
is a 310 amino acid bactoprenyl glucosyl transferase, and GtrC is a 
486 amino acid conversion protein responsible for adding glucosyl 
residues to the side chain repeat precursor.

   Upon induction of lysogens, specialized transducing particles 
arise, carrying genes adjacent to the  attBP  sites, as well as a gener-
alized transducing particle carrying only host DNA. This was dem-
onstrated experimentally by Ebel-Tsipis and coworkers [ 103 ]. 

  Fig. 5    The sequence of the O-antigenic repeat in  S . Typhimurium is composed of a 
branched tetrasaccharide of Abe (abequose: 3,6-dideoxy- D -galactose), Man (man-
nose), Rha (rhamnose), and Gal (Galactose). The phage gtrABC cluster is responsible 
for the O1 antigen: a glucosyl side chain (Glc) on the terminal Gal residue       
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 Early events mimic those observed with coliphage λ in that 
transcription is initiated from two promoters, P L  and P R , that fl ank 
the repressor ( c2 ) gene. The early proteins are gp 24 , a λ N homolog 
which functions as a transcriptional antiterminator, and Cro, which 
functions to inhibit transcription from P RM  and generally downreg-
ulate transcription from P L  and P R , thereby favoring lytic develop-
ment. Another early transcript is initiated from P ant  in the unique 
 immI  region, giving rise to an antirepressor, Ant, which functions 
to inhibit  c2  repressor function. The synthesis of Ant is negatively 
regulated by Mnt binding to an operator (O Mnt ) and preventing 
expression from P Ant . Late gene expression is regulated, as it is in λ 
in an antitermination-dependent mechanism involving gp 23 , a Q 
homolog [ 104 ]. The late genes include a holin (gp 13 ), a lysozyme 
homolog (gp 19 ), and the genes involved in morphogenesis. 
The last have been extensively studied, revealing that, unlike the 
situation with λ phage morphogenesis, a unique scaffolding protein 
(gp 8 ) is involved in the formation of a morphogenic core together 
with portal protein (gp 1 ) and pilot proteins (gp 16 , gp 20 , and gp 7 ) 
[ 105 – 109 ]. The virus surface is composed almost exclusively of a 
single protein (gp 5 ). The scaffold is reutilized in subsequent rounds 
of capsid assembly [ 110 ]. Cryo- electomicrographs of the P22 tail 
structure [ 111 ,  112 ] have redefi ned our understanding of the tail 
machine showing the spatial relationship of tail associated multi-
meric proteins gp 4  and gp 10 , tailspike protein gp 9 , and the needle 
(gp 26 ). A dodecamer of gp 4  subunits provides for binding of gp 10  
(hexamer) to form the tail tube. To this six tailspike trimers bind, 
and the tail is complete by the addition of a trimer of gp 26  which 
forms a 12.4 × 3.8 nm plug in the tail preventing leakage of DNA 
from the head and possibly, because it protrudes, playing a role in 
adsorption and/or injection [ 111 ]. 

 DNA replication is initiated from an origin (Ori) located within 
the primase gene [ 18 ] (gp 18 ) and a helicase (gp 12 ). Replication 
leads to the formation of concatemeric molecules as a result of 
rolling-circle replication [ 48 ]. DNA packaging in P22 proceeds 
from a unique site ( pac ) located within gene  3  on the concatemeric 
substrate, resulting in the head-full packaging of a limited series of 
terminally redundant and circularly permuted genomes [ 113 ]. P22 
packages about 43.4 kb of DNA that is terminally redundant 
(0.9 kb, 2.2 %) [ 114 ]. 

  This phage possesses an isometric head 62.5 nm in length, a neck 
11 nm in width, and a short tail 4.4 nm in width by 5.5 nm in length 
[ 115 ], and is characterized by its ability to infect, lysogenize, and 
seroconvert  Salmonella enterica  serovar Anatum ε15 lysogens. 

 The receptor and probable mechanisms of serovar conversion 
are shown in Fig.  6 . A further common characteristic to its relative 
P22 is that the 60 kDa tailspike protein (if unheated) migrates 
in SDS-polyacrylamide gels as a trimer and possesses 

  ε34
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LPS- depolymerizing activity [ 115 ]. The fi rst 113 amino acids of 
the tailspike protein (TSP) of this phage show a high level of 
sequence identity to analogous proteins of phages Sf6, HK620, 
P22, ST64T, and ST104. The conservation of the N-terminal 
region is a common feature among related phages since this region 
is associated with binding to the tail machine [ 111 ]. It is notewor-
thy that the TSP ε34  competes with TSP P22  for binding to P22 
TSPless particles suggesting similar sites. But, noninfectious parti-
cles are formed.

   The sequence of the genome of this bacteriophage is 43.0 kb 
and 47.3 % G + C. As expected it shows considerable overall 
sequence and spatial similarity to P22. This phage integrates into 
the host  argU  tRNA gene [ 116 ].  

  This phage was mitomycin C induced, along with ST64B, from 
 S.  Typhimurium DT64 and, like P22, is a generalized transducer 
with a capsid 50 nm in diameter (M.W. Heuzenroeder, personal 
communication) [ 90 ]. It is also a serovar-converting phage possess-
ing homologs of the P22  gtrABC  operon. Lysogenization by this 
phage is probably also responsible for converting  S.  Typhimurium 
phage type (DT) 9–64, 135–16, and 41–29 [ 117 ]. Its genome is 
40.7 kb with a G + C content of 47.5 %. The region of 348 bp 
between  int  and  gtrA  is 99 % identical to the similar region in 
ST104 and 93 % to P22. Furthermore the 128 bp proximal to the 
 int  gene of phage ES18 are 99 % identical suggesting that the inte-
gration sites ( attP ) of these four phages are identical. 

 Like P22, downstream of the late control protein (Q-homolog) 
we fi nd the lysis cassette—the lysin exhibits 99 % amino acid 
sequences identity to gp 19  of  Salmonella  phage PS3 (CAA09701) 
and to a variety of other prophage and phage putative lysins, includ-
ing those of the myoviruses RB49 and RB43, and the siphovirus T5. 
The annotation of its homologs suggests that this protein may be 

  ST64T

  Fig. 6    Structure of the trimeric O-antigenic repeat in  S.  Anatum by phages ε15 
( see  below) and ε34. The  O -Ac moiety is an  O -acetyl group on the galactosyl 
residue       
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an  L -alanyl- D -glutamate peptidase. Downstream, ST64Tp47 pos-
sesses (1) an N-terminal transmembrane domain, (2) high level 
sequence identity to gp 15  of PS34, and (3) Orf 66  from P22 and is 
most probably the Rz homolog. If one truncates the version of the 
annotated locus ST64Tp48 to represent a better initiation site and 
homologs it ( orf243 ) and subsequent gene products (ST64Tp49 
and ST64T50) exhibit 100 % sequence identity to the products of 
contiguous ST104 genes (YP_006401, YP_006402, and 
YP_006403). Interestingly, the latter protein has been shown to be 
a capsid decoration protein by homology to  Salmonella  phage L 
(AAX21524) [ 118 ]. While its genomics are clearly related to P22, 
the  immI  region differs in that it lacks  arc  and  ant  genes.  

  Mitomycin C treatment of  S.  Typhimurium DT104 resulted in the 
induction and isolation of phage ST104, which, based upon its 
close homology to phage P22 and the lack of a gene for a tail tape 
measure protein, is a member of the  Podoviridae  [ 119 ]. The pro-
phage is probably the same as the generalized transducer PDT17 
identifi ed by Schmieger and Schicklmaier in this bacterial strain 
[ 120 ]. Its genome is 41.4 kb (47.3 % G + C) and it encodes for at 
least 65 proteins. A high percentage of these proteins are homolo-
gous to proteins in phages ε34, P22, and ST64T. These include 
conserved antirestriction ( abc ), conversion ( gtr ), superinfection 
exclusion ( sie ),  nin , and  imm C loci. Furthermore, the putative  pac  
site of this phage (GAAGACTTATCTGAGGTCGTTA) is identi-
cal to that of phages ε34, ST64T, PS119 (GenBank accession 
number BPS011581), PS3 (BPS011579), L [ 118 ], and LP7 
[ 121 ]. Antitermination protein gp 24  (N-analog) exhibits 96 % 
sequence identity with gp 24  of P22 suggesting that the early con-
trols of both phages are similarly controlled. The Q-analog (gp 23 ) 
exhibits only 41 % sequence identity with highest degree of iden-
tity being associated with the N-terminal part of the protein.   

  The receptor for phage ε15 is the O-antigen of  S.  Anatum which 
belongs to serogroup E1 expressing serovar factors 3 and 10. The 
receptor structure is shown in Fig.  6a . Lysogenization of cells 
resulted in a serological change to serogroup E2 (Fig.  6b ) a phe-
nomenon fi rst explored by Luria and Uetake [ 122 – 124 ], and then 
Robbins et al. [ 125 – 130 ]. Electron micrographs of this phage 
reveal an isometric head 50 nm in diameter [ 131 ]. The tail, like that 
of phage P22, possesses endorhamnosidase activity, capable of 
degrading Group E1  S. enterica O -polysaccharide polymers down 
to a  D - O -acetyl- Galactosyl-α1 → 4- D -Mannosyl-β1 → 4- L -Rhamnose 
trisaccharide end-product [ 132 ,  133 ]. The function of this enzy-
matic activity is probably to allow a closer access of the virus particle 
to the surface of the outer membrane, prior to tight binding and 
DNA injection [ 134 ]. 

  ST104

3.1.2   Epsilon15likevirus 
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 The unique genome sequence of ε15 is 39.7 kb and 
50.8 mol.% G + C [ 135 ] (Fig.  7 ). Since the original estimation of 
mass, based upon restriction analysis, was 40.3 kb the genome is 
circularly permuted with a terminal redundancy of ~0.6 kb [ 131 ]. 
This phage shows few homologs to its 50 potential gene  products 
amongst existing  Salmonella  phage proteins. Until recently, the 
nearest phage relatives of ε15 appeared to be  Photobacterium pro-
fundum  prophage PφPpr1 (11 genes in common [ 136 ]), 
 Burkholderia cepacia  phage BcepC6B (10 genes in common 
[ 137 ]), and  Bordetella bronchiseptica- specifi c phage, BPP-1 (9 
genes in common [ 138 ]). In each case the homologs are to other 
known or putative members of the  Podoviridae . In the case of all 
three homologous phages, it is the morphogenic genes which are 
conserved. Perry and Applegate sequenced the  E. coli  O157:H7-
specifi c phage V10 [ 139 ], misnamed φV10, and showed that it 
displays considerable sequence similarity to ε15, but lacks the 
conversion genes of this phage [ 140 ].

   Although the protein product of gene  38  exhibits poor sequence 
similarity with other known phage repressors, it is similar in size 
(198 amino acids) and contains a helix-turn-helix motif of the type 
that typically serves in operator recognition. A clear plaque muta-
tion (ε15 vir ) maps within this gene. Like    the repressor genes of 
Lambda, D3 [ 141 ], and phage r1t [ 142 ]; ε15 gene  38  lacks an 
identifi able ribosome binding site (RBS). This phage is not 
UV-inducible, in spite of containing a potential cleavage site 
(Ala120-Gly121) for the RecA protein stimulated autodigestion of 
the major repressor proteins [ 143 – 145 ]. Interestingly we have 
identifi ed ten 17 bp, hyphenated, inverted repeats, which are repre-
sented by the consensus sequence ATTACCWDWWNGGTAAT. 
Of particular interest was our observation that three of the putative 
operator sites lie to the left of gene  38  and two to its right. This sug-
gests that as with λ divergent transcription is modulated by protein 
binding to sites on either side of the repressor gene. The signifi cance 
of the other sites is, as yet, unknown. We have no biochemical, 

  Fig. 7    Gene map of phage ε15. Please note that the conversion genes are not 
clustered and that  attP  is upstream of  int        
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homology, or protein motif data to support the notion that either of 
the upstream genes (gp 39  or  40 ) encodes a Cro homolog. 

 The two other noteworthy features of ε15 are putative  presence 
of an upstream  attP  site and the genes involved in conversion. 
The phage integration site  attP  is almost always located down-
stream of the  int  gene. The only known exceptions are  Myxococcus 
xanthus  phage Mx8, where  attP  is located within  int  [ 146 ], and 
enterobacterial phages HK620 [ 87 ] and Sf6 [ 93 ] where  attP  is 
located upstream of  int . Interestingly there is no evidence for a Xis 
homolog. 

 Lysogenic conversion is brought about through the concerted 
activity of three intimate membrane proteins gp 21 , gp 22 , and 
gp 28 . The latter 60 amino acid protein acts to inhibit the trans-
acetylase activity found in the wild-type cells, while the 66 amino 
acid encoding gene  22  inhibits the α-polymerase activity responsi-
ble to adding the repeat units in an α1 → 6 pattern. The 43 kDa 
product of gene  21  encodes a new β1 → 6 polymerase. Interestingly 
only two of these genes are linked. The small size of the membrane 
inhibitors mimics that of the  Pseudomonas aeruginosa  serovar con-
verting phage D3 LPS polymerase inhibitor [ 4 ]. 

 In a brilliant study by Jiang and colleagues, the structure of the 
entire ε15 virion was studied by cryo-electron microscopy and pro-
teomics [ 147 ]. The latter analysis revealed the virus particles contain 
capsid protein (gp 7 ), which is partially proteolytically processed and 
may also be, in part, cross-linked, a 12 subunit portal complex (gp 4 ), 
six bulbous tailspikes (gp 20 ), and a tail hub, probably composed of 
gp 15 ,  16 , and  17 .  

  In addition to the ability of phage P22 to induce serovar conver-
sion, this property is carried by other undefi ned phages [ 148 – 150 ]. 
O-antigen 5 of  S.  Typhimurium strain LT2 is encoded by the pro-
phage Sty-cPP2  oafA  gene, which specifi es an O-antigen acetylase 
[ 151 ,  152 ]. Other O-antigens are also phage encoded, including 6 
[ 153 ], 14 [ 154 ,  155 ], 20, and 27 [ 156 – 158 ], but the phage genes 
responsible for them are currently unidentifi ed, except for those 
carried by phage P27.  

  Three unclassifi ed  Salmonella  temperate phages include the serovar 
converting phage SPN9CC (JF900176) and the closely related 
phages SPN1S [ 159 ] (JN391180) and SPN9TCW (JQ691610).   

   Originally isolated in 1953, bacteriophage ES18 is a temperate, 
broad-host range, generalized transducing virus of O-antigen- 
containing (smooth) and lacking (rough) strains of  S. enterica  
[ 160 ,  161 ]. As such it differs from other transducing phages for 
this genus which all require smooth lipopolysaccharide. The cel-
lular receptor for ES18 is FhuA, the outer membrane protein 
involved in ferrichrome transport [ 162 ]. 

3.1.3  Other Serovar 
Conversions Induced by 
Prophages

3.1.4  Orphan 
Podoviruses

3.2  Temperate 
Members of the 
 Siphoviridae 

3.2.1   ES18
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 Morphologically this phage possesses an isometric head 56 nm 
in diameter and a long tail (121 × 12 nm) making it a member of 
the  Siphoviridae  [ 163 ]. One unusual property of the phage is the 
observation that it does not band in CsCl equilibrium gradients at 
the expected density of approximately 1.5 g/ml. 

 Using pulsed-fi eld gel electrophoresis (PFGE) Casjens and 
colleagues [ 163 ] demonstrated that the genome of ES18 formed a 
broad band at 51.5 kb, suggestive of variation in the lengths of the 
packaged genomes. Since the fi nished sequence of the DNA indi-
cated a circular molecule of 46.9 kb (48.6 % G + C) its genome 
must be circularly permuted and terminally redundant (ca. 10 %). 
These features are a result of headful packaging. Detailed analysis 
of the process in ES18 reveals that the  pac  site is, as with other 
phages, located in the gene for the small subunit of terminase, but 
the cleavage reactions which are a precursor to packaging from the 
concatemeric substrate occur from 300 bp upstream to 700 bp 
downstream of this site. The consequence is that restriction diges-
tion, coupled by agarose gel electrophoresis and ethidium bromide 
staining, fails to reveal a cluster of submolar fragments as are 
observed with phage P22. Hybridizations are required to reveal 
their presence. 

 As with all temperate phages the ES18 genome is mosaic in 
nature (ES18 has been shown to recombine with both Fels-1 and 
P22 [ 164 ]). The genome layout though follows the lambdoid 
model with its 79 genes arrayed in the following order: packaging, 
heads, tails, integration, recombination, central regulation, replica-
tion, and lysis. BLASTX and CoreGenes analysis [ 81 ] reveals that 
18 of the fi rst 29 ES18 gene products, i.e., those involved in pack-
aging, capsid, and tail formation, are related to prophage proteins 
in  Actinobacillus pleuropneumoniae  serovar 1 str. 4074 (GenBank 
Accession number: NZ_AACK01000018). The remainder of the 
genome is largely related to P22. Capsid morphogenesis has been 
used to subdivide the lambdoid phages into fi ve types: HK97, 
Gifsy-2, 933 W, λ, and P22. The analysis of its genome reveals that 
ES18 is the sole representative of a new group. The capsids of 
ES18, like those of coliphage λ, are composed of a major head 
protein plus a decorator protein. In the case of ES18, the major 
capsid protein (gp 9 ) undergoes proteolytic removal of 51 amino 
acids, while the portal (gp 5 ) is also shortened, by in this case ten 
residues [ 163 ]. 

 Transcription is regulated by repressor (gp 55 ) and Cro (gp 56 ) 
interactions with operators O L  (three sites) and O R  (three sites) 
affecting transcription from P L , P R , and the promoter for repressor 
maintenance (P RM ). All of these show sequence similarity to 
homologous sites and proteins in phage P22. Delayed early and 
late transcriptions are controlled by N- and Q-type antiterminators 
(gp 54  and gp 73  respectively). They display 63.3 and 37.8 % identity 
to their P22 homologs. The excisionase ( xis , gp 35 ), integrase ( int , 
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gp 34 ), and integration site ( attP ) show 96 % sequence identity to the 
homologous region in phage P22 suggesting that ES18 and P22 
share a common bacterial insertion site ( attB ) [ 163 ].  

  Three complete lambda-related prophages belonging to the family 
 Siphoviridae  (Fels-1, Gifsy-1, and Gifsy-2) have been identifi ed in 
the sequenced  Salmonella  genomes [ 165 – 169 ]. 

  Induction of  S.  Typhimurium LT2 led Yamamoto to discover 
two serologically and morphologically different phages (Fels-1 and 
Fels-2). Fels-1 with a genome of 41.7 kb is clearly a member of the 
lambdoid  Siphoviridae  ( see  Fig.  2 ). A preliminary analysis of its 
sequence suggests that as many as a dozen CDSs may have been 
missed during the annotation of  S.  Typhimurium LT2 (Kropinski, 
unpublished results). It is integrated between host genes  ybjP  and 
STM0930, and carries two potential virulence genes:  nanH  (neur-
aminidase),  sodC3  (superoxide dismutase) [ 166 ,  167 ]. BLASTN 
analysis reveals that the complete phage only exists in the  S.  
Typhimurium LT2 genome.  

  This mitomycin C and UV-inducible 47.8 kb prophage is inte-
grated into the 5’ end of the host  lepA  gene which encodes a 
ribosome- binding GTPase [ 170 ]. The capsid measures approxi-
mately 60 nm in diameter and it possesses a fl exible tail ca. 133 nm 
in length. Gifsy-1 derivatives exhibiting differing susceptibilities to 
superinfection have been identifi ed in various  S.  Typhimurium iso-
lates suggesting that the immunity regions are different. Since 
phages commonly evolve through the horizontal exchange of gene 
modules or cassettes this observation is not unexpected. The sur-
face receptor for this phage and for Gifsy-2 is OmpC, and therefore 
these phages propagate most easily on rough mutants of  Salmonella  
in which this outer membrane protein is surface exposed rather 
than obscured by a coating of LPS [ 171 ]. The annotated prophage 
contains a number of missed or potentially incorrectly annotated 
genes. STM2628 encodes a protein of 136 amino acids containing 
a helix-turn-helix (HTH) motif. This is separated from a 79 amino 
acid protein with a HTH motif with homology to phage Cro-like 
proteins. It is quite possible that STM2627 represents a CII-like 
protein. This requires experimental verifi cation. Interestingly, the 
putative repressor STM2628 lacks the Ala-Gly or Cys-Gly sites 
associated with RecA-dependent UV induction [ 144 ,  145 ] yet both 
Gifsy prophages are UV-inducible [ 167 ]. Both of these prophages 
also carry  dinI  homologs which negatively regulate induction. 
Gifsy-1 carries a number of potential virulence modulating genes 
including  gipA  in what is equivalent to the lambda  b2  region. The 
latter gene is involved in colonization of the small intestine, and its 
deletion results in reduced bacterial virulence. BLASTN (90–100 % 
coverage) analysis reveals related sequence in  S . Typhimurium 

3.2.2  Lambdoid Group

  Fels-1

 Gifsy-1
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strains LT2, 798, 14028S, UK-1, U288, T000240, D23580, 
ST4/74, SL1344, 08-1736, and  S . Newport strains 
USMARC-S3124.1 and SL254. At 85 % coverage an analog can 
be found in  S . Choleraesuis SC-B67, while at 70 % it can be found 
in  S . Bareilly strain CFSAN000189.  

  This 45.5 kb prophage, integrated between  pncB  (nicotinate 
phosphoribosyl- transferase) and  pepN  (an aminopeptidase of pep-
tidase family M1 [pfam014 33 ]), is probably defective in strain LT2 
but active in ATCC14028s [ 167 ]. Induction results in the release 
of a siphovirus with a head diameter of approximately 55 nm. As 
with Gifsy-1 the 693 amino acid containing major capsid gene 
(STM1033) contains an amino-terminal Clp protease domain 
(pfam00574). The C-terminus shows homology to proteins from 
prophages Fels-1 (STM0912) CP-1639 (CAC83157) and 
CP-933K (NP_286515) and represents a novel head/scaffold/
protease composite. Amino acid sequence analysis of the mature 
capsid protein suggests cleavage near residue 399 [ 167 ]. In con-
trast in Gifsy-1 STM2604 is probably a head-decoration protein 
analogous to Gp D  in coliphage lambda and STM2603 is the λ 
Gp E  homolog (pfam03864). Gifsy-2 also carries a range of poten-
tial virulence determinant two of which  gtgA  (identical to Gifsy-1 
 gogA ) and  sodC1  (periplasmic superoxide dismutase) have been 
implicated in the host pathogenesis. Deletion of  gtgA  results in a 
sevenfold reduction in virulence, while removal of  sodC1  attenu-
ates virulence by fi vefold [ 172 ]. 

 Gifsy-2 is also broadly distributed being found in  S . 
Typhimurium strains LT2, SL254, 08-1736, 14028S, UK-1, 
U228, 798, T000240, ST4/74, SL1344, D23580;  S . Newport 
USMARC-S3124.1;  S . Paratyphi C; and  S . Dublin CT 02021853 
(92–100 % coverage).  S . Choleraesuis SC-B67 contains an analog 
(84 % coverage), while  S . Weltevreden strain 2007-60-3289-1 pos-
sesses a related prophage (77 % homology).    

    The P2-like phages are temperate members of the  Myoviridae  and 
include coliphages P2 and 186,  Pseudomonas  phage φCTX, 
 Haemophilus  phages HP1 and HP2, and  Salmonella  phages PSP3 
and SopEφ [ 173 ]. 

 The genomic layout is indicated in Fig.  8 . The central control 
region of P2 contains the lysogeny repressor (C) and Cox. The lat-
ter protein, which is analogous to Cro of the lambdoid phages, is 
involved with inhibition of the lysogenic promoter, but unlike 
Cro it is not essential for lytic development. Integration into the 
 E. coli  K12 genome occurs at  attB  P2  located between genes  yegQ  
and  b2083 , and is catalyzed, as with coliphage λ, by Int and 
IHF. Interestingly, in P2 the function of excisionase (Xis) during 
excision is provided by Cox. Lysogens also express three conversion 
genes (also known as morons):  fun(Z) ,  old  (a predicted 

 Gifsy-2

3.3  Temperate 
 Myoviridae 

3.3.1   P2likevirus  Group

  PSP3
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ATP- dependent endonuclease), and  tin  which result in the cell 
becoming resistant to coliphages T5, λ, and T4, respectively. 
Replication involves a complex of protein A and B and results in 
single circular molecules (rather than concatemers) which are the 
substrate for packaging. Late gene expression is under positive 
regulation by Ogr from four promoters which display limited 
sequence homology to RpoD-dependent  E. coli  promoters and 
possesses novel imperfect 17 bp inverted repeats at −55 [ 174 ]. 
Experimental evidence suggests that Ogr interacts with the RpoA 
subunit of the host RNA polymerase complex to enable recogni-
tion of these promoters [ 174 ]. An interesting feature of P2 is that 
the usually collocated terminase genes ( terS  and  terL ) are in reverse 
order and interspersed with scaffold and capsid-encoding genes.

   Phage PSP3 was originally isolated from  Salmonella  Potsdam 
but can lysogenize  E. coli  [ 173 ]. The 30.6 kb genome (52.8 
% G + C) has 19 bp 5’-extended cohesive termini and encodes 42 
proteins, 30 of which are P2 homologs. This phage is a closer rela-
tive of 186 and possesses no homologs to  old ,  tin , or  fun .  

  The Fels-2 phage has a head 55 nm in diameter and a contractile tail 
110 × 20 nm [ 168 ]. The prophage genome is 33.7 kb (52.5 % G + C) 
and appears to be bounded by 47 bp direct repeats. As a prophage 
it is located in  S.  Typhimurium LT2; it shares 32 homologs with 
PSP3 and 29 with P2. The prophage contains several unannotated 
and miss-annotated genes including an open reading frame which is 
related to PSP3 TumB (NP_958095). The prophage integrates 
into the 3’ end of the host  ssrA  genes. A unique feature of this 
phage is the presence of a gene encoding a DAM methylase 
(STM2730). The host is also  Dam- positive. Lastly, Yamatoto [ 168 ] 
demonstrated that the Fels-2 prophage could recombine with the 
morphologically unrelated P22 phage to give rise to F22 which is 
morphologically and serologically related to Fels-2 but carries the 
P22  c  genes [ 175 ]. Prophages related to Fels-2 have been found in 

  Fels-2

  Fig. 8    Diagram of the gene layout of coliphage P2       
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the genomes of several  Salmonella  serovars, including  S . Javiana,  S.  
Agona, and  S.  Dublin (80–82 % coverage);  S.  Typhi (79 %) and  S . 
Paratyphi A (74 %).  

  SopEφ also has the same  attB  site as Fels-2 [ 176 ] and shares many 
genes in common with the latter phage, and 25 with P2. Induction, 
with mitomycin C, from  S.  Typhimurium strain DT204 resulted in 
particles with heads 58 nm in diameters and contractile tails 133 × 
19 nm [ 177 ]. These particles infect sensitive  Salmonella  strains in an 
FhuA, TonB-independent manner and exhibit a burst size of approx-
imately 8. The genome is approximately 34.7 kb (51.3 % G + C) and 
carries the type III effector protein SopE which binds to, and tran-
siently activates, eukaryotic RhoGTPases [ 178 ].  Salmonella  mutants 
lacking this protein show reduced invasiveness.     

4     Diversity of  Salmonella  Prophages 

 Recognition that  S.  Typhimurium carried “symbiotic bacterio-
phages” was fi rst noted by Boyd [ 179 ]. It is noteworthy that most 
salmonellae carry the genomes of temperate phages— S.  
Typhimurium strains usually carry 4–5 complete prophages while 
 S.  Typhi strains Ty2 and CT18 both possess seven prophages [ 180 ]. 

 There are two methods to identify prophages: (1) experimen-
tal and (2) computational. Experimental methods involve inducing 
the bacterial host to release phage particles by exposing them to 
UV light or other DNA-disruptive conditions. This approach is 
widely used to prove the existence of viable phages but will not 
reveal defective prophages. Another limitation to standard experi-
mental approaches is that not all viable phages can be induced 
under the same conditions and that in many cases, the conditions 
required to induce phage activation cannot be known  a priori . 
Given the ease with which bacterial genomes can now be sequenced, 
the computational identifi cation of prophages (both viable and 
non-viable) from genomic sequence data has become the preferred 
route. 

 Prophage regions within bacterial genomes can often be rec-
ognized by certain characteristic sequence features, such as the 
presence of disrupted or interrupted genes, their proximity to bac-
terial tRNA genes, unique sequence patterns (such as phage attach-
ment sites), and long stretches of atypical DNA sequence content. 
These sequence features can be used to computationally identify 
possible prophage genes and genomes. However, prophage regions 
do not always exhibit atypical nucleotide content, nor do phages 
always integrate into the same coding regions nor do they always 
use tRNAs as their target site for integration. As a result these sim-
plifi ed rules do not always yield reliable prophage “hits.” To address 
these shortcomings, improved methods that rely on a more 
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integrated approach to prophage identifi cation have started to 
appear. These methods combine sequence alignments to known 
phage or prophage genes with comparisons to known bacterial 
genes. They also combine tRNA site recognition and dinucleotide 
analysis with advanced pattern-matching methods (hidden Markov 
scanning) for attachment site recognition. These more advanced 
methods are now available in a number of programs and web serv-
ers including Phage_Finder [ 181 ], Prophinder [ 182 ], Prophage 
Finder [ 183 ], PhiSpy [ 184 ], PHACTS (  http://www.phantome.
org/PHACTS/    ), and PHAST [ 185 ]. 

 Phage_Finder and Prophinder require that the input genome 
sequence must be well annotated with all CDSs and/or tRNA sites 
pre-identifi ed. On the other hand, PHAST and Prophage Finder are 
able to work with unannotated DNA sequence data (as well as 
GenBank annotated data) and use gene prediction methods to iden-
tify all relevant sites. Most prophage identifi cation tools are relatively 
slow, with the average run time being about 1–2 h per genome 
sequence. The exception is PHAST, which is able to perform its 
analyses in less than 5 min (using multiple processors and specially 
developed rapid annotation techniques). PHAST is the newest addi-
tion to a long line of computational prophage tools and it exploits, 
extends, or borrows from many of the best features of previously 
developed prophage software. In particular, PHAST combines 
genome-scale ORF prediction and translation (using GLIMMER 
3.02), protein identifi cation (using BLAST matching and annota-
tion by homology), phage sequence identifi cation (using BLAST 
matching to a large phage-specifi c sequence database), tRNA iden-
tifi cation, attachment site recognition, and gene clustering density 
measurements using DBSCAN [ 5 ]. In addition to these integrated 
phage identifi cation operations, PHAST also evaluates the com-
pleteness of the putative prophage, generates tables on the phage or 
phage-like features, and creates colorful graphs and charts. 

 In addition to its speed (10–20× faster), PHAST is also some-
what more accurate than other phage identifi cation tools. Using a 
“gold standard” of 54 carefully annotated phage-containing 
genomes from different bacterial species, PHAST achieved 85.4 % 
sensitivity and 94.2 % positive predictive value (PPV) using anno-
tated GenBank information compared with Prophinder (sensitivity 
77.5 %, PPV 93.6 %) and Phage_Finder (sensitivity 68.5 %, PPV 
94.3 %). PHAST also exhibited 79.4 % sensitivity and 86.5 % PPV 
using only raw DNA sequences data [ 4 ]. Within these 54 test 
genomes, there were three  Salmonella  genomes: NC_003198, 
NC_004631, and NC_003197. PHAST achieved 90 % sensitivity 
and 100 % PPV using annotated GenBank information compared 
with Prophinder (Sn 85 %, PPV 100 %) and Phage_Finder (Sn 85 %, 
PPV 94 %). PHAST also achieved 90 % sensitivity and 85.7 % on the 
raw  Salmonella  DNA sequence data. 
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 Since it was fi rst published in 2011, PHAST has undergone 
several upgrades and its phage sequence databases have more than 
doubled in size. Likewise improvements in its annotation, phage 
feature displays, and phage classifi cation protocols along with many 
enhancements suggested by users have been made. Because of its 
superior performance and speed PHAST was used to perform a 
large-scale analysis of all sequenced  Salmonella  genomes and to 
identify and classify all of the prophages found in these genomes. 
The results of this global analysis can be found at the following 
web page   http://phast.wishartlab.com/z_salmon_all.html    . 

 In general terms, the presence of prophages may impact not 
only the serotype but also the phage sensitivity pattern (phage 
type) and pulsed-fi eld gel electrophoretic (PFGE type) pattern. In 
 S.  Typhimurium strains that have been sequenced a total of 15 
intact or cryptic prophages have been identifi ed. This diversity has 
found application in the development of subtyping systems based 
upon prophages [ 186 ,  187 ].  

5     Salmonella  Phages: Practical Aspects 

  One of the prime uses of P22 is based upon its ability to transfer 
host DNA (i.e., generalized transduction). These transducing par-
ticles are normally present at 1–3 % of the plaque-forming particles, 
but high transducing derivatives (P22HT) have been isolated in 
which 50 % of the particles can transduce [ 188 – 190 ]. Classically 
this was used for genetic mapping but it is now more often used for 
strain construction. Other derivatives of P22 include the hybrid 
Mud-P22 phages which contain the termini of transposable coli-
phage Mu with the packaging features of P22 [ 191 ,  192 ]. These 
randomly insert into the host genome and upon induction specifi -
cally package DNA adjacent to the integration site. 

 The function of the  ImmI  region has been exploited by 
Stanley Maloy and coworkers to create the challenge phage system 
for studying protein–DNA interactions [ 193 – 196 ]. A  mnt ::Km 
derivative engineered to carry a specifi c DNA-binding motif rather 
than O Mnt  is tested for its ability to lysogenize, i.e., generate 
kanamycin- resistant colonies. Expression of the cognate DNA-
binding protein will result in repression of Ant expression and 
enhanced lysogenization.  

   Phage typing entails a detailed subtyping of  Salmonella  isolates 
belonging to a particular  Salmonella  serovar. Further characteriza-
tion of  Salmonella  isolates is of great benefi t since it enables the 
investigator to trace cases and outbreaks of salmonellosis to its 
source and to recommend measures to eliminate the source and 
prevent reoccurrence of the disease. More than 2,600  Salmonella  
serovars are now recognized [ 197 ,  198 ]. However, human and 
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animal infections are primarily caused by a small subset of com-
monly occurring serovars that almost all belong to  Salmonella 
enterica  subsp.  enterica .  

  Phage typing is a well-established, effective and commonly used 
diagnostic technique producing reliable results and maximum dif-
ferentiation of  Salmonella  isolates [ 10 ]. Before phage typing is 
attempted some certainty must be obtained that the isolate indeed 
belongs to the  Salmonella  species. Therefore, isolates are fi rst 
characterized as  Salmonella  by their ability to grow in selective 
enrichment broths such as tetrathionate brilliant green broth or 
Rappaport-Vassiliadis broth [ 199 ] and by displaying specifi c bio-
chemical reactions when grown on brilliant green sulfa agar or 
lysine decarboxylase agar, when streaked on urea slants, and when 
stabbed into a triple sugar iron and Simmons citrate slants. Identity 
of  Salmonella  may be surmised based on a characteristic colony 
morphology and color when grown on media to distinguish 
 Salmonella  from other Enterobacteriaceae. It is often confi rmed by 
picking a colony, preferably from a non-selective agar, and per-
forming a slide agglutination reaction with polyvalent  Salmonella  
antisera. When agglutinating, the isolate is likely a  Salmonella  
strain and submitted to a  Salmonella  reference laboratory for sero-
typing. Serotyping is a method of subtyping of  Salmonella  isolates 
by examining the antigenic properties of the isolate. It is carried 
out by determining the O or somatic antigens and the H or fl agel-
lar antigens with the aid of group and serovar-specifi c O and H 
antisera. Serotyping the  Salmonella  isolate is a prerequisite and is 
generally carried out before phage typing is being attempted. 
The interaction of bacteriophages with their bacterial host is more 
or less specifi c for the  Salmonella  serovar. Serotyping often identi-
fi es surface structures of the  Salmonella  isolate that are unique for 
attachment by specifi c bacteriophages.  

  Phage typing is carried out by infecting a  Salmonella  isolate of a 
serovar, e.g.,  S . Typhi or  S . Typhimurium, with a number of phages 
listed in the phage typing scheme for that serovar. The media 
employed in phage typing are phage broth consisting of 20 g Difco 
Nutrient Broth and 8.5 g sodium chloride that are mixed in 1 L 
distilled water and boiled to dissolve the ingredients, and then dis-
pensed in 3.5 mL amounts in tubes and autoclaved. To prepare a 
solid medium, 13 g Difco Bacto Agar is added to the phage broth 
and after mixing, boiling, autoclaving, and cooling to 50 °C, 
poured into scored square 15 × 15 cm Petri plates. The pH of 
both media should be about 6.8. The plates are dried before use. 
To type a  Salmonella  strain, the isolate is fi rst grown in broth to a 
barely visible turbidity. The broth is fl ooded onto the agar surface 
with the aid of a sterile plastic pipette, and the broth is then sucked 
up with the same pipette and returned to its tube. The plate is 
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dried again and the typing phages are dropped with the aid of a set 
of loops dipped into each of the typing phages or from a set of 
syringes containing the phages onto the surface of the phage agar. 
The plates are incubated overnight at 37 °C. The phage typing 
plates are usually read after 24 h incubation. The readings are done 
with a 10× hand lens through the bottom of the plates using trans-
mitted oblique illumination. The method of recording degrees of 
lysis on the  Salmonella  phage typing plates including identifi cation 
criteria of the plaque sizes, plaque numbers, and the kind of lysis 
has been described [ 200 ,  201 ]. The spots where the phages have 
been dropped and where they caused lysis are described as CL 
(confl uent lysis), SCL (semi-confl uent lysis), <CL and <SCL (inter-
mediate degrees of lysis), and OL (opaque lysis, a confl uent lysis 
with a heavy central opacity due to secondary growth of lysoge-
nized bacteria) [ 201 ] (Fig.  9 ). The phages used for typing are in 
the routine test dilution (R.T.D.). The R.T.D. of a phage is the 
highest dilution which produces confl uent or semi-confl uent lysis 
on its homologous type strain, the strain on which the phage had 
been propagated. If the phages were to be used undiluted many of 
the reactions might be nonspecifi c [ 202 ]. Some of the phages pro-
ducing small or minute plaques may only have to be diluted to 
10 −3 , whereas others that produce large plaques can be diluted to 
10 −5  or 10 −6  to obtain the R.T.D. Different sets of phages are being 
used for the phage typing of different  Salmonella  serovars.

     The specifi city of the phages for a serovar or for isolates of the same 
serovar may differ dramatically. As discussed above, specifi city of a 
phage for the bacterium depends on a number of factors including 

5.2.4  Specifi city 
of  Salmonella  
Bacteriophages

  Fig. 9    Examples of phage typing from the OIÉ Reference Laboratory for Salmonellosis, Laboratory for Foodborne 
Zoonoses (Public Health Agency of Canada; courtesy of Dr. A. Muckle):  left  ( Salmonella  Heidelberg) and right 
( Salmonella  sp. I:4,12:i)       
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the ability of the phage to adsorb to the surface structures of the 
host. Some phages display a high degree of host specifi city whereas 
others have a wide host range. A phage with high specifi city is 
phage φX174 which grows well on  E. coli  strain C but fails to grow on 
most other  E. coli  laboratory strains. A phage with a very wide host 
range for  Salmonella  is the Felix O1 bacteriophage [ 24 ]. It lyses 
more than 99 % of all  Salmonella  isolates [ 202 ,  203 ] and is used to 
distinguish  Salmonella  isolates of  S. enterica  subspecies  enterica , 
 salamae ,  diarizonae , and  indica  which are lysed, from those 
belonging to  S. enterica  subspecies  arizonae  and  houtenae  which 
are not lysed [ 197 ]. Many of the  Salmonella  serovar or serogroup 
specifi c phages attach to receptors in the O side chain, the lipo-
polysaccharide (LPS) of the outer membrane of Gram-negative 
bacteria and a striking relationship has been observed in  Salmonella  
between O antigens and phage susceptibility [ 204 ]. Phage typing 
of  Salmonella  is mostly performed with sets of phages that are 
more or less specifi c for the serovar to which the isolates belong.  

  Phage typing of  Salmonella  has been employed since the late 1930s. 
The phage typing method and the fi rst phage typing scheme, the 
Vi-phage typing system, were developed by Craigie and Yen [ 205 , 
 206 ]. The Vi antigen is a virulence capsular  exopolysaccharide con-
sisting of an acetylated polymer of galactosaminuronic acid. Other 
bacteria that are known to express this antigen are  S . Paratyphi C, 
some strains of  S . Dublin, and a few strains of  Citrobacter freundii  
[ 207 ]. The Vi antigen is encoded by the  viaB  operon. Nair et al. 
[ 208 ] showed that  S . Typhi strains that possess the Vi antigen were 
lysed with adapted Vi II phages and with unadapted Vi I + IV 
phages, all of which use the Vi antigen for adsorption to the cell by 
Vi specifi c phages, but that strains that lacked the Vi antigen were 
not lysed by these phages. They further noticed that 112 of 120  S . 
Typhi strains with the Vi antigen contained a 137 Kb  Salmonella  
Pathogenicity Island 7 (SPI7) encoding the  viaB  operon and pos-
sessing genes for type IVB pili, for putative conjugal transfer, and 
for  sopE  bacteriophage. The eight remaining strains had a complete 
or partial deletion of SPI7 and did neither possess the  viaB  locus for 
Vi exopolysaccharide nor the associated genes, and were not lysed 
by the Vi specifi c phages. The  S . Typhi phage typing scheme was 
followed by the development of a typing scheme for  S . Paratyphi B 
by Felix and Callow [ 24 ]. These schemes were instrumental in the 
identifi cation of chronic fecal carriers and contaminated food prod-
ucts [ 24 ]. A phage typing scheme for  S . Typhimurium was devel-
oped in the 1940s and 1950, and an extended scheme recognized 
80 phage types [ 201 ].  S.  Typhimurium has been the predominant 
cause of salmonellosis in humans and has also been the most fre-
quently isolated  Salmonella  serovar from cattle and pigs, food prod-
ucts, animal feeds, and environmental sources [ 201 ,  209 ]. The  S . 
Typhimurium typing scheme was again extended and defi nitive 

5.2.5  Phage Typing 
Schemes for  Salmonella  
Serovars

Salmonella Phages and Prophages: Genomics…



268

numbers were given to the phage types; the present scheme consists 
of 34 phages and identifi es 207 phage types [ 9 ]. Large egg- 
associated outbreaks of  S . Enteritidis infection in humans have 
occurred worldwide during the late 1980s and 1990s and prompted 
the development of a phage typing scheme for this serovar [ 210 ]. 
Presently it consists of 16 typing phages that distinguish 77 phage 
types. A few of the phage types may account for more than 80 % of 
the isolates [ 211 ]. The acquisition of plasmids may cause a phage 
type conversion and associated antimicrobial resistance. An example 
thereof is the conversion of  S . Enteritidis PT4 to PT24 following 
acquisition of an incompatibility group N (incN) drug resistance 
encoding plasmid [ 212 ]. Disconcerting is the observation that 
wild-type phage-mediated transduction may contribute to the dis-
semination of antimicrobial resistance genes, including those 
encoding extended spectrum β-lactamases (ESBLs) among com-
monly occurring  Salmonella  serovars that often cause salmonellosis 
in animals and humans [ 213 ]. During the last 15 years,  S . Heidelberg 
has caused a large number of infections in chickens and humans in 
Canada and the United States. A  S . Heidelberg phage typing 
scheme has recently been developed [ 214 ]. It employs 11 typing 
phages and distinguishes 49 phage types. Many phage typing 
schemes including those for typing  S . Typhimurium and  S . 
Enteritidis and associated techniques have been developed at the 
Central Public Health Laboratory at Colindale, London, United 
Kingdom. This laboratory is the World Health Organization 
(WHO) Reference Laboratory for the phage typing of  Salmonella .    

6    Phagotherapy 

 Recent advances in understanding the genomics and life cycles of 
various  Salmonella  phages have raised intriguing and far-reaching 
possibilities for their practical applications, both as research tools 
and for “phage therapy” or “phage biocontrol.” This section 
includes a brief overview of the use of  Salmonella  phages and their 
possible practical applications in various clinical (“phage therapy”) 
or agricultural/food safety (“phage biocontrol”) settings. 

   Salmonella  phages were the fi rst phages examined for their ability 
to prevent and treat bacterial infections in various settings. The 
studies were conducted by Felix d’Hérelle in 1919, a few years 
after the independent discovery of bacteriophages by Frederick 
Twort and Felix d’Hérelle in 1915 and 1917, respectively [ 215 ]. 
During the initial pilot experiment, d’Hérelle isolated  Salmonella  
bacteriophages from chickens, and he used them to treat birds 
experimentally infected with “ Salmonella gallinarum. ” It was a 
very small-scale study: only four birds were included in the phage- 
treated group, and two birds served as phage-untreated controls. 

6.1  Initial Studies 
of Therapy with 
 Salmonella  Phages
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Nonetheless, the results were promising: the phage-treated birds 
survived, but the untreated birds died from, the experimental 
infection. D’Hérelle extended his phage therapy studies almost 
immediately after the completion of his initial pilot study, by con-
ducting major fi eld trials during 1919–1920. The phage prepara-
tions for the fi eld trials were prepared by propagating  Salmonella  
phages having the most potent lytic activity against  Salmonella  
Gallinarum. The resulting phage lysates were packaged (0.5 ml 
volumes in sealed ampoules) and distributed to veterinarians in 
various regions of France, with instructions to administer them to 
chickens by subcutaneous (s.c.) injection. The treatment resulted 
in cessation of the epidemic and the recovery of most of the sick 
chickens [ 216 ]. Encouraged by these results, d’Hérelle expanded 
his therapy studies with other phages and other animals and 
humans. The success of d’Hérelle’s early phage therapy studies also 
prompted other investigators to begin examining the value of vari-
ous bacteriophages in dealing with various infections of bacterial 
origin. Some of those studies in which  Salmonella -specifi c bacte-
riophages were used are briefl y reviewed below. A more extensive 
review of various agricultural applications of  Salmonella  and non- 
Salmonella    phages is available in the literature [ 217 ].  

  D’Hérelle’s early phage therapy studies triggered strong initial 
interest in the possibility of using  Salmonella  phages to prevent 
and treat salmonellosis in animals. To give just a few examples, 
Topley and colleagues [ 218 ,  219 ] orally administered  Salmonella  
phages in order to evaluate their effi cacy in mice experimentally 
infected with  S.  Typhimurium. However, in contrast to d’Hérelle’s 
observations with  Salmonella -infected chickens, phage administra-
tion did not reduce mortality of mice. One possible explanation for 
the discrepancy between these studies and d’Hérelle’s earlier 
observations is that  Salmonella  phages with weak lytic activity were 
used by Topley and colleagues, whereas d’Hérelle used phages 
with very strong lytic activity against the targeted bacteria. In this 
context, when Fisk [ 220 ] injected antityphoid phages possessing 
strong in vitro activity against the challenge  Salmonella  strain into 
mice before challenge with typhoid bacilli, phage administration 
strongly protected the mice. Also, in another study [ 221 ], when 
phages that specifi cally recognized the Vi antigen (a major virulence 
factor of  S.  Typhi) were injected into mice challenged with  S.  
Typhi, the mortality rate was reduced from 93 % in the phage-
untreated control group to 6 % in the phage-treated group (452 
mice were included in that part of the study). Interestingly, the 
study further emphasized the importance of using phages with 
good lytic activity against the challenge bacterium. For example, 
the mortality rates after treatment with boiled culture supernatant 
fl uids and after treatment with a non- S . Typhi phage were not sig-
nifi cantly different, and they ranged from 93 to 100 % (200 mice 

6.2   Salmonella  
Phages for Preventing 
and Treating 
Salmonellosis 
in Laboratory Animals

Salmonella Phages and Prophages: Genomics…



270

were included in that part of the study). The protection afforded 
by the  S . Typhi phage treatment was concentration- dependent, 
and it was best when preparations containing >1 × 10 5  viable 
“phage particles”/mouse were employed. 

 The results of the above-described studies were encouraging, 
and, together with the apparent discrepancy in results obtained by 
various investigators, they normally would have prompted additional 
research. However, the initially strong interest in phage therapy 
gradually decreased in the West after antibiotics became increasingly 
available, and research examining the ability of  Salmonella  phages to 
prevent or treat salmonellosis in animals was not actively pursued 
during the 1950s–1980s. This situation began to change in the 
1990s, when a renewal of interest in phage therapy prompted several 
investigators to revisit the idea of using  Salmonella  phages to deal 
with  Salmonella  infections. One example is the study by Berchieri 
et al. [ 222 ] who used  Salmonella  bacteriophages to treat chickens 
experimentally infected with  S.  Typhimurium. The treatment signifi -
cantly reduced mortality compared to the mortality of phage-
untreated control birds. The effi cacious phage treatment required 
using concentrated phage preparations (ca. 10 10  PFU/ml), and 
phage administration shortly after bacterial challenge was signifi cantly 
more effective than was delaying the treatment.  

  Although enteric infections arguably have been the most common 
targets for traditional phage therapy applications, using  Salmonella  
phages to prevent or treat human salmonellosis has been relatively 
limited, even in countries where phage therapy continued to be 
utilized during the antibiotic era (e.g., the former Soviet Union 
and some Eastern European countries) [ 223 ]. An example of such 
studies [ 224 ] examined the effi cacy of intravenously administered 
 Salmonella  phages (in an isotonic glucose solution) in treating 56 
typhoid patients at Los Angeles County General Hospital (patients 
were infected with  S.  Typhi, previously known as  S. typhosa  and 
 Eberthella typhosa ). The authors used the same phages previously 
reported [ 221 ] to be effective in treating mice experimentally 
infected with  S.  Typhi, and efforts were made to select phages pos-
sessing strong in vitro lytic activity against the strain of  S . Typhi 
isolated from each patient. The treatment reduced patient mortal-
ity from 20 % to approximately 5 %, and the authors concluded 
that treatment with bacteriophages offers a “promising and safe 
procedure against typhoid fever.” 

 Shortly after the study by Knouf et al. [ 224 ], Desranleau [ 225 ] 
successfully used Vi antityphoid bacteriophages to treat 20 typhoid 
patients. He used a cocktail of at least four distinct  Salmonella  bac-
teriophages, and the phages were administered by intravenous 
(i.v.) injection in an isotonic glucose solution. During a larger sub-
sequent study [ 226 ], he used an expanded version of the previous 
phage cocktail (which now included two additional  Salmonella  
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phages, for a total of six phages in the preparation) to treat  S . Typhi 
infections in approx. 100 typhoid patients in the province of 
Quebec, Canada. The treatment continued to be effective, reduc-
ing the mortality from approx. 20 % to approx. 2 %. An interesting 
aspect of the latter study was that  Salmonella  antigens (released by 
phage-mediated lysis while preparing phage lysates in vitro and 
during the lysis of  Salmonella  in vivo) in the phage cocktail were 
proposed to be directly responsible for the observed clinical 
improvement, whereas direct antibacterial action of bacteriophages 
in vivo was proposed to be only an “indirect cause of the cure as 
regards symptoms.” The idea of using phages to prepare phage 
lysates with strong immunostimulating activity has been advanced 
by several investigators since the 1920s, and it has received some 
renewed attention recently, including the development of “ghost 
vaccines” for preventing bacterial infections (including  Salmonella  
infections), in various agriculturally important animals. More 
information dealing with this subject is available in the literature 
[ 217 ,  227 ]. 

 In the former Soviet Union,  Salmonella  phages have been effec-
tively used to prevent salmonellosis in children [ 228 ]. Clinical appli-
cations for  Salmonella  phages also have been reported by investigators 
at the Hirszfeld Institute of Immunology and Experimental Therapy 
in Poland. Since its founding in 1952, the institute has used its large 
collection of bacteriophages to treat various bacterial infections in 
several hospitals in Poland. The most commonly targeted bacterial 
pathogens included  Staphylococcus aureus ,  Pseudomonas aeruginosa , 
and  E. coli , but phages lytic for  Salmonella  also were employed suc-
cessfully to treat human infections [ 229 ]. At the present time, thera-
peutic  Salmonella  bacteriophages are commercially produced by at 
least one company in Russia: ImBio currently manufactures several 
phage-based therapeutics, including a  Salmonella  phage cocktail 
(“Bacteriophagum salmonellae gr.ABCDE liquidum”) targeting ca. 
10 different  Salmonella  serovars (  http://home.sinn.ru/~imbio/
Bakteriofag.htm    ).  

  A possible and novel application of bacteriophages, which recently 
has been generating increased interest, is to apply them directly 
onto food products, in order to reduce the levels of foodborne 
bacterial pathogens in foods. The fi rst report in which this approach 
was studied with  Salmonella  was published by Leverentz et al. in 
2001 [ 230 ]. The authors examined the ability of phages to reduce 
experimental  Salmonella  contamination of fresh-cut melons and 
apples stored at various temperatures mimicking real-life settings. 
Treatment of the experimentally contaminated fruit with aliquots 
(25 μl per fruit slice, applied with a pipette) of a  Salmonella -specifi c 
phage preparation reduced  Salmonella  populations by ca. 3.5 logs 
on honeydew melon slices stored at 5 and 10 °C, and by ca. 2.5 
logs on slices stored at 20 °C (Fig.  10 ), which was superior to the 
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reduction usually achieved with commonly used chemical sanitiz-
ers. However, the phage preparation was signifi cantly less effective 
on fresh-cut Red Delicious apples, possibly because of the phages’ 
rapid inactivation by the apple slices’ more acidic pH (pH 4.2, as 
opposed to pH 5.8 for the melon slices). A description of one of 
the  Salmonella  phages (designated SPT-1) used in the above study 
was recently published [ 29 ]. SPT-1 is an O1 species phage possess-
ing broad-spectrum lytic activity against several  Salmonella  
serovars. It is a member of the family  Myoviridae , and it contains 
abnormal tails that do not appear to result from in vitro assembly 
of dissociated phages. The phage’s genome has been fully 
sequenced, is 87,069 base pairs in size, and contains 129 open 
reading frames, 95 (ca. 74 %) of which encode genes of unknown 
function (A. Sulakvelidze, unpublished data).

   A similar phage biocontrol approach also may be of value in 
the poultry industry; e.g., to reduce contamination of raw chicken 
carcasses with salmonellae prior to packaging. The results of one 
study [ 231 ] supporting that idea indicated that applying  Salmonella  
phages onto chicken skin experimentally contaminated with 
 Salmonella  signifi cantly reduced (by ca. 99 %,  p  = <0.01) the num-
ber of salmonellae on the skin, compared to that on phage- 
untreated control skin. In addition, when the level of initial 
 Salmonella  contamination was low, phage treatment yielded 
 Salmonella -free skin. Another study [ 27 ] found that applying Felix 
O1 bacteriophage, or its mutant possessing increased in vitro lytic 
activity against  S . Typhimurium strain DT104, onto chicken frank-
furters experimentally contaminated with the bacterium reduced 
its concentration by ca. 1.8 logs and 2.1 logs, respectively, com-
pared to that on phage-untreated control frankfurters ( p  = 0.0001). 

  Fig. 10    Reduction of  Salmonella  serovar Enteritidis levels on honeydew melon slices treated with  Salmonella - 
specifi c  bacteriophages (from ref.  14 ). Reprinted with permission from the  Journal of Food Protection  (Copyright 
held by A. Sulakvelidze)       
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The effi cacy of directly applying  Salmonella  phages to other foods 
also has been examined. For example, Modi et al. [ 232 ] reported 
that adding  Salmonella  phages to milk during the production of 
raw and pasteurized cheeses reduced their  S.  Enteritidis concentra-
tions by 1–2 logs. In contrast, the  Salmonella  viable counts in 
cheeses made from milk to which phages were not added increased 
by about 1 log. Another adaptation of  Salmonella  “phage biocon-
trol” has been to use  Salmonella  phages to limit the growth of 
 Salmonella  on various growing plants before they are harvested for 
food. For example, Ye et al. [ 233 ] observed that antagonistic bac-
teria combined with lytic anti- Salmonella  bacteriophages signifi -
cantly reduced the levels of  Salmonella  in sprouting mung beans 
and alfalfa seeds. 

 The results of the studies briefl y described in this subsection 
support the idea that using phages to reduce  Salmonella  contami-
nation of various foods has merit. However, the practical applica-
bility of that approach may be complicated by various factors, 
including the narrow host range of phages. The latter may be of 
particular concern for  Salmonella , a very heterogeneous genus 
comprising >2,600 serovars [ 234 ]. Thus, future research in this 
area may focus on developing phage preparations specifi cally tar-
geting the  Salmonella  strains or serovars known to be most often 
responsible for human salmonellosis or to be most virulent, such as 
 Salmonella  serovars Enteritidis and Typhimurium (including  S . 
Typhimurium defi nitive phage type 104/DT104 strains). In that 
context, and encouragingly, the fi rst commercial  Salmonella  
phage preparation (developed and marketed by Intralytix, Inc., 
and designated SalmoFresh™) recently cleared by the FDA for 
direct food applications has been reported [ 45 ] to be effective 
against  Salmonella  strains belonging to the most common and 
highly pathogenic serovars Typhimurium, Enteritidis, Heidelberg, 
Newport, Hadar, Kentucky, Thompson, Georgia, Agona, 
Grampian, Senftenberg, Alachua, Infantis, Reading, and 
Schwarzengrund. The preparation received a GRAS (Generally 
Recognized As Safe) affi rmation from the FDA in 2013 (GRAS 
Notice No. GRN 000435), for direct application onto poultry, 
fi sh, and shellfi sh, and fresh and processed fruits and vegetables. 
Also, SalmoFresh has been included, in FSIS Directive 7120.1, as 
a safe and suitable antimicrobial processing aid during the produc-
tion of poultry-based products. SalmoFresh, at concentrations 
ranging from 10 6  to 10 7  PFU/g of food, has been reported (GRAS 
Notice No. GRN 000435) to reduce signifi cantly ( P  = <0.05) the 
level of  Salmonella  in various foods, with viable count reductions 
ranging from 65 % in raw turkey breast trim (before grinding) to 
98 % in ready-to-eat deli meat. At least one other company, 
Micreos, recently announced that its  Salmonella -specifi c phage 
preparation, designated Salmonelex™, is undergoing fi eld trials 
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(  http://www.micreosfoodsafety.com/en/Salmonelex.aspx    ; last 
visited on 7 December 2013). 

 Another adaptation of the phage biocontrol approach for 
 Salmonella  is to use  Salmonella- specifi c phages as nonchemical, 
environmentally friendly “microbial biopesticides” for signifi cantly 
reducing or eliminating  Salmonella  contamination of various hard 
surfaces found in household kitchens and commercial food pro-
cessing facilities. The rationale for that adaptation is based on the 
idea that the phage treatment can signifi cantly reduce the number 
of viable salmonellae on the surfaces, so foods coming in contact 
with them would be less likely to be contaminated with a level of 
 Salmonella  required to elicit disease. Recently, using lytic bacterio-
phages to remove specifi c foodborne and non-foodborne bacterial 
pathogens from hard surfaces has been gaining increased attention. 
For example, some studies have focused on determining the effi -
cacy of phages targeting some major foodborne bacterial patho-
gens, such as  Listeria monocytogenes  [ 235 ,  236 ] and  E. coli  
O157:H7 [ 237 ,  238 ], as well as some non-foodborne pathogens 
of high bioterrorism concern [ 239 ]. Also, a phage-based prepara-
tion (ListShield™) was recently granted registration by the 
U.S. Environmental Protection Agency (EPA) as an antimicrobial 
for signifi cantly reducing  L. monocytogenes  contamination of 
nonfood- contact surfaces in food processing plants and food han-
dling establishments (EPA Registration # 74234-1). Therefore, 
similar applications may also be envisioned for  Salmonella  phages. 
In this context, a recent study [ 45 ] reported that bacteriophages 
lytic for  Salmonella  rapidly reduced (by 2.1–4.3 logs)  Salmonella  
contamination of glass and stainless steel surfaces. Two additional 
observations reported in the same study were that (1) spot-test 
susceptibility of the contaminating strains to the  Salmonella  phage 
cocktail was indicative of effi cacy in subsequent surface decontami-
nation studies, and (2) the  Salmonella  phage cocktail could be 
 rapidly customized and adapted to achieve lytic activity against 
 Salmonella  strains/serovars not previously lysed with the original 
phage cocktail. If such upgrades can be implemented in real-life 
settings, they may offer an unprecedented opportunity to renew/
upgrade phage preparations as and when needed, in order to main-
tain their effi cacy against newly emerging  Salmonella  strains and 
highly pathogenic serovars. Studies on the use of phages to reduce 
 Salmonella  and  Campylobacter  in food have recently been reviewed 
by Carvalho et al. [ 240 ].  

  Phage-based intervention strategies may be some of the most 
environmentally friendly approaches for controlling  Salmonella  
contamination in various settings. Phages are very specifi c for their 
bacterial hosts, and they do not infect eukaryotic cells and strains 
of unrelated bacteria. The total number of phages on earth is 
estimated to be 10 30 –10 32  [ 241 ], and, although it is diffi cult to 

6.5  Safety 
Considerations
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estimate what percentage of this phage population consists of 
 Salmonella  phages, it is likely that they are some of the most com-
mon phages in the environment. For example, the amount of 
F-specifi c phages for  S . Typhimurium strain WG49 in U.S. sewage 
has been roughly estimated [ 217 ] to be 1 × 10 18  PFU/day. 

 Although the history of phage therapy strongly suggests that 
phages are very safe for humans, various strategies may be employed 
to ensure further the safety and consistency of modern therapeutic 
phage preparations. One concern with phages used for either “phage 
therapy” or “phage biocontrol” applications is the possible presence 
of undesirable, potentially harmful genes (e.g., bacterial toxin-
encoding genes) in their genomes. Although such genes are very 
unlikely to endanger individual patients treated with phages, it is 
sensible to exclude phages containing them from commercial phage 
preparations, in order to limit their release into the environment. 
Thus, it is prudent to ensure that  Salmonella  phage preparations do 
not contain bacterial toxin genes in their genomes, before they are 
used for traditional phage therapy or to improve food safety. From 
a practical standpoint, this should be feasible. For example, the 
increasing availability of high-throughput sequencing techniques 
should permit full-genome sequencing of all phages considered for 
therapeutic applications, and their rapid screening for the presence 
of undesirable genes.   

7    Concluding Remarks 

 Illnesses caused by  Salmonella  are a signifi cant worldwide health 
burden. For example, the Centers for Disease Control has estimated 
that foodborne  Salmonella  in the USA causes more than one mil-
lion people to become sick annually, ca. 19,000 of whom are 
hospitalized and ca. 400 of whom die (  http://www.cdc.gov/
foodborneburden/     PDFs/FACTSHEET_A_FINDINGS_
updated4- 13.pdf). Also, the illnesses have been estimated [ 242 ] to 
result in ca. $2.4 billion in medical costs annually. Furthermore, a 
recent (2010) report from the FoodNet indicated that, although 
there was an encouraging overall downward trend in the occur-
rence of most foodborne bacterial diseases during 2010, the mor-
bidity rates for  Salmonella  and  Vibrio  spp. continued to increase. 
Specifi cally, all foodborne bacterial diseases were found to have 
declined except for those caused by vibrios (a 115 % increase) and 
salmonellae (a 3 % increase). Although the percent increase in mor-
bidity was larger for  Vibrio  than for  Salmonella , the occurrence of 
foodborne diseases caused by salmonellae was signifi cantly higher 
than that of vibrios. In fact, salmonellae were the most common 
cause of foodborne diseases (ca.1.2 million cases in the USA) and 
the most common cause of hospitalization and death tracked during 
2010 by the FoodNet. Also, an alarming recent development was 
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the observation (  http://www.cdc.gov/salmonella/typhimurium-
groundbeef/index.html    ) that a  S.  Typhimurium strain that con-
taminated ground beef and caused at least 20 clinical cases of 
salmonellosis was resistant to several commonly prescribed antibiot-
ics. This is a troubling development because diseases caused by such 
multi-antibiotic-resistant strains are associated with an increased risk 
of hospitalization or possible treatment failure. 

 Despite the increasing rate of foodborne salmonellosis and the 
importance of salmonellae as human pathogens, published studies 
evaluating the effi cacy of  Salmonella -specifi c phages in preventing 
or treating human salmonellosis are relatively rare. Several reasons 
may account for this phenomenon. One likely reason is that 
 Salmonella  infections have low fatality rates and, when necessary, 
they can be relatively easily controlled by commonly available anti-
biotics. Thus, the lack of a pressing need for an alternative treat-
ment modality may explain the lack of a strong interest in 
developing therapeutic  Salmonella  phages for human salmonello-
sis, even in countries where phage therapy has continued to be 
utilized during the antibiotic era. However, that situation may 
drastically change if antibiotic-resistant strains of  Salmonella  simi-
lar to those involved in the above-mentioned outbreak become 
increasingly prevalent. Another possible explanation is that since 
salmonellae are intracellular pathogens, they must be targeted by 
therapeutic bacteriophages in the gut before they have been inter-
nalized and protected from the phages’ lytic effect. Therefore, 
initiating phage treatment  after  the onset of clinical symptoms may 
be of limited value, and such approaches have not been actively 
pursued. On the other hand,  Salmonella  phages may provide an 
intriguing tool for  preventing  salmonellosis in humans, e.g., as a 
food safety intervention tool. Indeed, as briefl y discussed in this 
chapter, the “phage biocontrol” approach (i.e., applying 
 Salmonella -specifi c bacteriophages to various foods and food prep-
aration surfaces) may provide a natural means for signifi cantly 
reducing  Salmonella  contamination of various foods and, thereby, 
signifi cantly improving public health. 

 The recent increase in the incidence of human salmonellosis, 
which is due to the ingestion of contaminated poultry and other 
foods, indicates that developing and implementing novel 
approaches for reducing contamination of foods with  Salmonella  
are of clear public health importance. A  Salmonella  phage-based 
approach may be an important part of an overall program for 
 Salmonella  control. Therefore, additional research in this area is 
indicated, and it is likely to generate critical data needed for the 
design and implementation of phage-based intervention strategies 
that optimally reduce the occurrence of human salmonellosis. In 
addition, improving our understanding of the genetic makeup and 
lytic cycles of various  Salmonella  phages (whose major groups were 
discussed earlier in this chapter) is likely to provide us with the 
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tools and knowledge required to formulate lytic phage preparations 
optimal for the prevention and treatment of salmonellosis. A good 
example of the potential fi ndings resulting from such research is 
the extensive characterization of the broad-range  S . Typhimurium 
phage IRA by investigators at the George Eliava Institute of 
Bacteriophage, Microbiology and Virology in Georgia [ 243 ]. 
They cloned selected genes of the IRA phage into a plasmid vector, 
and they found that the recombinant plasmid pKI71’s expression 
elicited lethal structural changes in the  Salmonella  cell wall. Similar 
studies (albeit not for  Salmonella  phages) have been recently 
gaining increased popularity in the United States [ 244 – 246 ], and 
further characterizing this and similar mechanisms is likely to yield 
new information about phage-bacterial host cell interactions. On a 
more long-term basis, they are also likely to aid in developing 
effective phage-based preparations and intervention strategies for 
 Salmonella  control, and in identifying novel phage-encoded gene 
products of potential diagnostic or therapeutic value.     
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