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21ST BIENNIAL EVERGREEN 

INTERNATIONAL PHAGE MEETING 



21st Biennial Evergreen International Phage Meeting- Aug. 2-7, 2015 
The Evergreen State College, Olympia, WA 

Organizing committee: Elizabeth Kutter (chair), Debbie Hinton, Paul Hyman, Jochen Klumpp, 
Rob Lavigne, Catharine Loc-Carillo, Susan Lehman, Dan Nelson, Joana Azeredo, Ben Chan, 

Martha Clokie, David Donovan, Krystyna Dabrowska, Jason Gill, Lasha Gogokhia, 
Sandra Morales, and Martha Vives 

Meeting goals: The Evergreen meeting's primary goal is to provide an opportunity for members of 
the phage community from various backgrounds, ages and places to build strong working 
relationships, leading to new insights and collaborations. People are encouraged to present work 
that is still in progress. Posters are strongly encouraged, both as independent presentations with 
their own abstracts (grouped by general topic) and as a way of letting participants more closely 
examine the detailed data of those giving talks . They remain up throughout the meeting, rather than 
having specific presentation times for individual groups of posters. 

Note that presenting at this meeting does not constitute a publication. Abstracts will not be 
published online, and permission must be obtained from the respective authors before 
quoting any of their abstracts or data or applying it in an inappropriate way. 

Thanks to contributors: The Evergreen State College, Dorothea Collins, Matthew Stidham, Sofia 
Gulyas, the students of the Evergreen phage labs, and the many of you who have helped with 
meeting preparations. Special thanks to the following organizations for helping support young 
scholars and participants from underdeveloped countries: 

AmpliPhi Biosciences Inc (APHB): ArnpliPhi is a biopharmaceutical company focused on the 
development of an internally generated pipeline of bacteriophage-based products for human 
therapeutic use. The company operates from laboratories in Australia, the USA and Slovenia and 
has recently commissioned its production facility exclusively dedicated to manufacture therapeutic 
phage products under current Good Manufacturing Practices (cGMP) standards. 

EpiBiome, Inc., based in South San Francisco, CA, is a venture-backed precision microbiome 
engineering company that employs a genomics approach to understand complex microbial 
communities and deploys bacteriophages to specifically eliminate problematic bacteria while 
leaving the rest of the community intact. The company' s first product is a phage cocktail that is 
delivered by intramamrnary infusion into the teats of dairy cattle to treat mastitis, an infection of 
the udder tissue that results in $35 billion in annual losses to the global dairy industry. 

Phagebiotics Research Foundation 

Pherecydes Pharma is a French company developing phages to rapidly detect and/or kill 
antibiotic resistant, emergent or previously uncharacterized bacteria. They work extensively with 
the French Military Health Service, various other academic/military hospitals and medical groups 
internationally. They have recently launched a broad collaborative clinical study (fmanced by an 
FP7 EC program) PHAGOBURN, to evaluate phage therapy in treating bum wound infections 
involving E. coli and/or Pseudomonas (www.phagobum.eu). They are also working in two other 
collaborative projects on BJI (www.phosa.com) and RTI (www.pneumophage.com) infections. 



Synthetic Genomics: At Synthetic Genomics Inc. (SGI), we are using our pioneering and 
proprietary science and technology to develop products to positively impact the world. From new 
vaccines and therapeutics, food and nutritional products, humanized organs for transplant, biofuels, 
biobased-chemicals, and agricultural solutions, we are advancing products through our own 
programs and with industry leading partners. One area of focus is addressing the global threat of 
antibiotic resistance. New antimicrobials are needed and bacteriophage (phage) therapy represents 
one of the most promising solutions. We are fully leveraging our synthetic biology, genomics, 
bioinformatics and viral engineering toolbox to engineer bacteriophage with improved therapeutic 
potential against medically important MDR pathogens such asP. aeruginosa. 

US Department of Agriculture (USDA): 
AFRI Improving Food SafetyProgram 
AFRI Animal Health and Disease Program. 

US National Institute of Arthritis and Infectious Disease (NIAID) 

"Viruses" Journal Special Edition: A special issue of Viruses is being published from the 21'1 

Evergreen International Phage Biology Meeting. Special thanks to guest editors Prof. Abran 
Aertsen and Prof. Rob Lavigne for coordinating this effort. 

Upcoming Phage Meetings and Events in 2015: 
Oxford Bacteriophage Conference- Phages 2015 (September 1-2, 2015) 

A two-day conference addressing phage biology and applications, held at St. Hilda 's 
College, Oxford, UK 
http:/ /lprnhealthcare.com/phages-20 15/ 

Clinical Phage Therapy 2015 (September 26, 2015) 
The Institute of Immunology and Experimental Therapy (Wroclaw, Poland) is organizing 
an international one-day conference to celebrate the lOO'h anniversary of the discovery of 
bacteriophages and the IO'h Anniversay of the Institute's Phage Therapy Unit 
www. iitd.pan. wroc.pVen/clinphage20 15 

Phages in Interaction IV (September 29, 2015) 
A one-day symposium covering both fundamental and applied research, held at K. U. 
Leuven, at the Faculty of Bioscience Engineering (Haeverlee) 
www.biw.kuleuven.be/dp/logt/phagesinteraction 

• 
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EVERGREEN 2015 -- CONFERENCE SCHEDULE 2nd - 7th August 
Breakfast (7:30..8:30), lunch (12:00·M,T; 11:30 W, R), and dinner (5:00- 6:00) are supplied from Sunday morning and Monday morning to Thursday noon on the lower floor of the CAB 

SUNDAY MORNING 

9:30AM -I :00 PM Jochen 

Nathan 

Ramy 

2:00 - 4:00PM 

SUNDAY EVENING 

5:00PM Betty 

5:10- 6:00 PM Bill 

6:00- 7:00PM Martha 

7:00PM 

SUNDAY 7:30 PM -9:30PM 

MONDAY MORNING 
09:00- 09:25 AM Alison 

09:25 - 09:50 AM Daniel 

09:50- 10:15 AM Evelien 

10:15- 10:35 AM Annika 

10:50- 11 :00 AM Darren 

I 1:00- 11:10 AM Yang 

11 :10- I 1:20AM Sidney 

1 I :20 - I 1:35AM Andrey 

l 1:35- 11:50 AM 

MONDAY AFTERNOON 
1:30- 1:55PM Peter 

1 :55 - 2:20 PM Kimberly 

2:20- 2:40 PM Angela 

2:40-3:00 PM Joseph 

Klumpp 

Brown 

Aziz 

Kutter 

Summers 

Clokie 

Buchan 

Schwartz 

Adrienssens 

Gillis 

Smith 

Yongxiang 

Hayes 

Letarov 

Fineran 

Seed 

Makumi 

Pogliano 

3:00-3:10 PM Mohammadali Mirzaei 
----------

WORKSHOP (Seminar II E, 1'1 tloor, 1109) 

Sequencing technologies 

Tools for working with incomplete assemblies 

Tools for genome comparison and annotation 

Welcoming Barbecue@ Betty's House (451 0 Green Cove Court) 

Welcome and Plenary Talks --Betty Kutter 

Welcome 

History of Phage Therapy 

Developing a mechanistic understanding, model systems, and partnerships to advance phage therapy 

Tribute to Rezo Adamia 

FIRST POSTER SESSION (reception with snacks) 

1: Phage Ecology; Chairs: Steve Abed on, Rich Calendar 

Biogeochemical implications of marine phage 

Genetic hurdles in the arms race between Prochlorococcus and their podoviruses 

Phage from the deep freeze: phage diversity in Antarctic soils 

Tectiviruses preying on the Bacillus cereus group 

BREAK 

Temperate phages adding functionality and complexity to an ever-evolving host 

Effect ofStxl phage on Stx2 production 

Bacteriophage lambda gpP: :DnaB perturbation of replication fidelity 

Affiliation 

ETH Zurich 

Oregan State University 

Cairo University 

Communications Bldg, Recital Hall 

TESC 

Yale University 

University of Leicester 

Seminar II E (41h floor) 

Recital Hall 
University of Tennessee 

Tsraellnst. ofTechnology 

University of Praetoria 

K. U. Leuven 
--- --------

University ofNorthumbria 

PHAC, Lab. for Foodborne Zoonoses 

University of Saskatchewan 

In vivo and in vitro evolution of G7C-related phages as studied by genomic and metagenomic approaches Winogradsky Institute 
3 min poster previews (Bai: Phages from Swine Intestine Mucous Layer; Niu: 0157 Phages for Beef; 

Villaroel: HostPhinder; Thomason: Pro12hage Inducti.on) 
-------------

II: Phage-Host Interactions: Molecular Mechanisms; Chair: Susan Lehman Recital Hall 
Transcriptional regulation of Type 1-F CRISPR-Cas system- spacer acquisition and plasmid interference University of Otago 

Phage encoded CRISPR-Cas: a coevolutionary Vibrioarms race University of Michigan 

Single-Cell Infection Dynamics K.U. Leuven 

Tubulin filaments University of California, San Diego 

Two-phage, one-host dynamics_!rom a phage therapy perspective Stockholm University 

BREAK 

.. 



MONDAY AFTERNOON cont'd 
3:25- 3:45PM Daniel Bryan T4 Infection of Stationary Phase E. coli TESC 

3:45- 4:00PM luliia Faidiuk T7-group Phage Elimination ofR-forms from Populations of Pathogenic Bacteria Nat' I Academy of Sciences of Ukraine 

4:00- 4:20PM Bob Blasdel RNA-Seq analysis of phage infected Pseudomonas: insights from 6 phages K.U. Leuven 

4:20- 4:35 PM Anne Chevallereau Molecular characterization of2 new phages infecting Pseudomonas Pasteur Inst. 

4:35- 5:00PM Rob Lavigne Metabolomics of the Infection Process K.U. Leuven 
---------

MONDAY EVENING: Music, dancing, and socialiling (Housing Community Center) 

TUESDAY MORNING Ill: Phage-Based Biotech Applications Chair: Dan Nelson Recital Hall 
9:00 - 9:30 AM Timothy Lu Engineering Sequence Specific Antimicrobial Agents MIT 

9:30 - 1 0:00 AM Magda Barbu Rationally engineered phages targeting multidrug-resistant pathogens Synthetic Genomics, Inc 

10:00- 10:30 AM David Bikard Studying and fighting pathogenic bacteria with the help ofCRISPR and phages Pasteur Institute 

BREAK 

10:45 -11:IO AM Sebastien Lemire Host range control through phage engineering and host determinant accelerated evolution MIT 

1 l:l 0 - 11 :25 AM Robert Shivers Method for rapid detection of pathogenic bacteria in diverse food matrices Sample6 

1 I :25 - 11 :40 AM Hany An any Inkjet printing of bacteriophages to detect different foodborne pathogens University of Guelph 

11:40- 11:55 AM Rob Edgar Bacterial pathogen quantification using phage coupled with photoacoustics University of Pittsburgh 

l:OO- 3:00PM POSTER SESSION 

3:00PM to dinner Group Meetings & Free Time (see Betty to schedule meeting spaces) 

TUESDAY EVENING IV: Agricultural & Environmental Phage Applications; Chair: Jason Gill & Mike Paros Recital Hall 
6:30- 6:55 PM Jason Gill Application of Phages in Agriculture and Animal Husbandry TexasA&M 

6:55- 7:15 PM Mike Paros Phage targeting of intracellular chronic£. coli bovine mastitis TESC 

7:15- 7:30 PM Donna May Papa Phage treatment ofAeromonas in Talapia University of Santo Tomas 

7:30- 7:45 PM Ran Wang Bio-control of Salmonella Enteritidis in foods using bacteriophages Jiangsu Acad. Agricultural Sciences 

J:45- 7:55PM Angela Holguin Evolutionary relationship between Salmonella Enteritidis and phage <I>San23 SciPhage 

BREAK 

8:10- 8:30 PM Lone Bronsted Campylobacter Phages: Biocontrol and Resistance Development University of Copenhagen 

8:30 - 8:45 PM Ayman El-Shibiny Bacteriophage applications for improving food safety and infection control in Egypt Zewail University 

8:45 - 8:55 PM Tobi Nagel Campylobacter Collaborative Food Safety Project in Kenya Phages for Gobal Health 

8:55 - 9:05 PM Jared Hilton Phages against P. larvae, the cause of american foul brood in honeybees Brigham Young University 

9:05- 9:15PM Nick Conley Curing the modern dairy: phage therapy for bovine mastitis EpiBiome, Inc. 



WEDNESDAY MORNING 
8:30- 8:40 AM Elena Marusich 

8:40-9:10 AM Zuzanna Drulis-Kawa 

9:10-9:20 AM Libera Latino 

9:20- 9:40AM Krystyna __ Dabrowska 

9:55- 10:15 AM Alejandro Reyes 

10:15- 10:25 AM Henrike Zschach 

10:25- 10:45 AM Janet Nale 

10:45- 10:55 AM Louisa deSordi 

10:55- 11 :15 AM Scott Sticbitz 

11:15 - 11 :25 AM Martha Clokie 
--- --

WEDNESDAY AFTERNOON 
I :00- I :20 PM Zemphira Alavidze 

I :20 - 1 :40 PM Sandra Morales 

1 :40- 2:00 PM Jerome Gabard 

2:00 - 2:20 PM Joao Mendes 

2:20- 2:40 PM Randy Fish 

2:40- 3:00PM Randy Kincaid 

3:00 - 3:30 PM 

3:30PM-5:45PM 

6:30PM -9:00PM 

a.~.I.V.I.,UJJ,r,.J. l"f.A....._,.A'-l"'.a .l. "!"-' 

8:30- 8:55 AM Mark Van Raaij 

8:55 - 9:20 AM Joshua Weitz 

9:20 - 9:45 AM Kristen Parent 

9:45- 10:10 AM Alice Boulanger 

10:25- 10:50 AM Julie Thomas 

10:50- 11:00 AM Katarzyna 
Danis-
Wlodarczyk 

11:00- 11 :25 AM Lindsay Black 

1:00-3:00 PM 

V: Phage Therapy (Part I) Chairs: Sarah Kuhl & Lasha Gogokhia 

A Cellular Model for Assessment of the Therapeutic Efficacy of Phages 

Phage Therapy and Biofilms 

Phage Selective Pressure on Pseudomona1· 

_f:x!e_~~~_9_r~l_"f~appJi~atio_n_itld_uces weak antibody production in gut and blood 

BREAK 
Phage in the Human Gut Microbiome 

Metagenomic analysis ofEliava intestiphage 

Unravelling the therapeutic potential of C. difjicile phages 

Throwing the bad and keeping the good: a story of phage therapy in the gut 

Regulatory Pathwdys for Phage Therapy 

Announcement for 20161SVM Meeting (Liverpool) 

VI: Phage Therapy (Part II) Chairs: Catherine loc Carillo & Krystyna Dabrowska 

Phage Therapy and Surgical Infections: Tribute to Guram Gvasalia 

GMP Phage Production for Clinical Trials 

PhagoBurn: Back to the Phuture 

Phage Therapy of Diabetic Foot Infections: TechnoPhage 

Case studies: staph phage treatment of diabetic ulcers 

Product Development Considerations for Phage therapy 

Discussion 

POSTER SESSION, WINE & CHEESE PARTY 

Native American Salmon Bake Chehalis tribe, Penn Family 
@Betty's House (4510 Green Cove Court) 
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Crystal structures of the fibre proteins of phages T4, T5, and T7 

eco-evolutionary dynamics of viruses and their microbial hosts 

Phage-Host Recognition 

Prophage Maintenance 

.BREAK 

Key enzymes of giant phages 

Novel Jumbo Phages Infecting Pseudomonas 

The phage T4 DNA packaging machine- old, new, widely true, useful too 

FINAL POSTER SESSION 

Recital Hall 
Moscow lnst. Physics and Technology 

University of Wroclaw 

Universite Paris-Saclay 

University_<>f_Wroclaw 

Universidad de los Andes 

Technical University of Denmark 

University of Leicester 

Pasteur Institute 

FDA 

Recital Hall 
Eliava Foundation Biopreparations 

AmpliPhi Biosciences Corp. 

Pherecydes Pharma 

TechnoPhage 

Phagebiotics 

NIAID,NIH 

Hal -.... --··-· ---·-
Centro Nacional de Biotecnologia 

Georgia Inst. of Technology 

Michigan State University 

CNRS 

Rochester lnst. of Tech 

University of Wroclaw 

UMAB Medical School 



THURSDAY AFTERNOON 
3:15- 3:35PM Martin Loessner 

3:35-3 :55 PM Seth Borden stein 

3:55-4:15 PM Andreas Kuhn 

4:15 - 4:35 PM Konstantin Miroshnikov 

4:35 - 4:55 PM Mariana Puri 

4:55-5:15 PM Lynn Thomason 

5:15- 5:30PM Betty Kutter 

THURSDf\Y EVENING 

FRIDAY 

VIII: Open Section Chairs: Paul Hyman & Dave Donovan 

Harnessing Phage-Host Interaction for Rapid Diagnostics 

Phage & Symbiosis (Wolbachia & Other lntrace.llular Bacteria) 

Assembly of bacteriophage Ml3 in the membrane of Escherichia coli 

Polysaccharide-degrading tail spikes in phage adsorbtion apparatus 

Fluorophages for TB detection and whole cell screening of antitubercular drugs 

Recombineering 

Final words, looking forward 

FREE EVENING --DINNER ON THE TOWN 
Dancing and Socializing in the Housing Community Center 

9 AM-6 PM: 2 Buses: trip to Mt Rainier (meet Parking Lot C) 

Timing may be extended by taking private cars. 

EVENING: Housing Community Center available 

Recital Hall 
ETII Zurich 

Vanderbilt University 

University of Hohenheim 

lnst. of Bioorganic Chemistry 

University of Buenos Aires 

Frederick National Laboratory 

TESC 



ORAL PRESENTATION ABSTRACTS 

Abstracts are arranged in the order they appear on the presentation schedule. Sections are 
as follows: 

Sunday Genomics & Annotation Workshop 
Plenary Talks 

Section I: Phage Ecology 
Section II: Phage-Host Interactions: Molecular Mechanisms 

Section III: Phage-Based Biotech Applications 
Section IV: Agricultural and Environmental Phage Applications 

Section V: Phage Therapy (Part I) 
Section VI: Phage Therapy (Part II) 

Section VII: Molecular Mechanisms Symposium 
Section VIII: Open Session 

The presenting author's name appears in bold text. The names of other authors who are 
attending the meeting have been underlined. 

E-mail addresses are provided for the corresponding author, which may or may not be the 
same as the presenting author. 



Recent Developments in DNA Sequencing Technologies 

Jochen Klumpp 

Institute of Food, Nutrition and Health, ETH Zurich, Switzerland 

E-mail: jochen.klumpp@hest.ethz.ch 

The last decade in phage research was heavily influenced by a revolution in DNA sequencing 
technologies, which put an end to the laborious preparation of shotgun libraries for Sanger 
sequencing and enabled the community to acquire phage genome sequences with relative ease and 
ever-decreasing costs. Massive parallelization enabled the acquisition of multiple genome 
sequences in one run and with high precision, and is responsible for an exponential increase in 
available phage genome sequences. 

My talk will highlight some of the past and recent developments in DNA sequencing, spanning 
from Sanger sequencing to the most recent third and fourth generation sequencing devices. Specific 
emphasis will be put on single-molecule sequencing and its advantages, epigenetic information 
which can be acquired as a by-product of sequencing, and de novo- versus reference-based genome 
assembly strategies. · 

Data from our sequencing efforts on phages infecting Salmonella, Listeria and Bacillus will be 
used as examples to show benefits and drawbacks of each method. Recent developments in the 
market will be highlighted and the impact of Roche's cessation of the 454 technology as well as 
Illumina 's current market dominance will be discussed. I will also briefly describe the problems 
and solutions to data storage, manipulation and choice of assembly algorithm. 
Lastly, the talk will focus on the recent development in nanopore sequencing. Our first datasets on 
genome sequencing of Listeria and E. coli phages using the Oxford Nanopore MiniON device will 
be presented and discussed. 

8 Sunday Workshop 



I 

Tools for Working with Incomplete Assemblies 

Nathan Brown 

Oregon State University 

E-mail: brownn@onid.oregonstate.edu 

What do you do when you assemble reads from your Illumina short-insert library, but you can't 
close your genome(s)? I will introduce three tools that have helped our lab handle incomplete 
assemblies. PriceTI is a handy assembler that can close specified gaps in an assembly using a 
"local assembly" strategy. It can help to close individual gaps that are left open by global 
assemblers such as idba or velvet. PhylophythiaS+ is an SVM-based classification tool that can 
classify the taxonomy of bacterial contigs in your meta genome. mmgenome is a package of shell, 
R, and peri scripts that gives you several tools for effectively displaying and manipulating 
metagenomes. You can preview these software tools at the uris listed below: 

PriceTI 
http ://derisilab. ucsf.edu/software/price/ 

PhylopythiaS+ 
https://github.com/algbioi/ppsp 

nun genome 
http:/ /madsalbertsen. githu b. io/mmgenome/ 

Sunday Workshop 9 



A Triple Recipe for Surviving and Enjoying Phage Genome Annotation: 
PhAnToMe, RAST, and the Ultimate Kropinski Toolkit 
(Formerly advertised as: Tools for genome comparison and annotation) 

Ramy Karam Aziz 

Faculty ofPharmacy, Cairo University, Egypt and member of the SEED team 

With the unprecedented advances in genome sequencing, which improved quality, 
accuracy, and throughput while decreasing cost and time, it is obvious that more genomic data are 
generated than individual scientists or laboratories can handle on their own. The so-called 
"genomic bubble" created an analysis/interpretation bottleneck, to which I refer here as the 
annotation bottleneck: Thousands of bacterial and phage genomes are now completely sequenced 
and deposited in databases, and new tools and databases are continuously developed to allow 
access to these data; however, converting these data into biological knowledge remains slow. 

Computers, and computer scientists, are continuously helping to overcome the hurdles of 
data visualization and analysis; yet, the rate-limiting step to genome interpretation remains human 
expertise needed for genome annotation and metadata curation. This part of the workshop will 
focus on that bittersweet process that starts with a complete or partial genome sequence and ends in 
an integrated biological model of the functioning of an organism. Several steps of this process will 
be discussed and demonstrated, such as: (i) genome assembly or reassembly, (ii) gene 
finding/calling, (iii) manual proofreading of automatically generated sequences and predictions, 
(iv) comparative genomics, (v) consistent and biologically meaningful function assignment to 
genes and their products, (vi) phage lifestyle prediction, (vii) toxin fmding, (viii) moron fmding. 
The importance of properly recording and logging metadata will also be discussed. Optional hands
on or real-life problem solving activities will be suggested. 
Three major toolkits will be demonstrated in this section of the workshop: 

The SEED and RAST toolkits, developed by an international team lead by the Argonne 
National Laboratory, IL, USA (http://www.theseed.org) 
PhAnToMe (Phage Annotation Tools and Methods) developed by the laboratory of Robert 
Edwards at SDSU in collaboration with Mya Breitbart and others (http://www.phantome.org) 
Tools recommended by Andrew Kropinski and maintained at: http://molbiol-tools.ca 

Tool or Database URL 

RAST ___ ___ _!:f:!p _ _:f./ras!_nmpdr.org _ ----------------------------- ------------- RASTtk___________ To download: https://github.com!fheSEED/RASTtk-Distribution/releases/ 
_______________ _____E~r tutorials: http~!!.~torial.th_eseed.org_ _ ____ _ 

M yRAST http:/ /blog. theseed. org/servers/installation/ distribution-of-the-seed-server-
_____________________ ______ P._acka_g~s.htm_!_jpownload: http: //blog.thesee~:..<?~g~<_lg~_!_o~~my~~T.:.!.~-~l:_-~gL 
__ _!!~kk~ _____ : ____ ________________ Et_!E}/W'!!_'!.I. vj~_!:>_i~~~f.?.T.!f.l.~_~i~s.:~ooysoft~.li:I.:~:P!.?.~~:~~~_!_ _______ _____ ____________ _ 

__ p~A~-_-r____________________________ }!t.!P.:!~~~~:P.!~~':!?..!.U..~~?.!.Bf.!'.!!~gc:_~-~~~Ph_a.B.~:.C.B.i?.P._a.g~~.E~~~---····----········-----·-········--------------
_ _I?.A_~_Y.~ _ ----------·-· --·-· ... . . . .. }!~1:p_: f.!.l?~s_y~:..~a.~ ----·-- ------------------·---··-------------------------- - --- ----------
_Q~~~§.~§. __ y?..:_Q_ __ - - ----- ----· - ~~1:p:f.!gc:~_s_a.~:~!?.!~!.?:~~'!:~.<_l~~- --- - - - ------ -- - ·--- ----- -- --- -- - ---- - -

IGS Prokaryotic Annotation http://www.igs.umaryland.edu/researcb/bioinformatics/analysis/wbole _genome.php 

_.!2r_t:!_~~---------··---------------------·--···· .. -----------------------------------------------·---·----··--·-----------
MAKER Web Annotation http://www.yandell-lab.org/software/mwas.html 
Service (MWAS) 

This table is adapted from "Essential steps in characteri=ing bacteriophages: biology, taxonomy and genome analysis," 
by Aziz RK., Ackermann H-W, Petty NK, and Kropinski AM- A book submitted book chapter. 
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Early History of Phage Therapy 

William C. Summers 

Yale University, New Haven, CT USA 

william.summers@yale.edu 

Soon after Felix d'Herelle discovered bacteriophages in association with diarrheal illnesses, he 
speculated that phages were responsible for the usual recovery from such disease through their 
antibacterial action in vivo. He proposed to employ laboratory-produced phages as both 
prophylactic and therapeutic agents against bacterial infections. From initial trials as a 
prophylactic against avian typhosis in rural France in 1919 to its widespread use in humans in the 
pre-antibiotic 1930s, phage therapy was controversial. 

The discovery of antibiotics in the post WW2 era undermined enthusiasm for phage therapy, but 
that is not the whole story. In 1963 phage guru Gunther Stent concluded: 

" ... as late as World War II, bacteriophages were said to have found employ in the medical 
services of the German and Japanese armies, and even today the medical use of 
bacteriophages still persists in some out-of-the-way places. But ever since antibiotics have 
shown themselves to be far more efficacious in the control of bacterial diseases than the 
most fervent proponents of bacteriophage therapy had ever dared hope for their panacea, 
the strange bacteriophage therapy chapter of the history of medicine may now be fairly 
considered as closed. Just why bacteriophages, so virulent in their antibacterial action in 
vitro, proved so impotent in vivo has never been adequately explained." 

Stent' s verdict on phage therapy stemmed from early controversies in phage research, lack of 
understanding of phage biology, and difficulties of evaluating therapeutic effectiveness. 

Three reports on bacteriophage therapy were published by the AMA Council on Pharmacy and 
Chemistry, in 1934, 1941 , and 1945. All three agreed that the literature on phage therapy and 
prophylaxis was confusing and contradictory. Then there was the political aspect of phage. Phage 
therapy was developed, promoted, and widely employed both in the Soviet Union and, at least in 
some instances, by the German army in World War 2. In the immediate aftermath of World War 2, 
collaborations between the US and the USSR soured and all things "communist," became suspect 
in the West. Any science, good or bad, embraced by "commies" was dangerous. As Gunther Stent 
noted, phage therapy was relegated to "out-of-the-way places" (the Soviet Union) and by 
implication was scientifically unsound because it was politically unsound. 

In the post-war period "Big Pharma" profited with the new "wonder drugs." Easy to mass produce, 
easy to administer, stable and clearly effective, antibiotics became the way to deal with bacterial 
infections. As antibiotic resistance has emerged, new approaches have been sought. In 
desperation, it seems, old prejudices may fall and new approaches may emerge. But while phage 
therapy is being re-examined, the debates continue. 
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Developing a mechanistic understanding, model systems 
and partnerships to advance phage therapy 

Martha RJ. Clokie\ Jaspreet Sahota1
, Janet Nale1

, Jinyu Shan1
, Anisha Thanki1

, KateR. 
Hargreaves1

, Tolis Panayi, Chris J.R. Turkington1
, Danish J. Malik2

, Gurinder Vinner2
, Guillermo 

Rangel Pineros1
, Gill Douce3

, Janice Spence~ 
1 Department of Infection, Immunity and Inflammation, University of Leicester; 2Chemical 
Engineering Department, Lough borough University; 3Institute of Infection, Immunity and 
Inflammation, College of Medical, Veterinary and Life Sciences, University of Glasgow 

E-mail: mrjcl@le.ac.uk 

This year, phage biologists celebrate 100 years since the first bacteriophages were isolated. 
It was clear to these early researchers that phages could be useful as therapeutic agents, and over 
the ensuing years they were used widely to treat many topical and internal disorders in humans. 
Research and the practice of using phages continued in some parts of the world, but was largely 
neglected elsewhere. The lack of new antimicrobials, and the diversity and abundance of phages, 
has reinvigorated the field of phage therapy, which is receiving renewed attention from academics 
and industry. Research towards phage therapy includes: phages that target relevant organisms must 
be obtained and characterised; testing must be carried out for safety and efficacy and production 
parameters; and methods, timings and dosages of phage delivery to patients must be established. 
My talk will give an overview of these steps with an emphasis on phage characterisation and 
phage-bacterial interaction in model systems, as informed from work undertaken in my laboratory. 

We have worked with clinicians, chemists and engineers to gather experimental data to 
underpin the development of phages as therapeutic agents. Our research has focussed on phages 
that target Pseudomonas aeruginosa and Clostridium difficile but we have also worked 
collaboratively to characterise phages that target Spirochetes and other respiratory and enteric 
pathogens. We have isolated and collated phage sets for our target bacteria, and characterised them 
according to their genomes, morphologies and physiological properties. We have studied their 
dynamic interactions with bacteria in vitro, ex-situ, and in insect and animal models. Many of these 
models we have had to establish, or to adapt for phages. We have also studied the cost of phage 
resistance to bacteria by examining phage resistant mutants in some of these models. Through 
partnerships with doctors and clinical microbiologists, we have obtained clinical specimens and 
antibiotic resistant strains in order to test phage efficacy on clinically appropriate strain sets, and to 
determine the rates and molecular mechanisms of phage resistance. In a respiratory pathogen 
context, we have tested Pseudomonas stability, behaviour and efficacy in commonly used 
nebulisers to determine if phages are compatible with standard treatments for respiratory infection .. 
To address delivery options for enteric pathogens we are working with process engineers to 
develop pH sensitive polymers that would allow safe passage of phages through the acidic stomach 
environment and delivery into the colon. 

Phages appear to have significant potential to be developed as therapeutic agents to treat 
bacterial infections. Phage biology has received relatively little attention and funding over the last 
few decades; however, a resurgence of interest in their use as novel therapeutics is underway. The 
study of each bacteria-phage system is likely to reveal novel biological insights and inform 
researchers how to best develop that particular phage set. Our work has shown that P. aeruginosa 
phages with good clinical specificity can be nebulised onto epithelial cells and reduce biofilms. Our 
work with C. difficile phages has shown that phages with a good clinical target specificity can lyse 
C. difficile in vitro, and significantly reduce colonisation and in animal models. The successful 
development of phages for therapy will require collaborative partnerships .. 
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Biogeochemical implications of marine phage 

Alison Buchan\ Nana Y. D. Ankrah1 and Shawn R. Campagna2 

Departments ofMicrobiology1 and Chemistri, University of Tennessee, Knoxville, TN USA 

E-mail: abuchan@utk.edu 

It is estimated that - 25% of the marine microbial community is infected by viruses at any given 
time. This contributes to as much as 3Gt of carbon that are released into the world' s oceans each 
year as a result of virus-mediated lysis. The released dissolved organic matter (DOM) is a major 
contributor to marine microbial activity, stimulating both primary and secondary production. To 
better define the role of viruses as global drivers of nutrient flow, we need an improved 
understanding of the influence viruses have on host processes and the effects of this interaction on 
other members of the marine microbial community. In this talk, I will discuss recent studies in 
which metabolomics techniques were used to gain insight in these areas. The extent to which virus 
infection reshapes host metabolism at a global level was evaluated by monitoring the concentration 
of 82 intracellular metabolite pools of a model host-phage system (roseobacter-roseophage) and 
performing stable isotope-based flux measurements over the course of a lytic infection. At the end 
of the sampling period, 71% of the measured metabolites were significantly elevated in phage
infected cells and these cells showed elevated metabolic activity relative to uninfected controls. 
Collectively, these data show that alteration of host metabolism likely influences the concentrations 
of intracellular metabolites that are released into the environment as a result of viral-mediated cell 
lysis . To examine the· influence of DOM resulting from by phage-mediated cell lysis on the 
metabolism of natural marine microbial communities, on-ship experiments with natural 
bacterioplankton populations from nine stations in the North Pacific Ocean were amended with 
Roseobacter-derived virus lysate and the change in relative intracellular metabolite concentrations 
and metabolic rates were analyzed. Intracellular metabolite pool measurements identified a core 
group of 15 metabolites (representing 14% of the probed metabolome) with a conserved response 
to virus lysate addition, showing similar increases or decreases in relative metabolite 
concentrations in response to virus lysate amendment at all stations sampled. These metabolites 
represent pathways involved in amino acid metabolism, nucleotide metabolism, and the TCA cycle. 
Isotope-based tracer analyses highlight the role of glutamate, aspartate, guanine, and malate as 
intracellular metabolite storage pools into which virus lysis material is first incorporated before 
being transferred to other metabolic pathways. Additionally, isotope-based flux measurements 
reveal significant increases in nutrient flux, by up to 900%, in the virus lysate amended 
communities compared to treatments in which equivalent concentrations of C and N were provided 
as acetate and NH4Cl. Collectively, these studies provide critical information on the interplay of 
phage with a major marine bacterial lineage and the ensuing influence these interactions have on 
microbial food webs. 
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Genetic hurdles limit the arms race between Prochlorococcus and the 
podoviruses infecting them 

Daniel A. Schwartz and Debbie Lindell 

Faculty of Biology, Technion- Israel Institute of Technology, Haifa, Israel 

E-mail: daniels@campus.technion.ac.il 

Objectives: Members of the abundant marine Prochlorococcus genus coexist with their 
cyanophage parasites. Mutations conferring phage resistance in Prochlorococcus occur primarily in 
hypervariable genomic islands suggesting that each cyanophage type can only infect a small 
fraction of the Prochlorococcus population. How then do cyanophages survive on this seemingly 
small host population? Co-existence through a coevolutionary arms race requires phage mutants to 
overcome resistance of their hosts, yet little is known of the prevalence of such resistance-breaking 
(host-range) mutants and their effect on phage genomes and fitness. The aim of this study was to 
test the capacity for resistance-breaking in T7-like cyanopodophages, and to characterize the 
underlying genetic and phenotypic outcomes of such mutations. 

Methods: To test the relevance of the mutational arms race model for Prochlorococcus and their 
phages we attempted to. isolate T7-like cyanopodophage resistance-breaking mutants that infect 
previously isolated phage-resistant Prochlorococcus strains. To assess fitness costs associated with 
resistance-breaking we measured phage production and adsorption of isolated mutants. Whole 
genome sequencing was carried out to identify resistance-breaking mutations. 

Results: Two phenotypic classes were found among phage mutants: either those with a small 
fitness gain on both their original and new hosts; or a large fitness gain on the new host 
accompanied by a cost of decreased specificity. Mutations were in genes implicated, by homology 
analysis, to be involved in tail assembly and structure. Exploration of other T7-like cyanophage 
genomes and viral metagenomes revealed enhanced phage genomic diversity preferentially in 
resistance-breaking genes identified in this study. Notably, cyanopodophage resistance-breaking 
mutants were rare or undetectable in most .interactions. 

Conclusions: Hypervariability in resistance and resistance-breaking loci in hosts and phages, 
respectively, stand testimony to an ongoing evolutionary arms race between these antagonists. 
However, phage resistance mutations of Prochlorococcus that cannot be overcome by phage 
resistance-breaking mutations act as genetic hurdles that impede the progression of the arms race. 
Therefore, we propose that host-phage coexistence in this system is enabled by fluctuating 
selection dynamics involving fitness costs on both sides and passive host switching in addition to a 
slow arms race that increases diversity of both hosts and phages. 
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Phages from the deep freeze: Surprising phage diversity in Antarctic soils 

Evelien Adriaenssens 1
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Stephen Craig Carl, Don Cowan 1• 
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Research, University ofWaikato, Hamilton, New Zealand 

*E-mail: evelien.adriaenssens@gmail.com; don.cowan@up.ac.za 

The Antarctic Dry Valley system is considered the coldest, driest place on earth. Microbial 
communities in this environment are subject to extreme abiotic influences, such as very low 
temperatures, high soil salinity, low water availability and high UV radiation levels. We 
investigated the viral communities in a refuge niche, hypoliths (microbial assemblages formed 
under translucent rocks), and the surrounding soil, using shotgun metaviromics. The viral fraction 
was isolated using a series of filtration and ultracentrifugation steps and the extracted DNA was 
sequenced on the Illumina MiSeq platform. 

Bacteriophages were the most prevalent viruses in these two habitats, with a similar abundance of 
Siphoviridae > Myoviridae > Podoviridae signatures. After assembly, near complete genomes were 
identified, one with an unusual gene arrangement of eukaryotic virus genes in combination with 
bacteriophage genes. A complete, circularly permuted, temperate phage genome, was assigned to 
the Siphoviridae based on its terL gene sequence and could be a potential member of a hybrid 
Lambda-related supercluster. 

Other viruses of microbes were also found in the metavirome datasets, such as mimiviruses and 
phycodnaviruses. In the open soil metaviromes, we identified 5 virophage-associated ORFs 
potentially infecting these larger viruses. Phylogenetic analysis of the major capsid protein showed 
that the Miers Valley Soil Virophage sequence was most closely related to Sputnik and Zarnilon 
virophages and not with a previously discovered Antarctic aquatic virophage. 

In conclusion, these extreme terrestrial environments contain a highly diverse and unique set of 
bacteriophages and other viruses 
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Tectiviruses preying on the Bacillus cereus group 

Annika Gillis and Jacques Mahillon 

Laboratory of Food and Environmental Microbiology, Universite catholique de Louvain, Belgium 

E-mail: annika.gillis@uclouvain.be 

Tectiviridae is a rare phage family comprising non-enveloped tail-less phages, with a linear dsDNA 
located within a lipid-containing membrane, covered by a rigid icosahedral protein capsid. 
GIL01/Bam35, GIL16, AP50 and Wipl are representative tectiviruses preying on the Bacillus 
cereus group. This bacterial group includes several species displaying distinct virulence spectra as 
diverse as mammal anthrax caused by Bacillus anthracis, food toxi-infection due to B. cereus or 
the entomopathogen Bacillus thuringiensis. Many of the phenotypic characteristics displayed by 
the members of this bacterial group are associated with Mobile Genetic Elements, particularly 
plasmids. Since tectiviruses are, so far, the only phages infecting the B. cereus group able to 
behave as linear plasrnids during their lysogenic cycle, it is important to assess the potential 
contribution of this type of phages to the genetic diversity of their hosts and to understand the 
selective pressures experienced by the bacteria when facing these phages. Therefore, this work 
addresses the potential contribution of tectiviruses to the bacterial genetic pool and to the 
emergence of different life traits in their host. 

To this end, the prevalence and genetic diversity of tectiviruses in a worldwide collection of B. 
cereus sensu Jato strains was evaluated to define to what extent novel tectiviruses can contribute to 
the bacterial mobilome. The screening and propagation tests indicated that tectiviruses occurred in 
less than 3% of the bacterial isolates. Notwithstanding this limited distribution, several novel 
tectiviruses were found. Partial DNA sequencing of variable regions indicated that a greater 
diversity than previously observed exists within the Tectiviridae, with some tectiviruses displaying 
ORFans genes in regulatory regions, a fact that suggests that the acquisition of those ORFans may 
provide a source of genetic diversity (Jalasvuori et al. 2013). Analysis of the tectiviruses host range 
showed that no simple relationship can be established between the infection patterns of these 
phages and their diversity. However, the data revealed that tectiviruses in the B. cereus group can 
be clustered into two major groups: the ones infecting B. anthracis and those isolated from other 
B. cereus group members. 

The second part of this work addresses the question of whether or not temperate tect1vrruses 
influence some life traits in B. thuringiensis. For this purpose, the kinetics of growth, metabolic 
profiles, antibiotics susceptibilities, biofilm formation, swarming motility, and sporulation rates 
were compared between a tectivirus-cured B. thuringiensis strain (non-lysogenic strain) and two 
isogenic lysogens, derived from the same strain, harboring either the tectiviruses GILOl or GIL16. 
It was found that tectiviral lysogeny had a significant impact on several B. thuringiensis life traits. 
These fmdings provide evidence tectiviruses are not only more diverse than previously thought, but 
they might also have ecological roles in the already complex life cycle of B. thuringiensis. 
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Temperate bacteriophages adding functionality and complexity to an ever 
evolving bacterial host. 

Darren L Smith 

Darren Smith, Faculty of Health and Life Sciences, Northumbria University, Room EB222, Ellison 
Building, City Campus, Newcastle Upon Tyne, UK, NEl 8ST 

E-mail: darren.smith@northumbria.ac.uk 

Temperate bacteriophages and prophage regions have been shown to stud the chromosome of 
nearly all sequenced bacterial genomes sequenced thus far. If we focus on the double-stranded 
DNA phages for example temperate phages of Escherichia coli and Pseudomonas aeruginosa they 
have a conserved core genome that aids the biology and life cycle decision. Outside of these core 
genes, high numbers of putative coding regions are apparent with no associated function at the 
DNA or protein level. Interestingly these genes are usually widespread and conserved in nature 
only adding weight to the argument that they have an important role or function in the biology of 
the phage and the bacterium. An example of this can be seen in Shigatoxin-encoding phages with 
approximately -70% of the coding regions of the phage genome with no definitive function. 

This research encompasses the research direction of my group and the utilisation of phage biology, 
genomics, and metabolomics to try to unravel how these phages have adapted to bacteria evolving 
in specific environments. We focus on the selective pressures of the environment and whether the 
bacteriophages encode a selective advantage for the bacterial host. 

Temperate phages induced from E. coli and P. aeruginosa encode a selective advantage to 
antimicrobial stress through subversion of the cell rather than encoding a resistance cassette. This 
may aid survival in certain environments or negate complete clearance of an infection. Other 
focuses target the subversion of the metabolic profile of the cell when infected with the phage. 
From clinical isolates of P. aeruginosa polylysogeny in Cystic Fibrosis and Bronchiectasis offers a 
gene pool of phages that may add to the evolution of the bacterium. We use genomics and the 
biology of the phage to reconstruct these phages genomes de novo. 
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Effect ofStxl -phage on Stx2 Production by Escherichia coli 0157:H7 

Yongxiang Zhang', Wenyu Zhang' , Chad Laing', Roger Johnson2
, Vic. J.P. Gannon'; 

'Lab. for Food-Borne Zoonoses, Lethbridge, AB, CANADA, 2Lab. for Food-Borne Zoonoses, 
Guelph, ON, CANADA. 

E-mail: yzhang@inspection.gc.ca 

Objectives: E. coli 0 157:H7 is associated with outbreaks and sporadic cases of hemorrhagic colitis 
and the hemolytic-uremic syndrome in humans. Since its isolation in 1982, this organism has 
become one of the most important food- and waterborne zoonotic pathogens in the world. Shiga 
toxin 1 (Stxl) and Stx2 are two of the most important virulence factors produced by this pathogen 
and are encoded by lambda-like prophages integrated into the bacterial chromosome. It was found 
that the presence of more than one prophage within a cell could lead to lowered levels of Stx2 
production. Our previous study revealed that the specific genetic lineage of 0157 strains and the 
source of their isolation are related to Stx2 production levels. We identified two closely related 
0157 :H7 strains LRH6 and Sakai, which have 99% nucleotide sequence identity between their 
genomes. LRH6 carries only the Stx2-phage, which is 99% identical to that of Sakai strain, Sakai 
carries both the Stxl- and Stx2-phage. We found that LRH6 produced 20 times more Stx2 than 
Sakai. In this study, we aimed to determine ifStxl- phage affects Stx2 production by E. coli 0157 
strain. 

Methods: The DNA sequences of 0157:H7 strains and their Stx2 prophage were either obtained 
from Genbank or by 454 whole-genome pyrosequencing. Gap closure between contigs containing 
the Stx2 phage sequences was accomplished using long template PCR and subsequent sequencing 
of the amplicons. Stx2 protein expression was measured using ELISA. Stxl phage-deletion mutant 
and Stx2 toxoid mutant were created using the lambda Red system. 

Results: We created the stxl-phage-deletion mutant L1<l>stxl from strain Sakai and the stx2 toxoid 
mutant 299El67Q from strain LRH6 and compared Stx2 production by Sakai, L1<l>stxl and 
299El67Q. The £1<l>stxl produced 5% more Stx2 than Sakai and 10 folds less than LHR6. We also 
found that introduction of the CI-repressor from the Stxl-phage in Sakai into 299E167Q resulted in 
25% reduction in Stx2 production whereas introduction of CI into strain L1<1>stxl led to 15% 
elevation ofStx2 production. 

Conclusions: While differences in the nucleotide sequence of the Stx2-encoding phage in 
0157 :H7 strains may affect levels of Stx2, regulatory factors located elsewhere in the genome, 
such as Stxl phage or its components such as the CI repressor may contribute to the levels of 
expression of Stx2. 
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Bacteriophage lambda gpP::DnaB perturbation of replication fidelity and 
gpP::RNA-polymerase involvement in ColE I replication sensitivity to gpP 

Sidney Hayes and Karthic Rajamanickam 

Dept. ofMicrobiology & Immunology, College of Medicine, University of Saskatchewan, 
Saskatoon, SK S7N 5E5. 

E-mail: sjh092@mail.usask.ca 

The initiation of bacteriophage lambda replication depends upon interactions between the ori"A 
DNA site, phage proteins 0 and P, and£. coli host replication proteins. P exhibits a high affinity 
for DnaB, the major replicative helicase for unwinding double stranded DNA. The concept of P
lethality relates to the hypothesis that P can sequester DnaB and in turn prevent cellular replication 
initiation from oriC. We observed that ColE! replication and plasmid establishment upon 
transformation is extremely sensitive toP, and distinguished this effect from P-lethality directed to 
cells; and we showed that alleles of dnaB protect the variant cells from P expression (Hayes, et al., 
Viruses 2013, 5, 619-635). We are drawn to hypothesis that cellular levels of P can directly 
interfere not only with E. coli replication initiation, but subsequent steps involving DNA 
propagation and replication restart. A testable idea based upon this hypothesis is that P can 
influence host replication fidelity, via interactions with DnaB, i.e., exert a mutator effect. We first 
examined for a mutator effect by examining the frequency of auxotrophs within stabbed CFU 
derived from cell growth in the absence, or presence of P expression. In this screen, we observed 
(14,410 stabbed CFU) that cell growth with concomitant P expression substantially elevates the 
frequency of CFU acquiring an auxotrophic phenotype. We then examined the influence of P in a 
direct selection for rifampicin-resistant CFU and showed that P expression exerts an enormous 
mutator effect, which was suppressed by a dual mutation within dnaB, suggesting that a P::DnaB 
interaction is involved in the phenotype. In independent fluctuation assays (FA's) with cells 
carrying a plasmid encoding P alone, trace P expression via temperature variation caused ColE 1 
plasmid loss between 35-37°C, an increase in appearance of Ri:f CFU between 34-36°C, and P
dependent-cell lethality between 35-37°C with none of these effects at 25°C where P expression 
was repressed. 30 independent Ri:f mutants from a fluctuation assay arose at 23 different sites 
within rpoB, encoding the P-subunit of RNA polymerase, and among 52 Ri:f mutants sequenced 
each clustered in one of three sites within bases 433-443, 1319-1351 and 1527-1714. The Ri:f 
mutants isolated from cells without P expression were not transformable by pclpR-P-timm or 
pclpR-P-timmL1Rop at 37°C (but were at 30°C where P expression was repressed). In contrast, 
about half of the Ri:f mutants isolated at 37°C in FA's with cells carrying a ?-plasmid were 
transformable at 37°C, yet remained dnaA+ within the region spanning rpl mutants. Five Ri:f 
mutants transformable at 37°C showed resistance to ColE! plasmid loss at 37° and 42°C and toP
lethality. Transductional elimination of the Ri:f phenotype in these mutants by P 1, converting 
them to Rif', restored cellular sensitivity toP-lethality and ColE I plasmid loss, strongly suggesting 
that P can interact with the P-subunit of RNA polymerase. The results support hypothesis that 
RNA polymerase::P: :DnaB interactions can interfere with ColE I DNA propagation I establishment 
within a cell and I or replication restart, and P::DnaB interactions can perturb replication fidelity. 
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In vivo and in vitro evolution of G7C-related phages as studied by genomic 
and metagenomic approaches 

Audrey Letarov, Alia Golomidova, Nikolai Prokhorov. Maria Letarova, Pavel Ivanov, Eugene E. 
Kulikov, Elena S. Kostrukova, Elena Gurko. Daria Strelkova, 

Winogradsky Institute of Microbiology RAS, Moscow, Russia. 

E-mail: letarov@gmail.com 

Objectives: Virulent bacteriophages are ubiquitous components of the absolute majority of the 
natural microbial systems, where they are engaged into numerous and complicated interactions 
with their hosts on populational and genetic levels. Given the fact that phenotypic adaptability of 
the bacteriophages is quite limited, the main body of the ecological adaptation of the phages can be 
described as in situ microevolution or, more exactly, co-evolution with the host. Comparative 
genomic analysis of the ecologically connected isolates of highly related bacteriophages that are 
likely to be a product of natural in situ (co)evolution may shed some light on the degree of 
involvement of modular and divergence mechanisms in phage adaptation in nature. 

Results: We determined the complete genomic sequences of 7 N4-like bacteriophages isolated 
over a 7 year period (2006-2013) from the horse feces collected in the same site (horse stable), 
using as a host environmental isolate, E. coli 4s, originating from the same source. In addition to 
numerous SNPs, we observed at least 21 major recombination events in this collection of phage 
genomes. The majority of them are acquisition or loss of the homing nuclease genes. We also 
observed two insertions of 800 sequences into essential genes, RNA polymerase subunit and DNA 
polymerase, splitting these genes into 2 ORFs. However the expression of these proteins revealed 
that the molecular weight of the product corresponds to the full size polypeptides, indicating that 
the insertions are mobile introns. We also observed deletion and replacement/modification of 
several small early ORFs with unknown functions. The most intensive non-orthologous 
replacements were observed in tail spike loci consisting of genes 63.1 and 66. Among our 7 
phages, we observed 2 distinct types of gp63 .1 with 0-polysaccharide deacetylase and 
depolymerase activities confirmed experimentally. The acquisition of depolymerase instead of 
deacetylase allowed phage to overcome one of host resistance mechanisms. We also found 4 types 
of C-terminal domains of gp66 that are believed to recognize phage's secondary receptor, most 
likely OM porin(s). Compared to these intensive genomic perturbations seen in situ we were 
unable to detect any (!) significant SNP accumulation after 12 passages of the phage G7C- E. coli 
4s in liquid culture (a co-evolving system) using metagenomic sequencing. We isolated phage G7C 
derivatives from the meta-stable pseudolysogenic association maintained on the solid medium. 
These phages have an altered host range, infecting a mutated host E. coli 4sAs but not the wt strain. 
This feature was associated with point mutations in the gp63.1 tail spike. 

Conclusions: The observed differences between in vivo and in vitro generated phage isolates 
suggest that the accessibility of the large genetic pool of intestinal microbes significantly influences 
the mode of evolution in situ - an effect that presumably cannot be modeled in the simplified 
laboratory microcosms. 

The work was supported by RFBR grant No 13-04-01575 and by RSCF grant No 15-15-00134 
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Transcriptional Regulation of the Type I-F System Controls Spacer 
Acquisition and Plasmid Interference 

Adrian G. Patterson, James T. Chang, Corinda Taylor and Peter C. Fineran 
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The CRISPR-Cas 'prokaryotic adaptive immune system' represents an intricate defense strategy 
allowing bacteria to protect themselves against invading genetic elements such as bacteriophages 
or plasmids. Despite significant advances into the function of CRISPR-Cas systems, little is known 
how about they are regulated. Pectobacterium atrosepticum is a plant pathogen, which possesses a 
single Type I-F CRISPR-Cas system. It contains three CRISPR arrays and a cas operon consisting 
of the adaptation genes cas] and cas2-3, and the genes encoding the surveillance complex, csyl , 
csy2, csy3 and cas6f We have shown previously that the wild-type strain is active under normal 
laboratory conditions for the acquisition of new spacers through 'primed adaptation' and can 
interfere with foreign invading elements. Through the application of a random transposon 
mutagenesis, we have identified a number of regulators of cas operon expression, including CRP
cAMP and GalM. Mutation of these regulators or altering the growth conditions affects both the 
primed adaptation and interference stages of the CRISPR-Cas-mediated defense pathway. The 
regulatory pathways involved highlight a link to global regulators that sense the metabolic status of 
the cell. 
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Phage Encoded CRISPR-Cas: A Key Weapon in the Co-evolutionary Arms 
Race Between Vibrio cholerae and a Predatory Phage 

Kimberley D. Seed 
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Vibrio cholerae is a globally important water-borne pathogen that is the causative agent of the 
severe acute diarrheal disease cholera. Bacteriophages that specifically infect and kill V. cholerae 
are hypothesized to contribute to outbreak dynamics, particularly in the endemic region of 
Bangladesh. These viral predators may modulate the inter-epidemic persistence of V. cholerae in 
the environment, thus impacting the occurrence of outbreaks; however, importantly, these phages 
also travel with V. cholerae into the human host and continue their predation during intestinal 
infection. ICP 1-related phages are highly prevalent V. cholerae-specific lytic phages that use the 
01 antigen to initiate infection of their bacterial host. V. cholerae 01 is currently and historically 
the major cause of epidemic cholera throughout the world, and although mutants lacking 01 
antigen are readily selected for in vitro, virulence in the human host necessitates maintenance of 
the 01 antigen. In order to survive ICPl predation while maintaining evolutionary fitness, 
epidemic V. cholerae isolates have evolved to use mobile genetic elements to defend against ICPl
related phages. These novel elements, designated phage inducible chromosomal island (PICI)-like 
elements (PLEs}, specifically and efficiently interfere with ICP1 replication. The high level of 
ICPl interference is uncharacteristic of PICis described thus far in other bacteria, suggesting that 
although the V. cholerae PLEs resemble their PICI counterparts, there are key mechanistic 
differences. PLEs have not gone unchallenged; ICP I phages have coevolved a counter-resistance 
mechanism, whereby PLEs are effectively targeted for destruction by an ICPI-encoded CRISPR
Cas adaptive immune system. Comparative genomics and experimental evidence demonstrates that 
the ICPI CRISPR array evolves to incorporate new spacers against the PLE. Interestingly, the 
origin of the ICP I CRISPR-Cas system is unknown, as no bacteria (including V. cholerae) have 
been found to harbor an identical system. Our results indicate that ICP1 predation is a powerful 
force shaping the evolution of epidemic V. cholerae, and as this arms race continues to unfold it 
sheds light on the mechanisms of pathogen evolution and strain displacement. 
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Phage Infection Dynamics at Single Cell Resolution 
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Phages have an enormous potential towards shaping the behavior and evolution of bacterial 
pathogens. While phage-host interactions are typically interpreted in the context of an either lytic 
or lysogenic developmental path, phage biology often tends to defy this classical bifurcation as is 
exemplified by the ability of several phages to commit to a pseudolysogenic or carrier state during 
infection. Moreover, subtle heterogeneous and/or transient phage-host interactions tend to be 
overlooked with population level approaches. In order to better reveal and understand the complex 
infection dynamics in the Salmonella Typhimurium - P22 model system, we used live cell biology 
to track the different possible fates and whereabouts of individual host cells and phage 
chromosomes throughout an infection, thereby revealing the impact of lytic infection on host 
nucleoid dynamics and the role of the phage carrier state in the establishment of lysogeny and 
transiently resistant subpopulations. 
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Two phage one-host dynamics from a therapeutic perspective 
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Objectives: 
Improved knowledge of the dynamics and kinetics of phages could help to improve the outcome of 
phage therapy. Phages are commonly utilized in cocktails to overcome narrow host ranges and to 
reduce the likelihood of resistance to phages. The immense size of phages compared to antibiotics, 
as well as high variation and prospect of interference between phages, suggests a complex 
pharmacology. The activity of two distinct phages under different dosing and treatment scenarios 
were predicted in silica. Optimal treatment scenarios as predicted by modelling were tested in 
vitro. 

Methods: 
Chemostats were used to grow E. coli ECOR57 in M9 minimal media for 16 hat 37°C before the 
addition of phages. Phages were added with a time delay predicted by mathematical models to 
produce the optimal synergy between two phages. The mutation frequency of ECOR57 was 
determined according to the methods of Luria and Delbruck (1943). Statistical analyses were 
performed in the R Statistical software package using ANOVA and t-test. 

Results: 
Preliminary predictions with mathematical models contrasted to experimental analysis. Unlike the 
mathematical models, experimental data emphasized a significant difference between treatment 
scenarios. There are a number of factors which could potentially affect the efficacy of a phage 
cocktail some have been omitted in the mathematical models, such as interference between phages. 
Ultimately, models were informed with some of the experimental findings, therefore refining the 
final predictions. 

Conclusions: 
There is a need for better understanding of the pharmacology of phages to improve treatment 
outcomes. Mathematical models that are informed by experimental data can be utilized to optimise 
both cocktail selection and dosing strategy. 
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Virtually all phage infection studies use hosts growing exponentially in rich media. However, in 
nature phage frequently encounter non-growing cells in nutrient-restricted conditions, and phage
host interactions there are of major interest from both an ecological and therapeutic standpoint. 
Bacteria entering stationary phase activate well-studied stress defense mechanisms that drastically 
alter the cell and facilitate its long-term survival. 

To explore phage-host interactions in such conditions, E.coli Kl2 strain ZK126 (which has an 
active stationary phase sigma factor, cr.) and two derivative cr. mutants ZK1 000 (deleted cr.) and 
ZK819 (GASP phenotype, attenuated cr.) were infected with T4 after 48hrs shaking at 37°C in M9 
medium with 0.1% casamino acids (CAA) and 0.12% glucose. The ability to kill the host, produce 
stable infective centers and viable progeny, and respond to nutrients 5 and 24 hours post infection 
were explored. Efficient phage binding and host killing were observed. Measuring the OD of the 
infected culture before and after adding chloroform suggests the production of at least some early 
T4 proteins in up to half of the cells. (Adding chloroform tests for phage lysozyme, which is 
expressed in low levels early in T4 infection). However, most infected cells remain in what we call 
a 'hibernation' state, appearing dormant until appropriate nutrients are added, whereupon they 
make high levels of progeny. Some enter a 'scavenger' state, gradually producing a few progeny 
and not responding to added nutrients. The relative abundance of hibernation mode to scavenger
state cells appears to be dependent on the cr. activity, multiplicity of infection (MOl) and host 
strain. 

Phage production and host killing are affected by the age of the culture, status of host a., delay 
before adding nutrients, MOl, and types of nutrient added. While infected cells respond very well 
tore-addition ofO.l% CAA and 0.12% glucose (or fructose) after either 5 or 24 hours, their ability 
to use different nutrients is much lower, particularly in ZK126. In infected ZK126, 1% CAA has 
little effect while infected ZK1000 uses 1% CAA more efficiently. The storage and handling of 
bacterial stocks also has a major effect on infection dynamics. Infections performed using stocks 
stored at -80°C for 20 years (with occasional use,) then streaked out to select colonies, required 
several-fold the usual multiplicities to get good killing. With fresh strains from Steve Finkel and 
using their protocol of skipping colony selection and inoculating overnights directly from the 
freezer stock gave much more consistent results and showed many differences from the older 
stocks, including bacterial killing much closer to that observed in exponential phase. 

Several T4 mutants with large deletions in regions filled with small, non-essential host lethal genes 
were also tested. While some differences were observed, no region seemed to directly regulate the 
hibernation or scavenger modes. Preliminary studies show that the R V5-like MEV21 and T 4 genus 
MEV12 (closely related to RB49,) which uses C not HMdC, could also infect stationary-phase 
cells and respond to nutrient addition to varying degrees depending on the conditions. 
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Objectives. Phages of the T7 group feature compact minimal genomes with strongly defmed 
synteny and a high degree of intergenomic relatedness. Their bioinformatic analysis usually leads 
to unequivocal results. As T7 phages bind to core ofLPS, their host range is limited by R-forms of 
bacteria. Contrariwise, R-forms ·accumulate frequently in population via rapid mutations, causing 
attenuation of its total pathogenic potential. Additionally, T7 is able to enter a pseudolysogenic 
state that allows it to be constantly carried in bacterial population. We assume T7-group phages act 
as factors that eliminate R-forms from naturally-occurring bacterial populations in order to restore 
the total pathogenic potential of the population. A comprehensive study of T7-group 
representatives, phages T7, T3, BA14 and newly isolated Erwinia phage FE44, as components of 
bacterial populations, was the objective of the research. 

Results. Genome comparison of FE44 against T7-like phages was carried out. FE44 DNA was 
sequenced, annotated and deposited to GenBank (a.n. KF70037l). Genome of 39,860 bp is highly 
similar to T7-like phages. It comprises 51 ORFs with a significant degree of similarity to 
Enterobacteria phage BA14. A conservative set of 12 phage RNAP-specific promoters was found. 
A significant amount (78.43%) of homologous proteins are shared with phage T7. 

Host range determination showed the phages to be polyvalent. T7 was able to infect R-strains of E. 
coli, T3 host range also extended to Erwinia sp. strains, while FE44, on top of that, caused 
productive infection in Erwinia amylovora, Dickeya dadantii, Pantoea agglomerans, and several 
strains of Pectobacterium and Pseudomonas. A series of investigations of the phages' interaction 
with artificial single and double lysogens, as well as natural and artificially composed plasmid
carrying strains of E.coli, E. amylovora and ' Erwinia sp. were carried out. Despite their 
polyvalence, the phages are excluded by resident genetic elements regardless the bacteria/phage 
used. Exclusion occurs on intracellular level due to a malfunction of phage assembly. 

Using macromolecular carotovoricin (MCTV)-mediated selection for R-mutated LPS, a set of 
isogenic S- and R-strains of Pectobacterium carotovorum was obtained. Though phages didn't 
grow on reference S-strains, they adsorbed and developed productive infection in R-mutants with 
an efficiency that depended on the length of the altered LPS molecule. Mechanisms determining 
the polyvalency of T7 -like phages most likely operate on the level of phage adsorption. Expansion 
of the FE44 host range compared to T7 may correlate with elongation of tail fiber protein (666 
amino acids compared to 553). 

Conclusions. The pathogenic potential of bacteria, not only including phytopathogenic species, is 
enhanced by elimination ofR-forms from the population by phages of the T7 group. As a result, 
these phages cause enrichment of the population with wild (pathogenic) forms, and therefore they 
shouldn't be used as antibacterial agents. 
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Although the advent of next generation sequencing has led to a great explosion in the number of 
available phage genomes, the kind of insight into their function available only from detailed RNA 
analysis has not caught up. Indeed, the regulatory elements, operon structures, and temporal 
expression levels that so define the narrative of individual gene features and whole phages are 
largely a mystery outside of a few E. coli phages for which we have only snapshots of data from 
antiquated techniques. 

By performing RNA-Seq on the non-ribosomal RNA of synchronously infected cells we are able to 
compare the phage transcript data for early, middle and late transcription with six fundamentally 
different lytic phages. These include representatives of the N4-like (72kb), phiKZ-like (280kb), 
YuA-like (58kb), 14-1-like (67kb), phiKMV-like (42kb), and novel F7-like viruses (287kb) all 
infecting P. aeruginosa PAOl , giving us the ability to directly compare their transcriptional 
profiles. With this data we now have experimental evidence to support or correct the accuracy of 
bioinformatic predictions of open reading frames, operons, promoters, 5' untranslated regions, 
regulatory elements, and terminators as well as posit the presence of non-coding and small RNA 
species for the whole phage at once. Indeed, we have found a number of significant surprises 
including a large amount of antisense RNA that dominates middle transcription of structural and 
lysis coding sequences in our N4-like virus, presumably silencing all of late translation before the 
phage is ready for it. Similarly, we have found that transcripts initiated at the four sigma-70 
promoters in our phiKMV -like phage that have historically been thought to drive all of early 
transcription in these viruses appears to be strongly terminated before the beginning of any 
plausible open reading frames. 

With this technology, we are also able to look at the impact of phage infection on the abundance of 
host transcripts. We have found a number of operons specifically targeted by individual phages, 
including gene features involved in stress responses and metabolism. Interestingly, we have also 
found that the pqsABCDE operon of P. aeruginosa PAOl is dramatically upregulated across 
infections, while metabolomics data also indicates that the Pseudomonas Quinolone Signal (PQS) 
that it produces is also strongly induced by most infections. This indicates that the upregulation 
may result from a host mediated response as it is unlikely that so many phages with fundamentally 
different mechanisms for co-opting their host would specifically target the same system in the same 
way. As the PQS quorum sensing system has been previously demonstrated to control a stress 
response encouraging metabolic dormancy and as we have found phiKMV-like phage Luz2 is only 
able to infect PA14 when PQS is knocked out, we feel we may have found a novel micro-colony 
wide phage defense system. 
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Virulent bacteriophages infect and lyse bacteria, including multi-drug resistant bacteria. We 
previously isolated new bacteriophages that efficiently cured lung infections caused by 
Pseudomonas aeruginosa in a mouse model. 

Comparative genomic analysis led to establish that these bacteriophages belong to two new genera, 
distantly related to Felix 01 bacteriophage (1). Remarkably, 80% of their predicted ORFs have 
unknown functions . 

To understand how these bacteriophages efficiently infect their host, we initiated molecular studies 
of two of them (PAK_P3 and PAK_P4) belonging to each of these two new genera. We first 
determined their infection parameters (latent period, eclipse period, burst size) and transcriptornic 
profiles using an RNA-Seq approach. We evidenced a host transcriptomic response as well as a 
temporal regulation of viral gene expression along with other unexpected features , such as 
antisense transcription and expression of small ncRNAs. 

Further characterization of phage-host interactions was initiated using a transposon mutant library 
and led to identify host genes required for phage infection (probably involved in phage-receptor 
recognition process). Amongst conserved viral ORFs of unknown functions, three coding 
sequences (over 17 tested) were found to alter bacterial growth (of both P. aeruginosa and 
Escherichia coli) when expressed ectopically. Using a bacterial two-hybrid system, we are 
currently seeking partners of one of these proteins (gp92). Preliminary data reveal that gp92 might 
target key host regulatory pathways through interactions with inner membrane host proteins such as 
MucA (RseA in E. coli) an anti-oE factor. 

Overall, our molecular studies of novel therapeutic bacteriophages reveal new facets of 
bacteriophage infection and host response mechanisms. 

(1) Henry M, Bobay LM, Chevallereau A, Saussereau E, Ceyssens PJ, Debarbieux L. PLoS One. 
2015 Jan 28;10(l):e0117163. 
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To study and compare the net metabolic impact of viruses infecting bacteria we combine protein 
interaction techniques, RNAseq and metabolomics. We tracked the dynamics of intracellular 
metabolites using untargeted high coverage metabolomics in Pseudomonas aernginosa cells, 
infected with bacteriophages from six lytic phage genera. Analysis of the metabolomics data 
indicates an active interference of the host metabolism. In general, phages elicit an up regulation of 
amino sugar and nucleotide sugar metabolism. Furthermore, clear phage-specific and infection
stage specific responses are observed, ranging from extreme metabolite depletion (e.g. phage YuA) 
to complete reorientation of the metabolism (e.g. phage phiKZ). However, despite the profound 
effect on host metabolism only a limited number of phage-encoded Auxiliary Metabolic Genes 
(AMGs) can be found, including six phiKZ genes associated with enrichment of the pyrimidine 
pathway and a LUZ24 gene product, which impacts amino sugar metabolism. This suggests a 
potentially crucial role for unknown AMGs coding for "non-enzymatic" peptides in metabolism 
take-over. 
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The increased scope and prevalence of antibiotic resistance observed today is made worse by the 
decrease in output of novel antibiotics. Moreover, treatment with commonly used broad-spectrum 
antibiotics results in indiscriminant killing of pathogens and beneficial bacteria alike. In light of 
these issues, we have created a class of sequence-specific antimicrobials whose activity is defmed 
at the level of DNA, rather than through the targeting of conserved mechanisms of bacterial 
physiology. Using the Type II CRISPR-Cas system from Streptococcus pyogenes, we designed 
constructs with custom spacer sequences against various genetic targets and demonstrated delivery 
into recipient cells using an Ml3 phagemid system. In this system, antimicrobial activity is based 
on DNA cleavage by an RNA-guided nuclease (RGN), so the spectrum of targeting can be tuned 
towards bacteria containing predefined DNA signatures. 

We have successfully used this phage-RGN (<I>RGN) platform to demonstrate the selective killing 
of drug-resistant or pathogenic E. coli by targeting antibiotic resistance or virulence genes, 
respectively. Highly specific activity was observed in bacteria with genetic targets either on the 
chromosome or in multidrug resistance plasmids. When incubated with otherwise isogenic E. coli 
strains, a <I>RGN designed against a chromosomal polymorphism conferring resistance to 
quinolones elicited a >20,000-fold reduction in viable cell counts of the target strain only, while 
causing no significant death in a parental strain lacking the target sequence. 

Similarly, particles designed against bZasHV-1&, encoding an extended-spectrum ~-lactamase, or 
blaNDM-1, encoding the NDM-1 enzyme conferring pan-resistance to ~-lactams, elicited a 2-3-logiO 
reduction in viable cells when incubated with E. coli containing clinically derived multidrug 
resistance plasmids with these targets. The toxicity observed when targeting these clinical plasmids 
was found to occur through activation of co-harbored toxin-antitoxin systems, as overexpression of 
the cognate antitoxin abrogated killing and resulted in non-lethal plasmid curing and resensitization 
of the blasHV-1& target strain. In addition to drug resistance markers, we designed particles to 
recognize the gene encoding intimin in enterohemorrhagic E. coli, which is involved in adhesion of 
the bacteria to intestinal epithelial cells and represents a virulence gene present in pathogenic E. 
coli. Survival of Galleria mellonella larvae was significantly increased upon treatment with these 
<I>RGNs after bacterial challenge (p<O.OOI). In the context of a three-strain population, we 
demonstrated specific knockdown of desired strains through the targeting of different defining 
markers. By expanding the effective host range of the bacteriophage vehicles, we anticipate that 
CRISPR phages could be a valuable tool for rationally targeting pathogens over commensals and 
for effecting gene-based changes in the microbiome. 
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The emergence of bacterial clinical isolates resistant to nearly all-current use antibiotics has 
renewed interest in the development oflytic bacteriophage (or phage) therapeutic and prophylactic 
agents. However, rational design of more effective bacteriophage antimicrobials has been hindered 
by the paucity of widely applicable methods for genetically manipulating phage and understanding 
the molecular aspects of their interaction with the host. 

Using multidrug-resistant Pseudomonas aernginosa (MDR-PA) as proof-of-principle, we show 
that combining comparative genornics with RNA-guided in vitro engineering (RNA-give) enables 
rapid and completely in vitro genome editing to construct phage with desired therapeutic 
characteristics. 

We demonstrated that a genetically challenging lytic phage genome could be easily modified 
exploiting recombination of new nucleic acid fragments into purified viral DNA digested in vitro 
with RNA-guided Cas9 endonuclease. 

We successfully applied this strategy to replace genes, introduce point mutations and affinity tags 
into the phage genome. We also identified nonessential genomic regions that could potentially be 
used as sites for expression of secondary payloads, such as biofilm degrading agents or 
antimicrobial peptides. 

We showed that phage designed and engineered to have a broader host range and higher lytic 
capacity robustly eliminate early biofilm development and irlfection of keratinocyte monolayers 
with MDR PA lacking susceptibility to the parental virus. Most importantly, we learned that host 
range could be consolidated without previous functional annotation of genes responsible for 
specificity. 

We predict that the RNA-give platform may be adapted for more refined applications, such as 
construction of viruses with multiple receptor specificity, which may accelerate both development 
of phage therapeutics and functional genomics. 
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The bacteria that colonize the human body are essential to our health. They provide us with 
nutrients, aid digestion, promote normal tissue homeostasis and protect us against pathogens. 
Despite its importance, we are extremely limited in the tools available to manipulate our 
microbiome composition. Therefore, there is an urgent need for targeted therapies that enable the 
removal of specific members of a bacterial population. We developed a programmable sequence
specific antimicrobial using the RNA-guided Cas9 nuclease and a phagemid system for its delivery 
into a mixed population of Staphylococcus aureus. We showed that after programming Cas9 to 
target virulence genes, phagemid treatment could specifically kill virulent but not avirulent 
staphylococci. Phagemids can also specifically destroy staphylococcal plasmids that spread 
antibiotic resistance genes and immunize avirulent cells against the uptake of such plasmids. 
Sequence-specific killing was also achieved using a murine skin colonization model demonstrating 
the potential of Cas9-based programmable antimicrobials. 
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Bacteriophages have the potential to target and eliminate bacteria. In light of the increasing 
pressure from antibiotic-resistant bacteria and decreasing antimicrobial development efforts, 
bacteriophages are gaining momentum as an alternative therapy fueled by their insensitivity to drug 
resistance mechanisms. However, the limited host range of naturally isolated bacteriophages 
requires the use of regularly updated cocktails to achieve a reasonable level of strain coverage for 
any real life application. Such cocktails are unfortunately of limited value in the western world 
where the cost of the required independent testing of each member of every cocktail is prohibitive. 

In an effort to streamline the approval process of phage-based therapies, and limit the need to 
isolate, characterize and obtain approval for newly isolated phages needed to cope with ever
changing pathogen populations, we propose developing genetically engineered phage scaffolds 
whose host range properties can be tuned on demand. 

Genetic engineering of lytic bacteriophages is made particularly difficult by their propensity to 
eliminate resident DNA upon infection, their relatively large size and the lack of convenient 
selection markers. To circumvent these problems, we have harnessed the yeast gap repair system to 
reconstruct phage genomes in the yeast Saccharomyces cerevisiae from overlapping PCR products 
encompassing the desired mutations. The method is easy to implement. We show here how we 
used this method to change the host range of T7 and some of its relatives in a modular manner, 
including the construction of a Klebsiella-infecting T7-Kll hybrid that involves the concomitant 
replacement of 3 genes in T7 and could not have been constructed with traditional phage genetic 
techniques. 

We also present a complementary technology to accelerate evolution of the major host range 
determinant of T3 in order to generate phages with an altered host range. Using the published 
structure of the tail fiber as a guideline, we have generated banks of site specifically diversified tail 
fiber genes, recombined them into the phage and identified discrete regions where mutations are 
particularly likely to lead to host range change. As a proof of concept, we have easily isolated 
phages active against naturally occurring T3-resistant mutants and show that combining the wild
type phage with these mutants increases the overall bacterial killing potency of the virus while 
decreasing phage infection resistant bacteria arisal rate. We also show that the banks allowed 
isolation of phages active against Yersinia pseudotuberculosis, which we did not manage to evolve 
easily from traditional techniques, thus validating the usefulness of the method. 

We think these transformative technologies will be integrated into the development of a new 
generation of phage-based therapies, but will also be broadly valuable additions to the genetic 
toolbox for studying basic phage biology. 
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The CDC estimates there are approximately 48 million cases of food-borne illness in the United 
States every year resulting in 128,000 hospitalizations and 3,000 deaths. Listeria monocytogenes, 
an opportunistic pathogen, causes an estimated 1,600 illnesses and 260 deaths. With a shrinking of 
the global food supply, food processors face increasing pressure from to ensure the safety of their 
products but must weigh safety with operational costs of delivering finished products. To ensure 
the safety of the product, food processors and regulatory agencies require new technologies to 
replace the slower enrichment-based methods that exist today with rapid detection methods. To 
replace enrichment-based methods any new method must overcome three challenges 1) the ability 
to discriminate between live and dead bacterial cells, 2) have a high specificity for the target 
organism to work in the presence of complex microbial communities present in foods, and 3) 
sensitive enough to identify a single bacterial cells with a minimal enrichment time. 

Bacteriophages, unlike antibodies or DNA polymerases, have evolved to function in complex 
environments, providing a robust mechanism for detection of bacteria in multiple food matrices. 
Sample6 leverages bacteriophages as the basis of a bacterial detection platform. To this end, 
Sample6 developed a method to rapidly screen bacteriophages for coverage against bacterial 
genera, engineer bacteriophages to highly express a luciferase protein and developed proprietary 
buffers to enhance infection and luciferase production. Sample6 demonstrated the utility of this 
technology with DETECT/L, an enrichment-free, environmental Listeria detection assay. 

Sample6 has adapted the technology in DETECT/L for the detection of Listeria in multiple food 
matrices with three objectives: sensitivity, ease of use and speed. The ability of the bacteriophage 
to find and infect bacterial cells in the complex environment generated by food allows Sample6 to 
minimize the volume of medium used in sample processing thus reducing enrichment time. To 
further increase the speed of the assay, we developed a proprietary enrichment buffer that allows 
for rapid recovery of stressed cells and faster growth rates of Listeria compared to other semi
selective media. The robustness of infection of bacteriophages allows for simple sample processing 
prior to detection and short periods of incubation for infection. Implementing both the engineered 
bacteriophages and enhanced enrichment buffer allows for the detection of single cells of Listeria 
in 25g portions of produce, meat, dairy and fish in less than12 hours total time to results. The use 
ofbacteriophages as the basis for detection of bacteria in food matrices provides a rapid method for 
testing finished product and a powerful tool for food processors to ensure the safety of their 
products. ' 

"Contributed equally to the project 
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Foodborne pathogens continue to burden our economy and society with illness. Therefore, the 
rapid detection of foodborne pathogens is vital to a safe and secure food supply. Bacteriophages 
(phages) are viruses capable of infecting and replicating within bacteria in a strain-specific manor. 
The ubiquitous and selective nature of phages makes them ideal for the detection and biocontrol of 
bacteria. 

The objective of this research was to develop and test two phage based biosensors for the detection 
of Escherichia coli 0157:H7 from inoculated spinach and ground beef samples. Both detection 
methods use a phage-based amplification approach followed by real-time PCR to detect E. coli in 
only 8 hours. The first method used phage immobilized to modified paramagnetic silica beads that 
can be mixed with the food sample, The second sensor was developed as a paper dipstick by 
printing phage onto commercial paper with a piezoelectric printer. This phage dipstick was used to 
capture and infect the host bacteria from inoculated food samples. 

The detection limit was found to be I 02 -103 CFU/mL for phage immobilized on the modified beads 
in spinach homogenate, 10 CFU/mL and 103 for phage immobilized to ColorLok paper in spinach 
homogenate and ground beef homogenate, respectively. Two other lytic phages specific against E. 
coli 045 and Salmonella Newport were printed on ColorLok paper and the developed bioactive 
paper strips were used to detect their hosts in broth and meat samples. The detection limit in broth 
was found to be around 10 CFU/ml within less than 8 hours. The food experiment is in progress. 
The developed detection method is rapid, cost-effective and can be applied to a broad range of 
foodborne pathogens 
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Current methods for isolating bacteria from body fluids (e.g. blood) require 48 hours or longer to 
determine the exact species present -additionally, these methods are unable to quantify accurately 
any detected bacteria and are limited to those that readily grow on an agar plate. Therefore, a new 
rapid, quantitative test would be highly beneficial. 

We describe here the development and proof of concept experiments of a rapid bacterial typing 
assay using photoacoustic flow cytometry- or laser induced ultrasound, in which 532 nm laser light 
generates ultrasonic waves in phage containing a photostable chromophore. Bacteriophages were 
labeled using a photoacoustic labile tag and then added to bacterial cultures of target and non-target 
bacteria. Excess and unbound phage was removed after bacterial absorption using centrifugation. 
Labeled phage/bacterial mixture was then processed through a microfluidic system in which 5 ns 
pulsed laser light generates high frequency ultrasonic waves in the targeted bacterial cells due to 
thermoelastic expansion in the dye particles. The photoacoustic flowmeter contained a focused 
ultrasound transducer that detected the ultrasonic waves generated in target bacteria. This signal 
was processed and stored in a computer using an automated software interface. Bacterial cells 
providing a positive signal are charted against the total number of cells processed to obtain an 
absolute number of each target bacteria cell in the culture. 

We have demonstrated proof of concept and feasibility of this approach using E.coli- with a signal 
to noise ratio in excess of 5:1. This experiment demonstrates that bacteriophages -coupled with 
photoacoustics can be effectively used to quantify specific bacteria in a mixed culture. Our goal is 
to develop a clinically viable method to detect and quantify specific bacteria from body fluids and 
to reduce the time required to obtain results by at least one order of magnitude (ie. 3-4 hours rather 
than 3-4 days). 
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There is increasing pressure to reduce or eliminate antibiotic use in agricultural systems, both to 
slow the emergence of antibiotic-resistant bacteria and to conserve existing antibiotics for human 
use. At the same time, there has been increasing pressure put on producers to increase the 
microbiological safety of foods in all stages of production. Bacterial pathogens in agricultural 
systems may reduce production yields, present a public health issue by their risk of transmission to 
humans, or both. A number of strategies are available to mitigate the effects of bacterial pathogens 
in various agricultural systems, and phages represent one such option. 

This talk will give a brief overview of the current regulatory pressures surrounding the use of 
antibiotics in agriculture, and some of the phage-based products that are commercially available or 
under development. One emerging food safety issue of concern in Texas is the asymptomatic 
carriage Salmonella in lymphoidal tissues of cattle at harvest that may compromise the safety of 
fresh beef. We isolated Salmonella bacteriophages from beef cattle feedlots with varying 
Salmonella prevalence and characterized the recovered phages, with the aim of determining what 
role phages may play in the ecology of Salmonella in the feedlot environment. Thirty-six samples 
representing feed, soil, water and feces were collected from south Texas beef feedlots , emiched and 
tested for phage prevalence with two sets of five Salmonella strains. 

Phage-positive samples were found in sites where no Salmonella was detected, suggesting that 
phage prevalence is not strongly correlated with the presence of culturable Salmonella. These 
emichment samples were pooled by pen to create 9 samples, and 29 individual phages were 
isolated on a panel of 10 Salmonella host strains. Restriction digests of whole phage genomic DNA 
showed the collection contained 18 unique phages. Host ranges of the phages were highly variable, 
with the broadest host range phage infecting 16 of 20 Salmonella strains tested. Phages with 
broadest host ranges were able to infect beef cattle feedlot-related Salmonella strains S. Ana tum, S. 
Muenchen and S. Montevideo as well as human disease-related serotypes including S. Heidelberg, 
S. Dublin, S. Typhimurium, S. Kentucky, S. Enteritidis and S. Newport. Phages may present a 
solution for the control of asymptomatic Salmonella carriage by feedlot cattle. 
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The objective of this study was to investigate the potential use of bacteriophage in preventing E. 
coli mastitis on dairies. A cocktail consisting of four distinct bacteriophages was generated by 
screening against 36 E. coli isolates from dairy cows in Washington State with clinical mastitis. 
The bacteriophage significantly inhibited growth of 58% of the Washington State isolates and 54% 
of E. coli mastitis isolates from New York State, suggesting that the cocktail of phages had a 
relatively broad spectrum of action against relevant strains from two distinct geographies. The 
ability to suppress bacterial growth of these isolates in a liquid growth media was not affected by 
the ratio ofbacteriophage particles to bacterial cells (multiplicity of infection, MOl) which 
were tested. For those E. coli that were completely inhibited by the phage cocktail, an MOl as low 
as 10 had the same effect as 10 J..Lg/ml of ceftiofur on the growth rate of E. coli oveF a twelve hour 
period using optical density measurements. Previous work with Staphylococcus aureus and phage 
K has shown that bacteriophage activity is inhibited in raw milk; however a 3.3-5.6 log reduction 
of E. coli growth was achieved when co-incubated with our phage cocktail in raw milk over a 
twelve hour period at physiologic temperature. A modified gentamicin protection assay using 
bovine mammary epithelial cells provided a model to test whether bacteriophage could prevent 
cell attachment and invasion by chronic coliform mastitis strains. Pre-treatment of cell cultures 
with the phage cocktail significantly reduced adhesion and intracellular survival of E. coli as 
compared to controls. When combined with a bismuth-based teat sealant, the phage cocktail was 
able to inhibit bacterial growth when challenged with 1.6 x 103 CFU/mL of a clinical mastitis E. 
coli strain. Results in vitro suggest that a bacteriophage-based dry cow treatment could redu~e the 
incidence of coliform mastitis in dairy cattle; however it must first be shown that a specific dose of 
bacteriophage can protect cows from experimentally induced E. coli mastitis without inducing 
an inflammatory reaction. 
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The emergence of antibiotic resistance to numerous medically and industrially significant bacteria 
such as Aeromonas hydrophila poses a dilemma over the search for novel therapeutic agents. 
Bacteriophages possessing lytic activity towards host bacterial cells are now being explored by 
pharmaceutical companies as alternatives to the burdening antibiotic resistance problem. 

The potential of a previously isolated phage (UP87) and a newly isolated phage (B614) both 
belonging to the Myoviridae family were tested as therapeutic agents in bacterial disease control 
against motile Aeromonas Septicemia (MAS)-infected 0. niloticus (Tilapia). Experimentally 
induced septicemia was done by i.p. injection (108 CFU/ml) in juvenile Tilapia. After 24 h-post 
infection, efficacy testing was performed by oral administration of antibiotic impregnated feeds and 
phage impregnated feeds both for mono-therapy with phage UP87 and B614 and cocktail therapy 
phage UP87/B614. Blood analysis by plate count method revealed no significant differences 
between reductions in bacterial colony growth for all the treatments done. 

The preliminary results suggest that the curative potentials of phage therapy (mono- and cocktail) 
and antibiotic therapy are the same for each treatment, indicating that phage therapy is as effective 
as antibiotic therapy. 
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Bovine mastitis continues to be the leading causes of increased therapeutic costs, significant 
economic losses, and reduced production efficiency of dairy industry in China and wordwide. In 
China, with the land limitation and extensive population, usually there are very reduced areas for 
cows to graze, which has caused various diseases, including bovine mastitis. 

Objectives: To seek a safer and efficacy way to control bovine mastitis in China. 

Methods: 1) We investigated and characterized the prevalence, genetic diversity and antimicrobial 
susceptibility profiles of main pathogens from subclinical and clinical dairy cattle in Mid-east 
China during 2012 to 2013; 2) We isolated novel bacteriophages against E. coli, S. aureus and S. 
agalacliae and characterized them by one step growth curve, host spectrometry, stability and lytic 
efficacy in vitro; 3) We studied the efficacy of individual phages, a preparation of three phages and 
a SES product from the Eliava Instititute to infect the isolates from dairy farms; 4) We evaluated 
the safety of bacteriophage application using MAC-T cell model. We evaluated the effect of phage 
application on the milk production, a-casein, ~-casein expression, and gene expression of CSNIS 1 
and CSNIS2. 

Results: Our results indicated that 67.4% of S. aureus isolates, 35.6% of Streptococcus and 21.8% 
of E. coli were recovered from 1970 quarter milk samples collected from dairy cows with 
subclinical and clinical mastitis in Jiangsu Province, which implied that S. aureus is the prevalent 
pathogen caused bovine mastitis in Jiangsu area. Most of isolates were resistant to four antibiotics 
or more. We isolated several lytic bacteriophages capable of infecting E. coli, S. au reus and S. 
agalactiae. The new isolated phages infected most of isolates (87.3% of S. aureus, 78.5% of S. 
agalactiae and 93.7% of E. coli) individually. The cell model experiment results showed that phage 
application on mammary epithelial cell was safe and did not affect the milk production and 
synthesis of a-casein,~-casein. SES products from Eliava could infect 78.4% of S. aureus and 2.4% 
of S. agalactiae and 14.5% of E. coli isolates, suggesting that are significant differences in the 
prevalence of these pathogens between China and Georgia. 

Conclusions: Bacteriophage therapy is a potential approach to control bovine mastitis. 
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Salmonella Enteritidis is an important problem across the world for the poultry and eggs industry, 
not just for the food poison (salmonellosis) it causes but also for the bacterial resistance towards 
the permitted antibiotics. Salmonellosis causes 3 million deaths per year and 1 billion people result 
affected worldwide. In Colombia, although the government invests over USD 1,3 billion annually 
to control salmonellosis, 800 deaths are still reported. Therefore, an alternative against 
salmonellosis is needed. 

Bacteriophages have emerged as an alternative solution to control bacterial infections, and we want 
to test the feasibility of the use of phages to control salmonellosis. This work presents the 
assessment of the evolutionary interaction of bacteriophage with their hosts. A bacteriophage was 
chosen among 20 native ones, 20 native bacteriophages were characterized according to different 
standard techniques. One was chosen and the interaction of this phage with its host was evaluated 
for 12 days. 

The evolutionary model used consisted on microcosms set up with 107CFU/ml bacteria and 
1 06PFU/ml phages in 6 ml of LB broth. After 48 hours, samples were taken, bacteria and phage 
were isolated, and 6J.!l of the lysate were transferred to new media; this process was repeated for 12 
days. Once all the samples were collected, isolated bacteria from each time point were challenged 
against isolated phages from the previous, contemporary and posterior time point. 

The results did not show any antagonistic interaction, but the development of resistant bacterial 
populations over the time. Next-Generation Sequencing (NGS) of the bacterial genomes of these 
bacteria collected at each time point was performed to detect any changes and identify changes in 
the function of any protein related to a bacterial resistance mechanism. So far, the genome 
sequences revealed a prophage genome in which some regions are translocate and some others are 
absent over the time. 
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Campylobacter spp. are the most common cause of bacterial foodborne illness in the European 
Union and it has been estimated that at least 29% cases of campylobacteriosis are attributed to 
chicken meat. Campylobacter colonizes the intestinal tract of poultry and is readily transmitted 
from the avian caecum to poultry meat during slaughter. Currently, there are no effective control 
measures against Campylobacter spp. in poultry meat production, as even high biosecurity levels at 
farms and modern hygienic slaughterhouses cannot fully prevent Campylobacter from 
contaminating poultry meat. Thus, alternative methods such as application of phages to target 
Campylobacter at farm or in food production may be developed to ensure food safety. 

The use of phages as biocontrol agents against Campylobacter spp. has been mainly investigated in 
chicken livestock. Although this approach seems appealing, phage resistance appears with 
relatively high frequencies and may constitute a major limitation for this type of application. Our 
previous data and unpublished results suggests that development of resistant C. jejuni after phage 
exposure may be caused by at least one dominating mechanism; phase variable expression of phage 
receptors. In contrast, the efficiency of phages to combat C. jejuni in foodstuff has only been 
reported in a limited number of studies, only including single phages. 

Thus, using our previously gained knowledge about host range and that C. jejuni phages binds to 
receptors residing either on flagella or on capsular polysaccharide (CPS), we aimed to. find the 
most efficient phage combination for combating C. jejuni in food. We tested the activity of single 
phages and phage cocktails against C. jejuni NCTC12662 in broth and on chicken skin at soc 
under anaerobic conditions for 24 hours. 

Interestingly, the distinct phages showed different ability to reduce C. jejuni under conditions that 
mimics chicken meat storage. While phages dependent on motile flagella were inefficient, two of 
the CPS phages were able to reduce C. jejuni counts up to 1 log in the in vitro experiments. When 
the effectiveness of single phages and phage cocktails were tested against C. jejuni on chicken skin 
pieces at S°C under modified atmosphere for 24 hours, we found that the reduction of C. jejuni by 
two of the most efficient CPS phages were in accordance with our in vitro data. 

In conclusion, selecting phages for reduction of C. jejuni in food requires a thorough screening for 
the most effective phages as well as the knowledge of phage biology to further develop this 
approach. 
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Access to safe food is a basic human right. Food safety should start at the farm and continue 
through until consumption. In Egypt, we do not have a central food safety agency; the control of 
food quality and safety is multisectorial. The main responsible body is the Ministry of Health, but 
food safety laws and regulations in Egypt have been issued by the ministries of health, trade, 
agriculture, supply economics, and industry, the last of which has a food safety and control 
department. The quality and safety of food is usually assessed by the Nutrition Institute and Central 
Public Health Laboratories (CPHL) in Egypt, but we lack the database and network for managing 
pathogenic bacterial outbreaks. In 2013, about 479 students at Cairo's al-Azhar university were 
hospitalized due to food poisoning in the university dorms. This outbreak was caused by 
Salmonella, according to the Egyptian Ministry of Health. The misuse of antibiotics in Egypt is 
another very important issue. Patients can simply purchase any antibiotic without a prescription 
and this contributes greatly to the distribution of multi-drug resistant bacteria. Antibiotic resistant 
bacteria such as Salmonella and E. coli are continuously evolving and have become a global 
menace. They are not just hard to treat they have also weatly increased the cost of health care. 
Phage therapy is increasingly being considered as a promising new approach in dealing with 
bacterial infections, and the U. S. Food and Drug Administration (FDA) has approved the 
administration of phages in veterinary medicine and as a safe food additive on ready-to-eat 
products. 

In Egypt, we are also exploring the use of phage as an alternative agent to control bacterial 
infections in poultry, agriculture, and ready to eat food. We have isolated and characterized phages 
from different sources that can efficiently 1nfect pathogenic coliform bacteria like E. coli and 
Salmonella in food-relevant environments. Experiments were performed to test their host ranges 
and killing potential against 9 bacterial isolates. For example, phage ZCSEl was able to reduce the 
numbers of Salmonella in eggs from 8.1 log10 cfu/ml to 5.6 log10 cfu/rnl after 120 min of infection, 
and phage ZCECl dropped the numbers of E. coli from 7.6 log10 cfu/rnl to below 2.0 log10 cfu/rnl 
respectively in the in vitro experiments. We tested the activity of these phages against E. coli and 
Salmonella in food samples, and successfully reduced the numbers of Salmonella in infected 
chicken skin from 7.5 log10 cfu/ml to 6.0 log10 cfu/ml by day 4, and eggs from 8.5 log10 cfulrnl to 
below 2.0 log10 cfu I ml after 2 days of refrigeration using phage ZCSEL We also reduced the 
numbers of E. coli in infected meat and tomatoes from 8.5 log10 cfu/rnl to below 2.0 log10 cfu/ml 
after I day of infection with phage ZCECI (as described in detail in our 2 posters). The isolated 
phages showed different abilities to reduce the numbers of bacteria . Our preliminary results are 
promising, suggesting that phages could be effective treatments for these pathogenic bacteria in an 
Egyptian context. 
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Campylobacter is one of the most common bacterial causes of human gastroenteritis worldwide, 
and prevalence rates of Campylobacteriosis have increased over the past decade in both developed 
and developing countries. In Kenya and other developing countries, infection with Campylobacter 
occurs primarily in children under the age of five years (Brooks et al, 2006). Indeed, estimates 
indicate that approximately half of children in developing countries are infected with 
Campylobacter at some point, as compared with 3 out of 1000 children in developed countries 
(Coker et al, 2002). Presumed risk factors for infection include lack of access to clean water, poor 
hygiene, malnutrition, and immunocompromised status. Antibiotic-resistant Campylobacter strains 
are also emerging at a faster rate in developing countries than in developed countries, creating a 
growing need for alternative biocontrol options. To address this public health issue, we have 
undertaken to develop phage-based products to decrease Campylobacter bacteria levels. 

Poultry is one of the most significant sources of Campylobacter contamination, with one study in 
Kenya demonstrating that up to 77% of retail poultry samples were infected (Osano et a!, 1999). 
Campylobacter bacteria frequently reside in the intestinal tracts of chickens and then spread to the 
meat products during slaughter. Since there is lack of widely available refrigeration in many parts 
of Kenya, meat products are ideally sold within 24 hours of slaughter, in order to avoid outgrowth 
of contaminating pathogens. Thus, any non-refrigeration-based decontamination technologies that 
could increase product shelf life by even one day could have the potential to significantly improve 
profitability across the poultry value chain, in addition to positively impacting public health. 
Phages are particularly well suited for a setting such as this. 

While phages have not yet been applied in the Kenyan food industry, there is some precedent in the 
country for utilizing live organisms to enhance food safety. Atoxigenic Aspergillus flavus isolates 
are currently being tested to out-compete toxigenic Aspergillus strains in soil where food products 
are grown. However, the approval for that testing required that the atoxigenic strains be isolated 
from Kenyan sources, to avoid concerns that foreign organisms might alter the local environment 
in unexpected and undesirable ways. Given that precedent, our project involves isolating 
Campylobacter phages from Kenyan sources, namely from chicken faeces. Our project entails not 
only developing a phage cocktail for decontamination of poultry meat products, but also working 
with local stakeholders (farmers, slaughterhouses, retail merchants and government officials) to 
increase understanding of the role phages, could play in improving public health and to solicit 
broader input regarding how phages might be utilized effectively within the Kenyan cultur~. 
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Honeybees are vital to ecosystems and economies but are constantly threatened by the bacterial 
pathogen Paenibacillus larvae, which causes the disease American Foulbrood (AFB). Our 
hypothesis is that bacteriophages, which naturally target P. larvae can be isolated from samples 
collected near beehives. We accomplished two main objectives. First, we collected and 
characterized many P. lan,ae samples from AFB-infected hives. Second, we isolated 38 
bacteriophages that target these local P. larvae field isolates and sequenced several of the phages. 
This added 14 genomes to the six P. lanJGe phage genomes currently published, greatly increasing 
the available knowledge of P. lan,ae phages. In light of increasing P. larvae antibiotic resistance, 
understanding the relationship between P. larvae and its phages will aid the search for alternative 
treatment methods. 

We connected with beekeepers, state bee inspectors, and state agricultural departments to obtain 
isolates from AFB-infected hives. P. larvae was isolated from hives by heating the samples and 
streaking on selective media and confirmed using PCR. Local beekeepers and state bee inspectors 
submitted samples containing soil, dead bees, and other debris from the ground near beehives. 
These samples were enriched in P. larvae field isolates and plated in soft agar to check for plaque 
formation. Phage high titer lysates were used for transmission electron microscopy, Illurnina DNA 
sequencing, and host range studies. Sequences were annotated and analyzed using Phamerator and 
Gepard. 

We isolated 59 strains of P. lan,ae and 38 P. larvae bacteriophages. All phages isolated were 
siphoviruses with either icosahedral or prolate capsids. The phages we tested were more likely to 
infect strains of P. larvae that were isolated from nearby geographic locations. Host range studies 
indicated that P. larvae field isolates can be sorted into two groups based on susceptibility to phage 
infection. Eighteen P. larvae phages were submitted for sequencing, and fourteen were found to be 
unique. The sequenced genomes represent four clusters and vary in length between 38kb and 55kb. 
These phages all appear to be temperate and each genome contains a putative integrase gene. 

We found that P. larvae phages can be isolated from samples taken near beehives and that these 
phages can infect strains of P. larvae that are found in local beehives. We plan to continue isolating 
new P. larvae strains and phages from different locations in order to more fully investigate the 
apparent phage infection susceptibility-based groupings. Future studies may indicate an additional 
molecular or genetic basis for these groupings. We also plan to sequence all additional isolated 
phages for further analysis. 
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Regulatory hurdles, which pose considerable risk to product commercialization, slow the 
development of bacteriophage-based therapeutics in the United States. Without a clear regulatory 
pathway, companies that engage in the development of phage therapeutics face tremendous 
challenges, especially in raising capital. Nevertheless, there are several reasons for optimism. First, 
precedent exists for successful commercialization of lytic phages for food safety, and cocktails for 
this purpose have gained Generally-Recognized-as-Safe Status from the FDA. Furthermore, the 
White House, NIH, FDA, WHO, EU, and other governmental bodies have publicly acknowledged 
the dangers posed by antimicrobial resistant bacteria and have appropriated significant funding to 
combat the problem. Finally, new technologies, such as next-generation sequencing, as well as 
advances in genetic manipulation, high-throughput screening, and phage biology, provide the 
foundation for technical success. 

EpiBiome develops phage-based cocktails as a therapeutic for bovine mastitis, an infection of the 
udder tissue in dairy cows that results in annual losses of $2 billion to the US dairy industry and 
$35 billion globally. In addition to discussing our technical program-which includes milk 
specimen collection, metagenomics, culturing, whole-genome sequencing, high-throughput phage 
discovery, and in vivo studies-! will describe some of the peculiarities of operating and 
conducting research within a startup company, a subject in which the formerly academic coauthors 
have acquired intimate knowledge in whirlwind fashion. Considerable attention will also be 
devoted to regulatory issues associated with phage therapy in animals of agricultural importance. 
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Despite recent successes in phage therapy, no bacteriophage is approved by the FDA for human 
use in the USA, or in Western Europe. One of the reasons for this is a lack of pharmacological 
data confirming the therapeutic efficacy of phages in humans. In the current emergency to 
combat increasing antibiotic resistance of pathogenic bacteria, problems with regulatory issues 
have to be addressed. 

In order to standardize bacteriophages for clinical practice, we developed an in vitro test system 
based on a eukaryotic cell culture model. We infected human fetal lung fibroblast MRC-5 cells 
with Pseudomonas aeruginosa at MOl 0.1-50 in order to quantify the most effective infectious 
dose. Infected human cells were subsequently treated with bacteriophages cpKZ, SN, KMV or 
UA, and their most effective therapeutic dose was determined. Morphological changes of 
human MRC-5 cells during pre- and post-infection stages and after phage treatment was 
monitored on HTS platform by using ImageXpress Micro XL High Content Screening System 
(Molecular Devices, USA). Quantitative data of dynamic changes within cellular model system 
was collected on CLARIOstar spectrophotometer (Germany). The measurements were carried 
out based on applied CellTiter - Glo Luminescent assay (Promega, USA). 

Our results demonstrated that 30-40% of total human lung MRC-5 cell population exhibited 
signs of cellular injury after infection with Pseudomonas aeruginosa at MOl 10.0. However, 
50% of cells showed signs of recovery in phage treated group. Analysis of post-infection stage 
revealed phage MOl 1.0 as the best therapeutic dose for recovery during 3 hours of infected 
MRC-5 cell treatment. 

Our proposed in vitro experimental model of phage therapy could be a base of scientific 
evidence of the phage efficacy and safety in the elimination of microbial pathogens and infected 
cell recovery. Our cell cultures model can serve as a platform for future pharmacodynamics and 
pharmacokinetic assay development. 
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Pseudomonas aeruginosa is an opportunistic human pathogen that causes chronic and acute 
infections of burn wounds, respiratory and urinary tracts . Particularly vulnerable are patients with 
cancer, HIV infection and the immunocomprornised. P. aeruginosa is also the major cause of 
morbidity and mortality in individuals sufferirig from cystic fibrosis. These bacteria have a high 
genetic and metabolic flexibility that allows them to colonize and adapt to different environments. 
They form · colonies on the biotic and abiotic surfaces, surrounded by extracellular polymeric 
substance (EPS) matrix, which increases resistance to antibiotics and disinfectants. This structure is 
called a biofilm. It was found that the P. aeruginosa biofilm can be l 000-fold more resistant to 
antibiotics than in the planktonic form. Due to extensive spread of multidrug-resistant strains and 
absence of satisfactory biofilm eradication results by classical methods, there is a general need for 
alternative therapies. 

In our study we characterize lytic bacteriophages infecting Pseudomonas aeruginosa. Viruses were 
isolated from a sewage sample from an irrigated field near Wroclaw, in Poland. The morphology, 
latent period, burst size, stability and host range were determined under standard laboratory 
conditions and phage genomes have been sequenced. Biofilm eradication efficacy was tested on 
peg-lid plate assay and PET membrane surface. Several techniques have been used for assessing 
antibiofilm efficacy: cell viability assay, biomass in crystal violet assay, efficiency of diffusion 
though biofilm structure detected with laser interferometry, goniometry analysis, pyocyanin and 
pyoverdin reduction tests. The emergence of phage-resistant variants of P. aeruginosa from the 
biofilms has been also determined. The experiments were carried out both after immediately 
isolation of persistent cells from the bio:film and their three successive passages on media to 
determine the stability of phenotypes. The LPS analysis revealed changes in 0-antigen structure in 
persistent cells iridicatirig modification in the biosynthetic pathway of LPS. The antibacterial 
activity of isolated phages was also examined in vivo in the Galleria mellon ella insect model. 
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Pseudomonas aeruginosa is an opportunistic pathogen possessing a large genome with high level 
of plasticity, allowing the bacteria to adapt to hostile environments. As a result of changes in its 
environmental conditions, P. aeruginosa diversifies into morphologically distinct phenotypic 
variants through processes such as phase variation and adaptive mutations. Bacteriophages have 
been shown to drive the emergence of P. aeruginosa variants playing a significant role in bacterial 
survival, activity, and evolution. Although phage therapy has proven to be promising in several 
animal case studies and in some human clinical trials, it has always been considered with 
skepticism by the medical community because of the emergence of the phage-resistant variants. 

Objectives. The purpose of this study was to investigate the mechanisms and frequency of 
resistance in response to infection by cocktails of virulent phages belonging to different genera. 
Changes in bacterial phenotypic traits and virulence determinants were also analysed. 

Methods. Phages belonging to four genera were combined to perform infections. Phage Ab05, a 
podovirus (<l>KMV-like), phage Ab09, a podovirus (N4-like), phage Ab27, a myovirus (PBl-like) 

. and phage Abl7, a myovirus (KPPIO-like), isolated from waste water in Abidjan (Ivory Coast), 
were used in this study. Single or multiple phage infection (Ab09+ Ab 17, Ab05+ Ab27, 
Ab05+Ab27+Abl7+Ab09) of P. aeruginosa strain PAOl were performed and a collection of 
phage resistant variants was isolated and studied. The genome of phage-resistant variants was fully 
sequenced through Illumina technology allowing the identification of the mutations. 

Results. Several phenotypic alterations were observed in the phage-resistant variants. Alterations 
in bacterial motility and reduction in biofilm formation due to mutations in type IV pilus 
biosynthesis genes, characterized variants selected by Ab05 alone or as a component of a cocktail. 
Mutations in genes involved in the LPS production and in the alginate regulation were also 
identified. Cross resistance was systematically observed for phages using LPS as a receptor. 
Pseudolysogeny was a frequent outcome of infections and in some case was stable enough to allow 
the emergence of new mutations. 

Conclusions. If phage predation selects for variants with alterations in genes involved in 
biogenesis or regulation of virulence determinants, the resulting phage-resistant variants could 
potentially exhibit altered levels of virulence, in a beneficial or detrimental way. The use of 
cocktail does not lower significantly the frequency of phage-resistance and in addition we show 
that pseudolysogeny is a major actor in the selection of mutations. 

We thank Direction Generale de 1' Armement (DGA) and ANR "Resisphage" for fmancial support 
to this project. 
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All medical applications of bacteriophages, including antibacterial therapy, vaccines and other 
types of nanocarriers, share a common feature: phages make a direct contact with the mammalian 
organism and thus challenge the mammalian immunological system. A specific humoral response 
to bacteriophages may further determine the success or failure of the approach itself. Probably one 
of the most complex systems that can be considered in terms of therapeutic phage application is the 
gut, with its dynamic balance of symbiotic and sometimes pathogenic bacteria, natural and possibly 
therapeutic bacteriophages, as well as a variety of mammalian host-related factors. Here we present 
a long-term study of antibody induction in mice by T4 phage applied per os: 100 days of phage 
treatment followed by 80 days without the phage. Serum and gut antibodies (IgM, IgG, IgA) were 
analyzed in relation to microbiological status of the animals. 

T4 phage applied orally induced anti-phage antibodies when the exposure was long enough: a high 
IgG level in the blood was observed from day 36 and a high lgA level in the gut from day 79. 
Increase of gut IgA antagonized gut transit of active phage. Antibody induction was dose 
dependent: only very high doses (approx. 2 x 1010 pfu per mouse daily) resulted in significant 
increase in humoral response, one order of magnitude lower dose resulted in the poor response in 
the blood (IgG) and no detectable response in the gut (IgA). Taking into account dose scaling from 
mice to humans, and the fact how persistent treatment was necessary to achieve a marked 
immunological response, we conclude that T4 phage applied per os was weakly immunogenic. 
Termination of phage treatment resulted in a decrease of secretory IgA again to insignificant levels 
(day 162). Phage resistant E. coli dominated gut flora very late, i.e. on day 92. Thus the 
immunological response emerges as a major factor determining phage survival in the gut. Phage 
proteins gpHoc and gpl2 were identified as highly immunogenic in this route of application. A low 
response to exemplary foreign antigens (from Ebola virus) presented on gpHoc was ~lso observed, 
which suggests that T4 phage platfomis can be used in oral vaccine design. 

This work was supported by the National Science Centre in Poland, grant UM0-
20 12/05/E/NZ6/03314. 
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The human microbiome has changed the way we think about ourselves as humans. In the last 
decade we have switched our view of microorganisms from infectious agents that have to be 
eliminated, to consider them as an essential component of ourselves and defining the term of the 
"human holobiont". Different studies have highlighted the consequences of perturbations in these 
microbial communities and their effects in health status. However, in these microbial communities, 
that are present in every epithelial surface of our body, we can't forget a small but abundant 
component that outnumbers the bacteria, the viruses. Studying the viruses without knowing their 
host specificity or without been able to grow them under in vitro conditions has been one of the 
most recent challenges in microbial ecology that metagenomics and computational biology 
methods have aimed at solving. To study the viruses associated with the human gut microbiota we 
have used Next Generation Sequencing to characterize the viral diversity in human fecal samples. 
Those experiments were complemented with staged viral attacks to synthetic communities in 
gnotobiotic mice, helping us understand the role and dynamics of viruses in the microbial 
communities. Our results has shown that most viral diversity is unknown, with no similarities to 
reference viruses. The main component of the healthy adult gut virome seems to be mostly 
associated to temperate bacteriophages, given the genetic stability and abundance over time. Inter
and intra-familial diversity suggests that viral populations vary drastically even among members of 
the same family where viral profiles (considering both richness and abundance) are unique for each 
individual. As more human viral gut studies appear in different populations with varying health 
status, they suggest that the viral component is an important marker of changes and alterations in 
the gut microbiota, however, as most of the viral component is still uncharacterized, an important 
effort in novel computational methods for viral assembly, annotation and characterization has to be 
done. As we understand more of the viral component of microbial communities, a better 
comprehension of the community dynamics will give us a different perspective in community 

. variation of the human gut microbiome and its effects in human health. 
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Objectives: Phage therapy, a practice widespread in Eastern Europe, has untapped potential in the 
combat against antibiotic-resistant bacterial infections. However, technology transfer to Western 
medicine is proving challenging. Employing bioinformatics analysis prior to clinical trials can help 
to ensure the safety and efficacy of phage cocktails. 

Methods: A key commercial phage cocktail obtained from the Eliava Institute in Georgia has been 
tested on a selection of bacterial strains, sequenced as a metagenomic sample and analyzed by 
bioinformatics methods. This analysis included grouping contigs into draft genomes, studying the 
depth of coverage of those drafts, comparing to known phages in NCBI's non-redundant database, 
gene prediction and functional annotation by sequence similarity. 

Results: Metagenomic was de novo assembly yielded 196 contigs with an N50 of 19.5 kb and a 
total size of 1,842 kb. Similarity search in the non-redundant nucleotide database using BLAST 
enabled us to group 90% of the assembly into 18 drafts, which appeared to represent near complete 
draft phage genomes. Within those, we identified close relatives to Staphylococcus phage Teaml 
and Pseudomonas phage PAK_P5. In addition, we identified a putative Proteus phage. The depth 
of coverage for each contig was calculated and its variance within each draft was found to be lower 
than the variance of depth of coverage across all contigs, lending further credibility to our 
grouping. Additionally, a total of 3073 genes were predicted on the complete assembly by 
GeneMarkS and the RAST server and functionally annotated, among them 2 integrase genes. 

Conclusion: We identified at least 23 different phages in the INTESTI bacteriophage cocktail, 19 
of which could be re-constructed to near complete drafts. In subsequent bioinformatics analysis we 
showed that a substantial amount of information could be recovered from examining the phage 
cocktail directly by metagenomic analysis without the need to separate and amplify individual 
phages prior to sequencing, by relying on databases and bioinformatics tools. We advocate that 
joining the laboratory expertise of traditional phage analytical producers with the newest analytical 
bioinforrnatics tools will help to ensure safety and efficacy of phage cocktails for treatment 
purposes as well as facilitate transfer of the technology of phage therapy to the Western world. 
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Background/Objectives: Clostridium difficile infection (CDI) is a global health challenge and 
associated with high morbidity and mortality. Treatment of CDI with antibiotics can result in gut 
dysbiosis, leading to treatment failure and recurrent infections. Novel therapeutics for CDI are 
being explored, including using bacteriophages (phages) but their application to treat this disease is 
grossly under-studied. Here, we present data on the characterization of seven newly isolated 
phages, and describe their potential use in the treatment ofCDI. 

Methods: Phage~ were fully sequenced and their production was optimized. To ascertain phage 
specificity, the lytic ability of the phages was tested using spot tests on 80 isolates from 21 
clinically relevant ribotypes from UK, USA and Australia. The efficiency of killing of the 
individual phages and cocktails of two, three and four phages was evaluated using in vitro co
infection assays on one environmental (ribotype 076) and two clinical (ribotypes 014/020 and 027) 
isolates. Phage and antibiotic resistant phenotypes were generated and tested in infection assays. 

Results: Six phages were myoviruses and one was a siphovirus. Genome analysis shows that the 
phages are diverse and fall into groupings consistent with their morphology. The phages have 
overlapping host ranges, each infecting 4-12 ribotypes; cumulatively the phages have the potential 
to infect 86% and 70% of the ribotypes and isolates tested respectively. Co-infection assays 
revealed that single-phage treatments were less efficient at lysing C. dif.ficile than phage 
combinations, and were associated with the development of resistant bacteria. However, 
combinations of specific phages could efficiently clear bacterial cultures below the limit of 
detection in vitro. When tested, resistant bacteria from the single-phage treatments and from 
vancomycin and metronidazole treatments were shown to be susceptible to infection by other 
phages in the cocktail. This may have contributed to the complete elimination of the bacteria as 
observed in the optimized cocktails. Furthermore, different phage combinations were optimal for 
clearing the specific ribotypes tested, suggesting that the formulation of phages within a cocktail 
may need to be adjusted according to the dominant ribotypes being targeted 

Conclusions: We show for the first time, that optimized phage combinations can completely 
eliminate C. difficile in vitro. The data we present strongly suggest that the phages have desirable 
qualities and appropriate clinical spectra that warrant further development as novel therapeutics for 
CDI and this could revolutionize approach to treatment of this disease. 
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Both commensal and pathogenic Escherichia coli strains reside in the human gut and years of 
antibiotics pressure led to selecting for drug-resistant strains. Using mouse models , our team both 
studies the therapeutic potential of bacteriophages and the consequences of their use on evolution. 
We recently focused our attention on Adherent-Invasive E. coli (AlEC) strains which are 
associated to Inflammatory Bowel Disease (IBD), being recovered from more than 30% ofCrohn's 
disease (CD) patients. 

Using a mouse model of IBD, we showed effectiveness of a cocktail of three selected 
bacteriophages in targeting the AlEC reference strain LF82. By significantly decreasing both 
intestinal colonisation and symptoms of disease, phage therapy showed promise as specific 
treatment for controlling AlEC proliferation in CD patients. 

A long-term gut co-colonisation model using both pathogenic LF82 and commensal MG 1655 
strains was setup to study bacteriophage adaptation in vivo. Bacteriophage LFI10_P3, which 
infects LF82 but is inactive towards MG1655, was introduced in such model and its behaviour was 
recorded over several weeks. Remarkably, bacteriophages collected over time displayed the ability 
to infect the ancestral MG1655 strain while keeping its infectivity towards LF82. In addition, such 
bacteriophage variants presented differential infectivity towards bacterial clones isolated from the 
gut. In parallel, experiments performed in vitro never led to obtaining such variants, suggesting a 
role for the gut environment in the adaptation mechanism. 

While the potential of phage therapy to target E.coli- associated gut infections is undisputable, the 
research into understanding the impact of bacteriophage-bacteria interactions on the gut ecology is 
still in its infancy. 
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This year, we lost one of the leading giants ofphage therapy, Guram Gvasalia - an astute 
scientist, amazing surgeon, dedicated teacher and very big friend of phage. Zemphira, who was 
connected to Guram through 30 years of strong collaboration, will share some of the details of their 
various projects together, treating many patients since I 985. 

Although phage therapy in Georgia started in the 1930's, it was not widely used during the 
late Soviet period since the Bacteriophage Institute was under Moscow's control and its main 
function was to process clinical strains brought from the entire Soviet Union and to prepare very 
large quantities of phage cocktails for use throughout the Soviet Union, particularly by the Soviet 
military. Therefore, Zemphira decided to share their research with Dr. Guram in a meeting at the 
Automobile Factory Hospital in Tolyatti, where they were using phage together with antibiotics for 
the treatment of severe infections. Guram enthusiastically received the proposal to work together 
on nosocomial infections - the biggest problem of the time. They found that the microflora and 
phage sensitivities significantly differed between the departments of General Surgery, Surgical 
Infections and Urology and started to make adapted preparations for each department individually 
based on the patient and environmental (floors, operating theater, hospital rooms, and minor 
surgery rooms) samples, for treatment as well as for disinfection. 

During the Tbilisi and Abkhazian "civil" wars, Dr. Guram would fly several times a day to 
Sokhumi and personally return with wounded soldiers, while Zemphira 's group were on duty in the 
clinic: taking samples, overseeing phage therapy in minor procedures and providing new phage 
without significant obstacles despite the very difficult conditions during this time. They were able 
to quickly develop an aerosol version of their standard phage preparations, and a bottle of 
Pyophage was in every soldier's field bag to be immediately used in the field- something that 
significantly reduced the number of infected wounds. During the 2008 fighting in Gori, Dr. 
Gvasalia also regularly used phage in Gori during the 2008 war, where again he worked tirelessly 
to treat wounded soldiers, refusing to leave Gori until all of his personnel were evacuated with him 
as the Russians closed in and bombed the town for a few days. They again collaboratively studied 
wound strains, including ones from Georgian soldiers injured while fighting beside the Americans 
in Iraq, and expanded their repertoire to include bacteria like Acinetobacter baumanii infection and 
was able to save his leg from amputation. The clinical work of changing phage applications several 
times daily gave them the idea to develop Phage Bioderm, a timed-release way of applying phage 
that would not require daily wound dressings. Every detail was discussed with Dr. Guram. For 
example, he pointed out that perforations would prevent the collection of lymphatic fluid between 
the tissue and the phagebioderm. 

Guram's lectures were charged with amazing enthusiasm. Particularly important was the 
year-long Surgical Infections Training program which he led for 10 years, combining weekly 
lectures with extensive clinical practice for 5 students each year, working closely by his side. With 
the support of the PhageBiotics Foundation, Guram shared his knowledge of phage therapy and 
other key aspects of surgical infections with young surgeons, that they could continue his legacy. 
Guram was a great husband, remarkable, caring father, teacher and scientist who put an enormous 
amount of work into the development of modern phage therapy. His name was written in gold 
letters in Georgian surgical history and will always be in our hearts - and they are now working to 
tum his teachings into a manual of surgical use of phage, to continue his work. 
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The CDC currently outlines more than 18 drug-resistant threats to the United States and the human 
and economic costs of treating infections caused by these antibiotic-resistant bacteria are on the 
rise. Thus there is a pressing need to develop novel antimicrobial therapies. It is this need that has 
revived the interest in bacteriophage therapy for the treatment of a number of clinical conditions. 
AmpliPhi continues with its commitment to research and develop a pipeline of bacteriophage
based products for human therapeutic use. One of the products being developed targets 
Staphylococcus aureus, including methicillin-resistant S. aureus (MRSA). MRSA causes a range of 
skin and wound infections, pneumonia, and bloodstream infections that can cause sepsis and 
subsequently death. 

As part of its drug development program, AmpliPhi commissioned its production facility in 
Ljubljana, Slovenia. The facility was recently cleared by JAZMP, the Agency of the Republic of 
Slovenia for Medicinal Products and Medical Devices, to manufacture bacteriophages under 
current Good Manufacturing Practices (cGMP) standards. The facility is dedicated exclusively to 
the production of cGMP human therapeutic phage products is currently operating with Master Cell 
Banks (MCBs), Working Cell Banks (WCBs), Master Viral Seeds (MVSs) and drug substance 
(DS) from S. aureus bacteria and phages. Therapeutic bacteriophages were selected against a 
bacterial reference collection of representative epidemic clones and clinical isolates collected from 
around the world. Other characteristics such as overlapping, complementation, and stability were 
also evaluated. Amp liP hi will next produce drug product (DP) to be used in planned human clinical 
trials in collaboration with the United States Army Medical Research and Materiel Command 
(USAMRMC) and the Walter Reed Army Institute of Research (WRAIR) under the signed 
Collaborative Research and Development Agreement (CRADA). 
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The first patient from the ambitious PHAGOBURN phage therapy project has been enrolled in July 
2015 in Percy Military Hospital2

. 

The process to reach that important milestone during two years of extensive efforts includes the 
setup of a manufacturing capacity to produce two clinical batches at Clean Cells Co. 6 with the 
support of Pherecydes Pharrna Co1

• Both tested phage cocktails were developed by the Sponsor1
: 

the first one PP0121 is dedicated to fight E. coli infections, whereas the second one targets P. 
aeruginosa. 

The PHAGOBURN Phase 1/II clinical trial is starting to evaluate each product in comparison with 
silver sulfadiazine in 11 different hospitals located in France, Belgium and Switzerland: the 
Percy2,(Principal investigator) CHUV4

, Queen Astrid5
• St. Joseph/St Luc3

, Grand Charleroi9
, CHU 

Liege7
, CHU Nantes8

, CHU Bordeaux15
, Saint Anne13

, APHM 16
, and Mercy14 burn units. This is a 

four-arm, assessor-blind assay. The primary endpoint of the trial is the reduction of the specific 
bacteria1load in wound burns with a properly designed microbiological procedure1

•
4

• In addition, 
the bacterial response to individual phage active substances from each product and to the whole 
PP0121 and PP1131cocktails is being evaluated1

• The condition of hospitalized burn patients 
requires occasionally using antibiotics for various infections independent of burn wounds, and data 
stratification includes studying their impact on phage therapy. 

All clinical data are entered in a dedicated electronic case report form ( e-CRF) developed for the 
trial10

. The ANSM, AFMPS and Swissmedic pharmaceutical regulatory agencies requested to have 
direct access to the clinical trial database, in addition to the Data Safety Monitoring Board which 
screens patient care ethics and potential adverse effects. The European Medicine agency (EMA) is 
paying close attention to the trial and recently (June 20 15) opened the way for phage product 
evolution, once a successful clinical phase II evaluation has been achieved. 

PHAGOBURN is a private-public European consortium partially funded by FP7 Health 
Programme from the European Commission (€3.85M grant). 
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Current first-line treatment for diabetic foot infections (DFD is antibiotic therapy, in addition to 
debridement. However, an increasing number of antibiotic-resistant DFI cases require alternative 
treatments. One potential alternative is bacteriophage therapy (BT). 

We put forth a multiphased approach whose main objective was to develop and evaluate a 
topically-delivered bacteriophage treatment protocol with potential efficacy in diabetic wound 
infections. 

In order to provide a thorough understanding of the epidemiology of DFI, a transversal 
observational multicenter study was conducted. This survey enabled the identification, 
characterization, and clinical correlation of the main bacteria involved, thus allowing the choice of 
the bacterial targets (Staphylococcus aureus, Pseudomonas aeruginosa and Acinetobacter 
baumannii). 

Following the epidemiological study, five previously characterized bacteria-specific lytic 
bacteriophages were tested against these strains, and shown to have broad host ranges for the 
different target bacterial species. Subsequently, target bacteria during planktonic growth were 
challenged with their specific bacteriophages, which revealed effective early killing. Furthermore, 
by using metabolic activity as a measure of cell viability within established biofilms, significant 
cell impairment following bacteriophage exposure was found when repeated treatment was applied. 

When in vitro testing showed the feasibility of the project and indicated the optimal dosage 
regimen, in vivo testing of the antimicrobial activity and wound-healing capability of the topically 
delivered bacteriophage protocol against wounds with target bacteria infections, using two 
previously optimized animal wound infection models. In conjunction with sharp debridement, the 
bacteriophage treatment effectively decreased bacterial colony counts and improved planimetric 
and histological parameters in S. aureus and P. aeruginosa infections. The results suggested that 
topically administered bacteriophage treatment when applied in conjunction with wound 
debridement may be effective in resolving chronic wound infections. 

Collectively these studies show that a topical BT protocol may be an effective therapeutic approach 
to diabetic wounds infected with different pathogens, particularly those identified as antibiotic
resistant. These results represent only the first step in the development of a fully regulated human 
clinical trial that explores the potential of BT in diabetic wound infections. TechnoPhage S.A. has 
submitted anlnvestigational New Drug application and hasreceived U.S . Food and Drug 
Administration clearance to initiate a Phase l/2a clinical trial, to evaluate safety and efficacy of 
TP-1 02 for the treatment of selected populations of patients with infected chronic ulcers. 
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Diabetic foot ulcer (DFU) infections are a major public health problem, often leading to bone 
irifections and higher rates of amputation. We believe that diabetic foot infections are an ideal 
target for a clinical trial using phage therapy because phage can easily be added to standard 
therapy or used as an alternative after the failure of antibiotics to resolve infection, as we did iri this 
compassionate use case series. In each case the patients who volunteered for this study had failed 
standard treatment and were therefore candidates for amputation, making the positive results 
particularly gratifying and compelling. We treated a series of 7 such ulcerated toe infections and 
showed an excellent healing response in all cases. These formerly intransigent wounds closed 
successfully after starting a weekly application of a single commercial topical staph phage (the 
sequenced phage Sb-1 from the Eliava Institute) at regular appoiritments. 

As some of the cases involved MRSA, the treatment . also demonstrates the potential for phage to 
help with infections complicated by antimicrobial resistance; however, most infections leading to 
amputation are caused by drug sensitive staph where there is a failure of infection control due to 
the vascular compromise and the immune dysfunction associated with diabetes. The ability of 
topical phage to penetrate the wound, includirig the underlying bone, provides a different mode of 
attack, not only agairist antibiotic resistant bacteria but also to penetrate wounds associated with 
severe vascular insufficiency and bioburden. 

The bone infection seemed to respond to the phage treatment more rapidly with surgical 
debridement of the infected bone. However, sometimes infection involves important functional 
joirits, so avoiding bone resection could improve function. In two cases the joirits were not resected 
despite joint and bone irifection, yet the infection there still resolved and the ulcer healed 
permanently. These results are dramatic for physicians who commonly treat diabetic foot infection 
ulcers, showing the potential to reduce the costs, disability, and morbidity associated with limb 
amputation as well as to improve functional outcomes. We believe phage should be further 
explored as an alternative to amputation with diabetic osteomyelitis. 

These case studies provide the background for planning further controlled clinical trials adding 
phage to the standard care of diabetic toe infections at the outset of therapy, either alone or with 
culture directed antibiotics. If the amount of antibiotic therapy could be reduced, amputations 
prevented, joints preserved and infected ulcers reliably healed, phage therapy could provide an 
important improvement in clinical outcomes and quality. 
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Bacteriophages have evolved exquisitely specific relationships with bacteria, including those of the 
human commensal flora and those which are opportunistic pathogens in our environment. Phages 
may play a natural role in modulating the composition of the gut microbiome and afford protection 
from infection through their localization on mucosal surfaces, where they can detect and destroy 
bacterial pathogens. In terms of medical intervention, phages have been used for decades to 
combat diseases such as dysentery and to disinfect wounds; however, development of broad
spectrum antibiotics in the 1940s quickly replaced phage therapy in medical practice. The 
alarming rise in drug-resistant pathogens over the past two decades has created renewed interest in 
phage therapy because of the very different mechanisms by which phage kill bacteria and because 
they exhibit much greater specificity. These properties suggest its value as a much-needed 
alternative therapeutic approach to combat drug resistance, without compromising the stability of 
our microbiome. 

The reluctance to pursue phage therapy in Western medicine has been attributed mainly to 1) the 
lack of well-controlled clinical studies to establish efficacy of phage treatment and 2) concerns that 
the processes for the manufacture, formulation and qualification of the phage preparations have not 
been developed systematically, which may lead to products that are not reliable. These are not 
insurmountable issues but they do require long-term planning to create medical product standards 
that support regulatory processes for their evaluation. It is also imperative that we advance our 
understanding of bacteriophage function and mechanisms of bacterial resistance, particularly if 
such knowledge can be exploited to create engineered phages whose properties might be optimized 
for specific medical needs (enhanced activities toward bio:films, increased breadth of target 
specificity, etc.). The choice of intended medical use for phage products, and design of clinical 
trials for such applications, must be made carefully to insure that there is conclusive evidence of 
clinical benefit. 

A discussion of these product development challenges will be presented at the meeting, with 
specific emphasis on the role that could be played by the government. This includes fostering 
collaborations via public meetings, building a base of pre-clinical services for producing and 
characterizing phages, supporting relevant clinical trial opportunities and enabling basic research 
on phages that would allow for rational modification and assessment of potential phage products. 
Such efforts are likely to require contributions from several interagency partners to create a plan for 
sustainable progress; this may involve new paradigms for prevention, as well as treatment, of 
infectious disease. Lastly, we will consider economic incentives and commercialization risks, 
which are central considerations in any product development planning process, in order to identify 
translational strategies that will enable such a promising and broadly-applicable concept as phage 
therapy. 
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Many tailed bacteriophages (Caudovirales) use fibre proteins for initial, reversible, host cell lipo
polysaccharide recognition. Some phages also use them for secondary, irreversible, host cell 
attachment. For the myovirus T4, we have solved the structures of the carboxy-terminal domains of 
the short fibre protein gpl2, the proximal long tail fibre protein gp34 and the distal long tail fibre 
protein gp37. All three proteins display beta-structured folds, with gpl2 containing a central metal 
ion, gp34 having a long triple beta-helix and gp37 a thin needle domain in which seven iron ions 
are located. For the siphovirus T5, the L-shaped tail fibre is formed by trimers of the pbl protein. 
The L-shaped tail fibres have an intra-molecular chaperone domain, which is auto-proteolytically 
removed after correct trimerization and folding. We solved the structure of the carboxy-terminal 
domain ofpbl in presence and absence of the chaperone domain. The carboxy-terminal domain of 
pbl revealed an intertwined beta-structured fold, while the chaperone domain is mainly alpha
structured, with long beta-hairpins embracing the fibre domain it helps to assemble. For the 
podovirus T7, we have solved the structure of the carboxy-terminal domain of the fibre, which is 
formed by a trimer of the gp 17 protein. Site-directed mutagenesis of exposed residues at the end of 
the fibre identified those important for infection of E. coli, and some residues were identified that, 
when mutated, limited the host range to B-type E. coli or K-type E. coli. 
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The canonical view of the interactions between viruses and their microbial hosts presumes that 
changes in host and virus fate require the initiation of infection of a host by a virus. That is, first 
virus particles diffuse randomly outside of host cells, then the virus genome enters the target host 
cell, and only then does intracellular dynamics and regulation of virus and host cell fate unfold. 
Intracellular dynamics may lead to the death of the host cell and release of viruses, to the 
elimination of the virus genome through cellular defense mechanisms, or the integration of the 
virus genome with the host as a chromosomal or extra-chromosomal element. Here we revisit this 
canonical view, inspired by recent experimental findings in a virus-archaeal system (Bautista et al., 
mBio 2015) in which the majority of target host cells can be induced into a dormant state when 
exposed to either active or de-activated viruses, even when viruses are present at low relative titer. 
We propose that both the qualitative phenomena and the quantitative time-scales of dormancy 
induction can be reconciled given the hypothesis that cellular physiology can be altered by contact 
on the surface of host cells rather than strictly by infection. We develop a biophysical model of 
contact-mediated dynamics involving virus particles and target cells. We show how in this model 
virus particles can catalyze - extracellularly - cellular transformations amongst many cells, even if 
they ultimately infect only one (or none). We discuss how early-time dynamics of dormancy 
induction may, in turn, change the long-term dynamics of virus-host populations. 
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Non-enveloped viruses include the vast majority of bacteriophages and many human pathogens. 
Despite their widespread occurrence and medical relevance, the molecular mechanisms that govern 
their genome delivery are not completely understood. Productive infection requires precise docking 
to a designated location on the cell surface to enable delivery of the viral genome through several 
steps that may include: initial specific recognition of the cell surface through interaction with a host 
receptor, followed by coordinated conformational changes in viral proteins, and ultimately genome 
transfer into the target cell. Such transfer is a universal phenomenon among viruses and must be 
highly regulated since evolutionary pressures demand that errors leading to premature or 
inappropriate release be avoided. 

Bacterial outer membrane proteins (Omp) A and C co-purify in lipid vesicles with bacteriophage 
Sf6, implicating both outer membrane proteins as potential host receptors. We determined the 
structure of the infections virion [I] , and that Omps A and C mediate Sf6 infection by dramatically 
increasing the rate and efficiency of genome ejection [2]. We performed a combination of in vivo 
studies with three omp null mutants of Shigella jlexneri, including classic phage plaque assays and 
time-lapse fluorescence microscopy to monitor genome ejection at the single virion level. We also 
performed cryo-electron tomography of phage " infecting" outer membrane vesicles and have 
shown the tail needle contacts and indents the outer membrane. Mutagenesis work has 
demonstrated key regions in OmpA that mediate infection. Lastly, experimental evolution studies 
have isolated Sf6 variants better adapted to grow on the ompA-C- host. We conclude that Sf6 phage 
entry utilizes either outer membrane proteins A or C, with outer membrane protein A being the 
preferred receptor and this likely extends to several other members of Podoviridae. 

CryoEM reconstruction of 
mature Sf6 (EMDB 1D 5730) 

Cyro tomogram ofSf6 
' infecting' OMVs. 
Modified from [2] 

1. Parent, K.N., et al., Structural evolution of the P22-like phages: Comparison of Sf6 and 
P22 procapsid and virion architectures. Virology, 2012. 427(2): p. 177-88. 

2. Parent, K.N. , et al., OmpA and OmpC are critical host factors for bacteriophage Sf6 entry 
in Shigella. Mol Microbial, 2014. 92(1): p. 47-60. 
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The tremendous increase in bacterial genomic data highlights the important role of bacteriophages 
in horizontal gene transfer (HGT) and genome flux among bacteria (Hamilton, 2006). Bacterial 
genomes typically harbor multiple prophages carrying a wide range of genes that could provide 
new abilities. These genetic elements may be selected because they confer an ecological advantage 
to the bacterium, such as niche adaptation or production of new virulence factors. On another hand, 
uncontrolled expression of phage genes could be detrimental. Thus, genome evolution by 
horizontal gene transfer (HGT) requires equilibrium between repression and expression of new 
genes. 

Our goal is to identify general strategies, other than phage repressor based, that are used to 
maintain prophages in Enterobacteria after their integrations. We have previously shown that the 
host transcription terminator Rho, also known for its role in gene silencing, is involved in prophage 
maintenance in E. coli (Menouni eta!., 2013). 

A combination of targeted and global approaches will help to precisely identify (i) which host 
factors are involved in prophage maintenance and (ii) how pleiotropic regulators act on prophage 
genes expression and on the excision regulation process. Using an automated screen on a chemical 
library we hope to identify new signals involved in the induction of lytic prophage cycle. These 
data will provide information on the interplay between lysogeny, prophage maintenance and 
environmental conditions. 

Salmonella enterica serovar Typhimurium is the primary enteric pathogen infecting both humans 
and animals. Numerous bacteriophages (lytic or temperate) are specific to Salmonella and can 
carry virulence genes (Figueroa-Bossi and Bossi, 1999). Usually, S. Typhimurium strains possess 4 
to 5 functional prophages. We tested various global regulator mutants using multiplex and 
quantitative PCR. Preliminary results have shown that prophage maintenance in Salmonella is 
linked to both gene silencing and cell metabolism. Understanding how the host prevents prophage 
induction and controls the lysogenic conversion will give clue on the mechanisms involved in 
spreading and expression of virulence factors. 

Briissow, H. , Canchaya, C., and Hardt, W.-D. (2004) Phages and the evolution of bacterial pathogens: from 
genomic rearrangements to lysogenic conversion. Microbial Mol Bioi Rev MMBR 68: 560--{)02, table of 
contents. 
Figueroa-Bossi, N. , and Bossi, L. (1999) Inducible prophages contribute to Salmonella virulence in mice. 
Mol Microbio/33 : 167-176. 
Hamilton, G. (2006) Virology: the gene weavers. Nature 441 : 683-685. 
Menouni, R. , Champ, S., Espinosa, L. , Boudvillain, M., and Ansaldi, M. (2013) Transcription termination 
controls prophage maintenance in Escherichia coli genomes. Proc Nat/ A cad Sci US A 110: 14414-14419. 
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Giant <j>KZ-related phages are a group of myoviruses with genomes ranging from 211-316 kb that 
have been isolated from a diversity of environmental niches. They are of interest due to their 
structural complexity (virions contain >60 different proteins), novel proteins (e.g. encapsidated 
multisubunit RNAPs), and biotechnological potentiaL An extraordinary feature of these phages is 
the inner body or IB; an immense (15-20 MDa) head protein structure embedded in the densely 
packed (~500 mg/ml) DNA1

. The <j>KZ IB was shown to be highly structured2
. Mass spectrometry 

(MS) showed the <j>KZ head to have the expected complexity, containing over 40 different proteins, 
six of which constitute the IB major structural proteins3

. These studies also revealed the head 
morphogenetic serine protease cleaves at least 19 head proteins. This includes a vast remodeling of 
the IB with five IB proteins reduced 35-65% in length. We identified, purified and confirmed the 
specificity (SING-X-E) of the prohead protease gp175 using IB protein substrates4

• 

Functions of the potentially multifunctional (eg morphogenesis, packaging, ejection, capsid 
stability, host takeover) IB are unknown, presenting a unique and exciting biological challenge4

• 

Determining IB and head protein functions in <j>KZ has been hindered by the lack of a tractable 
genetic system. Recently, the <j>KZ-related phage group has expanded and now also includes 
phages with non-pseudomonad hosts including the Salmonella phage SPN3US. We hypothesized 
that SPN3US could act as a model genetic system for the <j>KZ-related phages. Our studies showed 
it has numerous proteins homologous to the proteins of <j>KZ, including 52 proteins we could infer 
to be part of the virion based on their <j>KZ counterparts. Cryo-EM "bubblegrams" and IB homolog 
informatics suggest an IB comparable but not identical in structure to the <j>KZ IB. 

We have isolated 50 SPN3US amber mutants, mostly in independent complementation groups. 
Illumina sequencing of these mutants has identified essential genes of SPN3US, and allowing 
direct studies of proteins involved in head morphogenesis in vivo. 

1. Black Thomas 2012 Adv EM B 726 
2. Wu et al 2012 Science 335 
3. Thomas et al2012 Mol Micro 84 
4. Thomas Black 2013 J Virol87 

Section VII: Molecular Mechanisms Symposium 67 
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In this study the novel jumbo bacteriophages: KTN4 and PA5oct infecting Pseudomonas 
aeruginosa are characterized Both viruses were isolated from a sewage sample from an irrigated 
field near Wroclaw, Poland. PA5oct is a completely novel myovirus. The virion morphology and 
genome analysis indicates that it differs from all known giant phages. KTN4 shows characteristic 
features of phiKZ-like viruses, a very distant branch of myoviruses, with a 130nm isometric capsid 
and a 168nm long contractile tail capped by a base plate. In contrast, although PA5oct has a head 
of about 131 nm in diameter and a tail of 136 x 19 nm, unlike Pseudomonas phage phiKZ, no inner 
core bodies were observed in empty phage heads. On 0.7% soft agar overlays they form ~1.7 mm 
and 1 mm wide clear plaques, respectively. 

One-step growth experiments indicated for both phages a latent period of 40 min and a burst size of 
about 40-50 phage particles per infected bacterial cell for KTN4 and 30-40 phage particles for 
PA5oct. Viral particles remain infective after incubation at temperatures of 40-70°C and 40-60°C 
for 60 min, respectively for KTN4 and P A5oct. Phage particles were stable within a pH range of 2-
12 (KTN4) and 5-11 (PA5oct) after incubation at room temperature for 24h. Both phages require 
expression of type IV fimbriae on the host cell surface for infection. Host range experiment was 
performed on international P. aeruginosa reference panel [De Soyza et al., 2013]. KTN4 was able 
to infect 32,56% of clinical strains and PA5oct 23,26%. 

KTN4 has a genome size of 279,593 bp with 369 predicted ORFs, with 95% of all predicted 
proteins homologous to phiKZ proteins and 14.6% of those have defined function. PA5oct has a 
genome size of 286,757 bp and is the largest Pseudomonas phage known to date. 450 ORFs were 
predicted and only 19.77% have homologs among known bacteriophages. Only 2.89% of all 
predicted proteins are similar to other Pseudomonas phages. The strongest similarities on a protein 
level are to Escherichia coli jumbo phage PBEC04- 3.33% and Cronobacter sakazakii jumbo 
phage GAP32- 7.11%. Proteins responsible for phage tail and head structure, DNA and RNA 
polymerases, endonucleases, endolysin, DNA terminase can also be defined bioinformatically. The 
structural proteins were experimentally confirmed for both phages as a part of the phage particle 
using ESI-MS/MS. 

A detailed protein-sharing network showing the reticulate relationships between PA5oct, KTN4 
and published phage genomes as well as prophages was performed, which demonstrates the 
remarkable uniqueness of phage PA5oct. To investigate transcription regulation during PA5oct 
infection we performed directional RNA-seq on the total RNA prepared from cells collected at 
different times of post-infection. This approach allowed us to globally examine phage transcription 
across the temporal phases. 
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Viral genome packaging into capsids is powered by ATP driven high-force-generating motor 
proteins. In vitro the phage T4 terminase large subunit TerL packages linear (20bps-170kbps) 
DNAs of any sequence efficiently without the small terminase subunit TerS into portal containing 
proheads. Five independent lines of evidence show TerL translocates DNA by "crunching" or 
compressing it transiently from B- to A-form: 1) Bulky fluorescent dyes covalently attached to 
the DNA, although not intercalating dyes (IDs), are packaged. 2) FRET distance measurements 
strongly suggest that the C-terminal nuclease domain of TerL docks to the prohead portal, a 
docking orientation supporting our model for N-terminal TerL force generation by engagement 
with the dsDNA unlike a C-terminal piston-like packaging model. 3) In stalled packaged Y-DNAs, 
FRET shows a decrease in distance from the terminase carboxy-end to the portal in the stalled Y
DNA conformation, and in the Y-stem DNA compression between closely positioned FRET dye 
pairs. DNA B- compression to A-form (23% distance decrease B- to A- by FRET) conforms to the 
structures. 4) There is complete removal of the YOY0-1 ID (which by NMR is shown not to bind 
to A- form) from DNA during translocation. S) TerL drives ATP packaging of 20 bp dsDNA, but 
does not package 20 bp dsRNA or 20 bp D:R heteroduplexes, the latter expected to be A-form; 
however 20 bp D:D can "push" 20 bp D:R heteroduplexes into the prohead. 

In vivo we proposed that the T4 TerS is required for packaging concatemeric or circular DNAs by 
"synapsing" two homologous pac site containing DNA sequences in order to gauge concatemer 
maturation, then initiate packaging by handing off to TerL for cutting. The model is supported by 
genetics and purified protein structural work showing T4 TerS single and twin protein-only rings 
(llmers and 22mers) proposed to be non-planar lock washer-like structures. We have replaced in 
the T4 genome the TerS gene with fluorescent fusion protein genes coding for TerS-GFP and TerS
mCherry without loss of function. FRET measurements of mixed infected bacteria show that the T 4 
genome also produces at low expression TerS fusion protein complexes comparable to the purified 
rings. In vitro purified ts TerS fusion proteins are defective in ring formation at 42°C but not 20°C 
as shown by temperature regulated FRET. Our T4 TerS work suggests rings are essential for 
function, and multiple size nucleosome-like twin rings forming apposed double pac sites could 
account for the high structural variability found among different phage TerS ring crystals. 
Fluorescence approaches in vivo may allow us to determine our hypothesis that twin rings 
synapsing double DNA pac duplexes initiate packaging is correct. 

Black, Old, new, and widely true: The bacteriophage T4 DNA packaging mechanism, Virology 
601

h Ann. Rev., 2015 
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Bacteriophages offer many potentially very useful applications, primarily in targeted killing of 
pathogenic bacteria in food & feed, and human & veterinary medicine. Yet, harnessing the 
properties of phage is not only about using viruses as antimicrobials. Phage encodes several 
proteins evolved for highly specific interaction with the bacterial host. Perfect examples are the 
endolysins, peptidoglycan hydrolases with a modular structure. They harbor a mostly N-terminal 
enzymatically active peptidoglycan hydrolase domain (EAD), while C-terminal cell-wall binding 
domains (CBD) direct the enzyme to its substrate, with often extreme specificity and very high 
affmity. Fluorescent CBD reporter fusions are very useful for instant labeling and specific 
detection of Gram-positive bacterial cells, and magnetic beads coated with CBD allow fast and 
efficient recovery of the target cells. Phage-encoded tail fibers have properties similar to CBDs; 
they also enable specific recognition and binding of bacterial cells. Because their interaction 
partners also include outer membrane proteins and Lipopolysaccharide structures, they are 
particularly useful for targeting Gram-negative bacterial cells. 
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Viruses are demarcated into eukaryotic, archaeal and bacterial categories with distinct genomic and 
functional features. We hypothesize that some extant viruses are faced with surmounting these 
demarcations because of specific selective pressures to traverse membranes and evade immune 
responses of multiple domains of life. Here we show that dsDNA viruses from the widespread 
obligate intracellular bacteria, Wolbachia pipientis, evolved a genome that is comprised of 
canonical bacteriophage gene modules and a novel Eukaryotic Association Module (EAM) that 
contains diverse metazoan-like genes with protein domains involved in immune evasion, 
programmed cell death, regulation of eukaryotic gene expression, insecticidal toxins, and 
production/secretion of virulence factors. Most EAM genes have never been reported in 
bacteriophages and originated via transdomain horizontal transfer from host arthropods that W. 
pipientis commonly infects. Collectively, these results demonstrate a previously undescribed 
process of viral mosaicism between bacteriophages and metazoans that "partly blur the genomic and 
functional boundaries of the modern virosphere. 
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The filamentous phage M13 encodes 5 different coat proteins that are first inserted into the 
inner membrane of E. coli. The insertion of nearly all these proteins requires the membrane 
insertase YidC. Our recent disulfide crosslinking experiments have shown that the 
membrane insertase binds the major coat protein at specific "contact sites" and promotes the 
transmembrane insertion of the protein. A molecular mechanism of YidC is presented that 
suggests an energetic support in the transfer of the periplasmic domain of the coat protein 
through the lipid bilayer. 

For the assembly of the phage, the transmembrane coat proteins interact with an assembly 
machinery that is composed of two phage-encoded proteins, gpl and gpll. We have 
expressed these two proteins, purified them to homogeneity and found that they are present 
in an oligomeric complex that is localized within the membrane. Electron microscopy 
revealed that the complex has a sixfold symmetry and a central cavity that possibly 
trans locates the single-stranded DNA during the assembly process. 
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A number of A. baumannii phages are described as alternative drugs to control Acinetobacter 
baumannii infections. However the theoretical approach to the construction of therapeutic phage 
preparations is still to be formulated. We have determined that the majority of A.baumannii phages 
genomes published to date contain genes encoding proteins with putative carbohydrate 
depolymerisation activity. We suppose that these proteins are depolymerases with highly specific 
activity that form structural tail spikes responsible for A. baumannii capsular polysaccharide (CPS) 
degradation and phage attachment to the bacterial cell. To date >90 CPS synthesis gene loci of A. 
baumannii are characterized. We suggest that the majority of them produce unique CPS, though 
exact CPS structures have been determined for just a few strains. 

Usually a phage tail spike consists of at least two structural domains. The N-terminal domain is 
responsible for the connection with the phage particle, while the C-terminal domain possesses CPS 
cleavage activity and is responsible for irreversible attachment to the bacterial surface. We have 
cloned genes encoding C-terminal parts of potential tail spikes of three A. baumannii lytic phages 
- AP22 (Myoviridae), Fril , and AS12 (Podoviridae). Recombinant proteins were expressed and 
purified Atomic structures of three tail spikes forming predominantly beta-helical trirners were 
determined by X-ray crystallography. 

CPS structures of type host strains infected by these phages were determined using NMR 
spectroscopy. CPS degradation products and types of depolymerization mechanisms were 
characterized for all three recombinant proteins. Atomic structure of phage AP22 gp54 was 
determined for both apo-protein and for the protein complex with the depolymerization product 
unit. 

Our results demonstrate that the CPS is the initial receptor of the majority of A. baumannii phages 
known to date. High variability. of CPS types set natural limitation for using individual phages in A. 
baumannii control. A. baumannii phage control preparation development implies extensive phage 
search against collections of previously characterized bacterial strains. 

Section VIII : Open Section 73 



Application of Fluorophages for TB-detection and Whole Cell Screening of 
Antitubercular Drugs 

Estefania Urdaniz\ Liliana Rondon", Cecilia Latini\ Mario Matteoc, Susana Poggi", Marcelo 
Marti", Graham Hatfullb, Mariana Piuri" 

•Depto. de Quimica Bio16gica, FCEyN, UBA, IQUIBICEN-CONICET, Bs As, Argentina. bDept. 
of Biological Sciences and Pittsburgh Bacteriophage Institute, University of Pittsburgh, Pittsburgh, 

USA.cLab. Bacteriologia de la TBC Dr. Abel Cetrangolo- Inst. de Tisioneumonologia Dr. Raw 
Vaccarezza, Hospital Mufiiz, Bs As, Argentina. 

. E-mail: eurdaniz@gmail.com 

Introduction: Tuberculosis (TB) is a major cause of human mortality with 9 million new cases and 
nearly 2 million deaths annually; approximately 2 billion people are infected with the causative 
agent, Mycobacterium tuberculosis (M.tb) . The emergence of resistant strains has become a serious 
public health problem worldwide, complicating treatment and control of the disease. Traditional 
methods for drug-susceptibility testing (DST) are slow and laborious. New diagnostic methods are 
needed that combine sensitivity, specificity, low cost and speed. Reporter mycobacteriophages 
containing a fluorescent reporter gene are a simple mean of revealing the metabolic state of Mtb 
cells, and therefore their response to antibiotics. Until now, bacteria were detected after infection 
by fluorescence microscopy or by flow cytometry. Our aim was to evaluate the performance of 
Fluorophages directly in sputum samples and to develop a simple, rapid and automated whole-cell 
screening assay for DST of M tb and also applicable to HTS of new anti-TB drugs. 
Methods: We developed a mCherrybombp with higher sensitivity and a shorter signal detection 
time than the first generation of Fluorophages. We tested the performance of the mCherrybombcJ> 
in negative TB sputum samples spiked with Mtb mc26230 using different processing protocols and 
infection conditions. After infection, cells were fixed with 4% PF A and detected using a 
fluorescence microscope, preserving the fluorescence and increasing biosafety. Then, positive TB 
clinical samples were used to evaluate the ability to identify M tb and detect rifampicin resistance. 
We set up the conditions for infection of pure cultures in a multiwell format in the presence of 
increasing concentrations of drugs and appearance of fluorescence was monitored as a function of 
time using a fluorimeter. The concentration that inhibited 90% of fluorescence in the absence of 
drug was reported as the minimal inhibitory concentration (MIC) for that drug. 
Results: We have developed a second generation of Fluorophages with higher sensitivity and a 
shorter time to detection of signal, only 5 hours for M. tb. This new reporter phage could detect 
M.tb and determine rifampicin resistance directly in sputum samples. Results were obtained 
between 24-120 hours from sputum collection. Using a fluorimeter, DST of M tb could be done 
from pure culture in 6 or 30 hours (when pre-incubation with the drug was required). We found a 
good correlation between the MIC values obtained with this technique and the proportion method 
used as gold standard for TB. 
Conclusion: We developed a simple and inexpensive assay for rapid detection and determination 
of M.tb rifampicin resistance directly in sputum samples. This new method could facilitate therapy 
and prevent the spread of drug-resistant strains in low resource settings. Finally, we optimized the 
conditions for an automated phenotypic assay to test in a short time susceptibility of pure cultures 
to different drugs. The implementation of this standardized methodology will also contribute to the 
development of a rapid, easy and high sensitive method for HTS of new anti TB drugs. 
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Recombineering, in vivo genetic engineering in bacteria, is widely used for gene modification. 
Recombineering uses linear DNA substrates introduced by electroporation and requires only short 
(35-50 base) homologies to create a variety of genetic changes, including point mutations, 
insertions and deletions. Alterations can be made on the bacterial chromosome, plasmids or 
Bacterial Artificial ·Chromosomes (BACs). Modifications made on BACs iri E. coli can be 
introduced back into the model organism of choice. The bacteriophage A Red and Rae prophage 
RecET recombination systems are both commonly used for recombineering iri E. coli. Each system 
consists of a pair of proteins: a single-strand DNA annealing protein and a 5' to 3' dsDNA
dependent exonuclease. Although they are often thought of as being interchangeable, the A Red and 
Rae RecET systems have little sequence similarity at either the nucleotide or protein level. 
Therefore we hypothesized that they might also differ iri their ability to promote various 
recombination reactions. 

The two recombination systems were compared for their ability to create several different types of 
genetic changes in E. coli. Each system was expressed from the same temperature~iriducible 
promoter and linear DNA was introduced by electroporation into cells induced for the 
recombination system. After allowing time for recombination, the cells were plated on selective 
media iri order to identify recombinants. Reactions monitored iriclude repair of a point mutation 
with either of two complementary single-strand DNA oligonucleotides (oligos), removal of an 
~lkb segment of DNA with the same single-strand oligos, and insertion of an~ lkb double-strand 
DNA contairiing a selectable marker. The ability to assemble an intact plasmid from two liriear 
fragments with differing amounts of homology on the ends was also examined, as was the 
dependence of each system on whether the target DNA was replicating during the recombination 
reaction. 

We found that the two systems differed substantially in the spectrum of genetic reactions each was 
able to perform. Red gave considerably higher recombinant frequencies than did RecET for both 
sirigle-stranded and double-stranded DNA recombination targeted to either the E. coli chromosome 
or a replicating plasmid. In contrast, RecET was better at assembling an intact plasmid from two 
linear fragments. For plasmid recombiriation, the Red system was heavily dependent on DNA 
replication of the targeted DNA, while the RecET system was less dependent on replication of the 
target. We conclude that the two systems are not indiscriminately interchangeable and that each 
system is superior for a specific type of recombineeririg reaction. 
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Isolation and characterization of phages infecting Legion ella 

Neda Nezam Abadi, Martha R.J. Clokie, Edouard Galyov 

Department oflnfection, Immunity and Inflammation, Maurice Shock Medical Sciences Building, 
University ofLeicester, Leicester 

E-mail: nna6@le.ac.uk 

Introduction: Legionella is the causative agent of Legionnaires' disease, a potentially fatal acute 
pneumonia with record high morbidity and mortality rates. Legione/la has been shown to be 
resistant to antibiotics and its detection is difficult, leading to misdiagnosis, making treatment of 
this infection challenging. Clearly, there is a great need to identify novel and more effective 
therapeutic agents for this disease and more specific diagnostic tools for this pathogen. 
Bacteriophages (phages) are a potential tool to be exploited for this purpose because they interact 
specifically with its host bacterium and replicate at the site of infection leading to increased 
infective dosage there. Here, we isolated and characterised lytic and temperate phages for further 
development as therapeutic agents and diagnostic tools Legionella spp. 

Methods: A total of 180 water and sediment samples were collected from natural reservoirs and 
man-made systems, such as cooling towers, etc. The samples were first analysed for the presence of 
free phages using host range analysis, followed by Transmission Electron Microscopy (TEM). 
Subsequently, the same water samples were heat-treated and enriched for Legionella isolation. 
Bacteria isolated from the water samples were analysed using PCR targeting the macrophage 
infectivity potentiator (mip) gene, with resulting products sequenced to confirm the identity of the 
isolates. Cultures of the isolates at mid-log phase were induced to test for the presence of prophage 
using mitomycin C (Mit C), norfloxacin (NFX), and the double-overlay method. 

Results and discussion: Seven Legionella strains have been isolated from water samples and no 
isolates were recovered from sediment samples. Phage induction of two Legionella isolates gave 
one phage per isolate, each belonging to the Podoviridae family. After phage enrichment, 10 out bf 
180 water and sediment samples produced confluent zones of lysis on lawns of L. pneumophila and 
L. longbeachae. Transmission Electron Microscopy (TEM) analysis of these lysates revealed the 
presence of numerous phages with diverse morphologies, with Myoviridae and Siphoviridae being 
the most common. Consistent with previous work, we observed only zones of confluent lysis on a 
host lawn following enrichment of samples from different environments (lakes, rivers, ponds, and 
etc.). No samples yielded single plaques and no zones of lysis could be further propagated. Data 
will be presented on other approaches that we have taken in order to further propagate these 
phages. This includes data on using alternative hosts, and on developing a more permissive host. 

Conclusions: We have shown that diverse phages are associated with Legionella and have wide 
host range. Further work is ongoing to optimise phage purification, propagation, and development 
for therapeutic and diagnostic purposes. 
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Viral Gastroenteritis Among Children in Dutsinma Local Government Area, 
Katsina State, North-West Nigeria, West Africa 
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Viral gastroenteritis, also known as stomach flu can affect anyone throughout the world. This 
highly contagious illness can be caused by many viruses but most commonly by Rotavirus. The 
most susceptible age brackets to this infection are children under the age of five and the aged 
adults. But we restricted our study to children below five years of age. Dutsinma is a Local 
Government situated at about sixty Kilometers South-east of Katsina city of Nigeria where 
comestible water is supplied solely from a dam which also serves as drinking point for cattle. The 
supply of water treated to inconsiderable degree from Dutsinrna dam to communities justifies the 
vulnerability of both adults and children to water born viral infections. In this study we shall focus 
on viral gastroenteritis engendered by domestic use and consumption of water from Dutsinrna dam 
among children below five years of age. The combination of random sampling techniques (RSM) 
and ANOV A in studying the population of children diagnosed with Viral gastroenteritis in 
Dutsinrna State Government Hospital led to the conclusion that 55% of children suffering Viral 
gastroenteritis got infected through the consumption of water from Dutsinma dam while 45% got 
their infection through other sources. 
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Envelope rigidity determination of E. coli during the realize T4 phage 
infection state 

Daniel Felipe Otruora BohOrgue~ Martha Josefrna Vives Flores, Antonio Manu Forero Shelton 

Universidad de los Andes, Bogota, Colombia 

E-mail: df.otalora2982@uniandes.edu.co 

The study and characterization of the phage-bacteria infection system have recovered importance 
due to the emergence of the phage therapy like an alternative treatment of bacterial infections over 
antibiotics. Atomic force microscopy (AFM) can provide information about the rigidity of the 
materials by measuring force curves, resulting from making and indentation over the sample with 
the probe. This technique had been tested for making physiological studies in living cells during 
different conditions like phage infection. The objective of this work is to measure the rigidity of the 

. E. coli, a gastrointestinal pathogen, during the steps of the T4 phage infection cycle. This approach 
made it possible to describe the effect of T4 offspring liberation (mediated by holins and 
endolysins) in the cell membrane. We got One-Step curve at the temperature of the measurement 
and data of Young modulus of the bacteria without phage and with phage obtaining the membrane 
rigidity of both treatment. 
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Marine Cyanophage Adaptation to Nutrient-Depleted Environments 
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, David J Scanlan1 

1 School of Life Sciences, University of Warwick, UK 
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Marine picocyanobacteria Synechococcus and Prochlorococcus are among the most abundant and 
important autotrophs in nutrient-scarce ocean regions, playing an important role in marine primary 
production and global nutrient cycles. Similarly to changes in composition of cyanobacterial 
populations depending on the level of available nutrients, so do phages capable of thriving under 
nutrient depletion become prevalent in stratified water columns, where the photic zone becomes 
largely depleted of rnacronutrients. Nutrient scarcity also influences the cyanophages infection 
process, causing delayed lysis and reduced burst size, entering a unique host-phage state named 
"pseudo lysogeny". 

We have examined infection dynamics of Synechococcus WH7803 by cyanophages isolated from 
various marine environments under nutrient-replete and deplete conditions. Initial findings show 
that existence of host orthologous genes relevant to a specific nutrient scarcity correlates with the 
nutrient availability prevalent in the environment from which the cyanophage was isolated. 
Furthermore, cyanophage infection success under nutrient-deplete conditions has been found to be 
dependent on the presence of host orthologous genes relevant to the specific nutrient stress. 

80 Section I: Phage Ecology 



The Effect of a Phase Variable Bacteriophage Receptor, lic2A, on Population 
Dynamics of Haemophilus injluenzae and its Bacteriophage HPlcl 
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Phase variation (PV), the stochastic, high frequency, reversible alteration of gene expression, is a 
. key mechanism for bacterial adaptation to rapidly changing environments. Simple sequence DNA 

repeats (SSRs) are key mechanistic drivers in this adaptive method, with expansion and contraction 
of these short repetitive DNA elements resulting in reading frame alterations, and thus phenotypic 
alterations. In Haemophilus injluenzae, a tetranucleotide (CAAT) repeat tract within the open 
reading frame of lic2A is known to alter the resistance/susceptibility of H. injluenzae RdKW20 to 
bacteriophage HPlcl. In the ON state, lic2A encodes a glycosyltransferase responsible for the 
addition of a galactose residue to the surface exposed lipooligosaccharide (LOS), facilitating 
bacteriophage adsorption. However, in the OFF state, this LOS biosynthesis step is prevented, 
giving H. injluenzae RdKW20 resistance to bacteriophage HPlcl infection. We aimed to 
investigate the effect of lic2A PV on population dynamics of H. injluenzae RdKW20 and 
bacteriophage HP 1 c 1. 

Infection of a phase variable H. injluenzae population with lic2A OFF on solid media displays 
bacteriophage resistance after viral challenge, with no visible plaques produced. However, in liquid 
culture of the same populations, viral replication occurs in both lic2A ON and OFF states. 
Replication in lic2A OFF hosts, although present, is dwarfed by that of the lic2A ON population. 
Successful, but diminished, HPlcl infection in lic2A OFF hosts in liquid culture, but absence of 
visible plaques on solid media, suggests that the presence of a small sub-population of lic2A ON 
phase variants in the majority lic2A OFF population facilitates viral replication. As liquid culture 
removes the spatial limitations imposed by a solid surface, successful HPlcl replication suggests 
that PV can provide a spatial refuge for susceptible variants by limiting spread of bacteriophage 
through a heterogeneous population in a confined spatial organization such as solid surfaces. 
Fluctuating single-cycle bacteriophage infection in liquid media between majority host population 
PV states in distinct sequential patterns allowed investigation into the effect of diverse host 
population compositions on bacteriophage population dynamics, providing experimental evidence 
for future modeling. It was found that PV results in a reduction in HPlcl over time in comparison 
to cycling phage through only lic2A ON populations, meanwhile reducing the rate of HPlcl 
extinction in comparison to cycling through solely lic2A OFF populations. Continuous transfer of 
host and bacteriophage across multiple genera from a unique initial PV host population 
configuration utilised for study of dynamics of host and phage populations will also be shown. 

These results show PV of lic2A aids in host defence to HP I c 1 infection through generation of 
heterogeneous populations containing resistant and susceptible hosts, increasing the chances of a 
susceptible population's survival by creating a host population structure restrictive of HPlcl 
replication. PV also prevents rapid loss of bacteriophage from the environment, potentially 
maintaining a reservoir for horizontal gene transfer if environmental conditions change to where 
this would be beneficial. 
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How to resist phage- evolving surface modification or CRJSPR-Cas? 
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3Departments of Molecular Genetics and Biochemistry, University of Toronto, 1 King's College 
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5Co-first author 

E-mail: westra.edze@gmail.com 

Bacteria have a range of resistance mechanisms that protect against phage infection. For example, 
surface modification provides innate immunity and CRISPR-Cas provides adaptive immunity 
(Clustered Regularly Interspacer Short Palindromic Repeats) . These are the two most commonly 
detected phage resistance mechanisms in the lab and in nature, yet it is unclear when one 
mechanism is favoured over the other. I will present data that investigate how ecological factors 
determine the relative benefit associated with these two phage resistance mechanisms. The model 
system for this study is Pseudomonas aeruginosa strain PA14 and phage DMS3, a mu-like phage. 
Our data reveal that the selective advantage associated with surface modification and CRISPR-Cas 
is ecology-dependent. These data help to explain why half of all bacteria lack CRISPR-Cas 
systems, and also help to predict when CRISPR-Cas-mediated phage resistance evolves, which can 
be exploited for biotechnological purposes. 
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Objectives: This study should give insight into the diversity and biology of phages and their hosts 
in haloalkaline Lake Elmenteita. To our knowledge, these experiments represent the first report of 
isolation and characterization of bacteriophages from this lake. 

Methods : Phages were isolated from sediment sample using indigenous bacteria as hosts by 
standard emichment techniques. Preliminary characterization was done by host range analysis, 
DNA restriction digestion and morphological analysis by electron microscopy. Phage genomes 
were sequenced using PacBio RS and further analyzed in detail with bioinformatic tools. 

Results: In this study, we isolated various phages agairist bacterial species of the genera Vibrio, 
Exiguobacterium and Bacillus. Morphological analysis of all isolated phages by electron 
microscopy revealed a broad diversity with different members of the order Caudovirales, including 
the families Siphoviridae, Myoviridae, and Podoviridae, with partially interesting tail fiber 
structures. Genomic analysis of some phages also showed a broad diversity in regard to genome 
organization and gene content. Some of those sequences revealed similarities to already described 
B. pumilus phages, Bacillus phages SPOl or Tsarnsa, others showed no similarity to other phages 
at all. 

Summary/Conclusions: Our study shows that various phages against different host bacteria could 
be isolated from sediment samples from haloalkaline Lake Elmenteita. Analysis of morphology and 
genome sequences reveal a broad diversity, suggesting this habitat to be a further promising 
challenge for the isolation of phages with new characteristics. 
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Phage Biodiversity in Safe Hands - Conserving Phages for the Future 
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It is a mission of service supply culture collections like the Leibniz Institute DSMZ to conserve 
microbial resources for the scientific community and for future generations, to keep them safe and 
secure, authentic and viable. Phages are not only the most abundant living organisms on earth but 
are strikingly efficient and attractive, this is mainly due to their specificity for their target bacteria. 
Since more than 25 years, the DSMZ is experienced in handling phages and holds currently more 
than 350 purified titre-controlled phage isolates in liquid nitrogen stocks and vacuum-dried. This 
collection continuously expands: researchers are encouraged to deposit phages in the open DSMZ 
collection, deposit is free of any costs. Authorised requestors can receive the phages for a fee, 
guidance for handling phages is provided on the DSMZ website at 
https:/ /www. dsmz. de/ catalogues/catalogue-microorganisms/ groups-of-organisms-and-their
applications/phages.html; all procedures are comparable to the other collections held at DSMZ 
which is operating according to ISO 9001:2008. DSMZ is a governmentally supported institution 
of the German public services and performs front-line basic and applied research. Our scientific 
phage studies are aiming at a deeper understanding of phage biology and benefit from the rich pool 
of bacterial strains available in our collection and from excellent international networking 
activities: the DSMZ also shares two MoU, with the George Eliava Institute IBMV, Tbilisi and 
with P.H.A.G.E. (http://www.p-h-a-g-e.org). A young specific phage collection is the Therapeutic 
Phage Bank established as an open collection under the MoU with P.H.A.G.E. : phages bearing a 
therapy potential for human medical use can be deposited without costs, a special MT A restricts 
direct therapeutic application. We do not modify or adapt phages but keep them as received from 
the depositor. However, phages for pathogenic hosts are not only our main collection focus but also 
in the center of our scientific interest: new phages for Achromobacter xylosoxidans were found and 
characterized generating further cooperative activities and contributions including those for ICTV. 
Phages against the ESKAPE pathogens came into our focus and intensified phage genomics being 
both, challenge and routine, represents the state-of-the-art methodology that can be used to shed 
light on the rich unknown genetic potential of the phage biodiversity. The DSMZ aims at 
contributing to evolution research, phage application, phage genomics and taxonomy. Different and 
special habitats are explored to find new phages for collection and research activities, both must go 
hand-in-hand. Phages are intriguing representatives of global biodiversity and evolution. All 
phages are welcome at the DSMZ, we like to share with you the phage bioresources, data and 
expertise! 
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Culture-Independent Tools to Assign Viruses to Hosts 
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The objective of this work is to develop cuJture-independent tools to assign viruses to hosts, using a 
crystallizer pond from a solar salter as a model system. These waters harbor different microbes 
with different degrees of "culturability" and present the highest number of virus-like particles 
(VLPs) detected so far in aquatic samples. The microbial assemblages in these systems are 
frequently dominated by members of the Euryarchaeota phylum and, as discovered recently, 
representatives of the Nanohaloarchaea. This is one of the phyla included within the DP ANN 
superphylum, considered as part of the so-called "microbial dark matter". Within the 
Euryarchaeota, the most prominent representative in hypersaline environment is the square 
archaeon Haloquadratum walsbyi. Bacteria, although less abundant than Archaea, are also present 
in these systems and are normally dominated by Salinibacter ruber and related phylotypes. While 
Nanohaloarchaea have not been cultured so far, Haloquadratum spp. can be grown in pure culture, 
although it is extremely difficult to grow in liquid media and hardly forms colonies on agar plates. 
Finally, Salinibacter is readily culturable and their phages can be isolated, although the question 
remains of whether cultured viruses represent the natural diversity (even for culturable hosts). 

Therefore, a culture-independent approach has to be undertaken. In previous works, we were able 
to pinpoint viruses infecting uncultured Nanohaloarchaea by using a combination of microarrays 
and single cell technologies. Briefly, genomic contents of individual cells present in a natural 
sample were retrieved and hybridized against individual viral genomes from the same sample, 
which had been previously immobilized on a microarray ("virochip"). Here, we have modified this 
protocol and used "targeted" Haloquadratum and Salinibacter metaviromes to hybridize against 
the virochip. These metaviromes resulted from the incubation of a virus concentrate from a 
crystallizer water sample together with a mixture of Haloquadratum or Salinibacter hosts, an 
approach frequently used prior to virus isolation. The "targeted" metaviromes were also 
characterized by means of high throughput sequencing and sequence analyses. 

In this way, we were able to recover the complete genomes of several viruses infecting 
Haloquadratum that were detected in the crystallizer pond in different years. In addition, the 
analyses of the "targeted" metaviromes showed a shift in the viral assemblage when the natural 
virus community was exposed to the assayed hosts. These differences encompassed the 
taxonomical diversity in the metaviromes as well as other "signature" traits as GC content and K
mer fingerprint. Overall, our strategy has proven to be successful for unveiling which part of a 
given viral natural assemble can infect specific hosts, without the need of previous virus isolation. 
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Acne is one of the most common skin diseases, affecting mainly youth populations. Estimates 
show that up to 85% of young people have been affected by this disease at least once in their lives, 
sometimes having profound effects on the social behaviour. Four factors have been established as 
causes of acne: ductal hypercornification, increased production of sebum in the sebaceous glands, 
inflammatory events and Propionibacterium acnes presence. P. acnes is an anaerobic, skin 
commensal and Gram-positive bacteria that is involved in acne inflammation because it elicits the 
immune response. Common acne treatment includes the combined use of retinoids and antibiotics, 
because they reduce inflammation, hypercomification and P. acnes proliferation. P. acnes 
resistance to conventional antibiotics has prompt the development of alternative therapeutic 
methods. Phage therapy arises as an alternative that uses bacteriophages, which allows also the 
implementation of strategies to avoid the emergence of bacterial resistance. 

Five bacteriophages were isolated from skin of eight volunteers (4 men and 4 women). Three 
phages were selected, preliminary differentiation among them was made by host range and genome 
size, followed by genome sequencing using Ion Torrent PGM system. Raw sequences reads were 
assembled using the software CLC Genomics Worbench 8.0. Open reading fragments (ORF) were 
identified with GeneMark.hmm (Besemer, Lomsadze & Boroovsky, 2001) and annotated with 
BLASTx and RAST server (Aziz et al. , 2008). Genome comparison was performed through Mauve 
software and MUSCLE alignment software was used to determine the percentage identity between 
the three characterized phages. 

Results showed that the newly sequenced P. acnes phages are similar in genome size and structure 
to other analyzed phage genomes. Previous studies have shown that genome size for these phages 
varies from 29,017 to 29,739 bp. We found sizes of 30,260, 30,294 and 28,983 bp for the three 
sequenced phages. About 50% of predicted ORFs have a putative function. Alignment with 
reported genomes showed differences in the sequence order but synteny among them is maintained. 
Identity between three phages is close to 100% and Siphoviridae tail genes were found, it has been 
reported low diversity in P. acnes phages due to its limited environment where the bacteria is able 
to proliferate. We postulate these three phages as good candidates for phage therapy because no 
lysogenic-related or toxins genes were found. Testing the stability and activity of phages 
incorporated into skin products will be the next step to assess phage effectiveness against P. acnes. 
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Optimizing protocols for extraction of bacteriophages prior to metagenomic 
analysis of phage communities in the human gut 
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Background: Characterization of the gut microbiome (GM) has received massive interest during 
the last decade. Focus has mainly been on the prokaryotic members of the GM, while 
characterization of the viral communities has received limited attention. Recent advances in high
throughput sequencing (HTS) have opened new opportunities for exploring diversity, evolution and 
the influence of bacteriophages on the bacterial communities of the human gut. However, little 
attention has been given to the efficiency of current protocols dealing with extraction of fecal 
bacteriophages prior to metagenomic studies. Results: We have optimized two methods for 
extraction based on tangential-flow filtration (TFF) and polyethylene glycol precipitation (PEG) 
approaches using an adapted method from a published protocol as reference (LIT). To quantify 
phage recovery, samples were spiked with c2, <j>29 and T4 phages (representatives of the 
Siphoviridae, Podoviridae and Myoviridae families , respectively) and their concentration (as 
plaque forming units) followed at every step during the extraction procedure. Compared with LIT, 
our procedures had higher recovery of all spiked bacteriophages (>286 [T 4 ], > 13 [ <j>29] and >8 [ c2] 
times higher than with LIT). Compared with LIT, our optimized procedures yielded also up to 16 
times more phage-like particles (PPs) and 68 times more phage DNA per volume. In the analysis of 
metagenomic dataset, TFF and PEG derived phage metaviromes showed 10% increase in relative 
abundance of Caudovirales and unclassified phages that infect also gut-associated bacteria (>92% 
for TFF and PEG; 82.4% for LIT). TFF and PEG obtained lower relative abundance of the 
Myoviridae family (<18%) as compared to the reference protocol (27%). This decline, however, 
was not considered a true loss of Myoviridae phages, but rather a greater level of Siphoviridae 
phages extraction (TFF and PEG: >36.8%; LIT: 28.4%), which was achieved with the enhanced 
conditions of our procedures, e.g. reduction of filter clogging. A high degree of phage diversity in 
samples extracted using TFF and PEG was observed by transmission electron microscopy. 
Conclusions: Two procedures for extraction of bacteriophages from fecal samples, relying on two 
well-known and easily implementable laboratory techniques (TFF and PEG), were optimized using 
a set of spiked bacteriophages as process control. These procedures proved to be highly efficient 
tools for extraction and purification of PPs that are suitable for quantification, HTS of phage
metaviromes and phage-to-host interactions/modulation studies. Furthermore, due to the directness 
of these protocols, suitable adaptations can also be applied in order to perform studies that could 
eventually be compromised by small volumes of fecal matter collected (e.g. mice studies). 
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Since Frederick Twort's discovery of bacteriophages in 1915, much effort has been put into 
understanding phages and their diversity. This is especially true for phages of classic laboratory 
strains of E. coli. Nonetheless, even with a hundred years of studies, the diversity of E. coli phages 
is not fully explored. 

Here we present the isolation and characterization of 20 E. coli phages. All the phages were 
isolated on · E. coli MG 1655 from a various faecal samples, which includes samples from polar 
bear, Tasmanian devil, red panda, Bactrian camel and giant anteater. The isolated phages were 
purified and analyzed in regard to their phylogeny, host range, morphology and genetic features. 
Genome sequence of the isolated phages was determined. Sequencing result showed that some of 
the phages belong to very rarely isolated phage groups and therefore bring new insights to the 
diversity of E. coli phages. 
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Project background and objectives: Bacteriophages represent the most numerous and diverse 
constituents of microbial communities. Phage populations of the marine environment have been 
extensively studied because of their colossal impact on the global biogeochemical processes; 
however, viromes of freshwater habitats have attracted much less attention. In the British Isles, 
Lough Neagh is the largest and one of the most economically important lakes, heavily exploited for 
agricultural, industrial and recreational purposes. Overall aim of this study is to examine the 
composition of the viral population within Lough Neagh, one of the most important European 
temperate eutrophic freshwater lakes, and elucidate the roles, mechanisms and extent of viral 
control over planktonic and benthic microorganisms. 

Methods: Isolation of 12 water and 9 sediment viral samples was performed by standard methods 
from March 2014 to February 2015. Library preparation and sequencing was carried out with 
Nextera DNA Library Prep kit and Illumina 600 cycle MiSeq sequencer. IDBA-UD sequence 
assembler v 1.1.1 was used to assemble the processed reads into contigs. All subsequent analyses 
were carried out on Meta Vir web server. The contigs obtained were uploaded to Meta Vir server for 
taxonomic annotation, ORFs identification and annotation, generation of TerL phylogenetic trees 
and rarefaction analysis, functional characterisation and comparison with publicly available 
viromes. 

Results: Illumina sequencing of viral DNA produced 39,496,505 (2x300 bp) reads from water and 
4,431 ,030 (2x300 bp) reads from sediment samples. So far 38,218 contigs, including 16 that were 
larger than 30 kb, with the largest one being 58.7 kb, were assembled from sediment and 66,450 
contigs with 21 larger than 30 kb, with the largest being 58.8 kb, from water viromes. Analyses 
based on the TerL comparison revealed the relatedness of contigs LNW4-c0 (58.1 kb), LNW4-cll 
(34.9 kb), LNW4-c20 (58.8 kb) from water samples to genomes of putative Cyanophages and of 
contig LNS3-c25 (35.4 kb) from sediment to Vibrio phages. The presence of these contigs in the 
Lough Neagh environment was confirmed experimentally by PCR using the corresponding 
sequence specific primers. 

Conclusions: Analyses of viral metagenomes obtained from Lough Neagh identified several 
bacteriophage species related to previously described Cyanophages and Vibrio phages. 
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Bacteriophages (phages) represent the true majesty of genetic diversity on our planet; a level of 
which we are only beginning to discover. The pragmatic approach to tackle the seemingly 
insurmountable task of understanding this diversity, is to begin by studying a number of 
representative systems. 

Pseudomonas putida strains are aerobic, Gram negative bacteria, which are ubiquitous in the 
environment and display a truly remarkable metabolic diversity. The heterogeneity observed in P. 
putida and indeed, all members of the Pseudomonas genus is reflected in their cognate phages and 
therefore, this makes it an ideal system for studying phage biology as a whole. 

The characterisation of two novel phages infecting the P. putida strain Ppgl is presented. The halo 
producing phage Pfl6 represents the first T4-like Pseudomonas phage described. Analysis of the 
Pfl6 genome shows a highly modular evolutionary history from a number of marine and 
freshwater phages. Amongst the various genes encoded, is a strong homolog of the stringent 
starvation protein B; a known specificity enhancer ofClp proteases (1, 2). We show some evidence 
suggesting that this may act in concert with EPS depolymerase activity in the dispersal of P. putida 
biofilms. 

The recently characterised Felixounavirinae subfamily contains two well defined genera of 
Pseudomonas infecting phages: the PAK_Pl-like and KPP 10-like viruses (3). The P. putida phage 
PMW which, like Pfl6, lacked nucleotide homology to genomes in current databases, was shown 
to be a phylogenetically distinct member of this subfamily, showing substantial differences to both 
genera. This merits its inclusion in a separate clade within the Felixounavirinae subfamily. 
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Objectives: SUIO, a phage with a rare C3 morphotype was isolated along with 29 other phages. 
SUI 0 infects 26 of 92 (24%) antibiotic susceptible and resistant Escherichia coli strains. Although 
C3-morphotype phages are classified as Podoviridae, they possess a very different structural 
morphology compared to Cl type phages. The mechanisms behind the SUlO elongated head 
formation were studied with different descriptive methods. Ongoing investigations with Cryo-EM 
seek to elucidate the phage mechanisms of infection and conformational changes in the tail. 

Methods: SUI 0 was sequenced using 454 pyrosequencing and assembled with the Newbler 2.6 
software. Genome annotation was performed with Glimmer 3.0, within the Geneious 6.0 
workbench in combination with the Softberry bioinformatics toolbox. Phylogenetic analyses were 
carried out in MEGA6. Analysis of SUI 0 proteome was investigated using Nano LC-MS/MS on a 
hybrid LTQ-Orbitrap Velos mass spectrometer equipped with an Agilent HPLC 1200-system and 
row data analysed by SEQUEST (Proteome Discoverer 1.4.0.288). Phage particles were fixed, 
embedded, sectioned and stained with uranyl acetate followed by lead citrate and observed on a 
Tecnai 12 transmission electron microscope. 

Results : SUI 0 possesses an approximately 137 x 57 nm head that contains a genome of 77,327 kb 
that encodes 125 putative proteins. The gene and genome architecture of SU 10 is highly similar to 
phiEco32. Proteome analysis of the phage identified 22 proteins out of 38 with a known function. 
The phage forms an unusual honeycomb structure inside the cell cytoplasm that may play a role in 
morphogenesis. Observation of the honeycomb structures in Cryo-EM studies indicates a tendency 
of the phage heads to align side by side even outside the cell. While analysis of the tail continues, 
recent work shows that the tail elongates to twice the size during binding and adsorption to the 
host. A comparison between SUI 0 and the T7 phages, suggests a different genome packaging 
mechanisms for SU 10. When comparing the scaffolding protein and major head protein of the C3 
morphotype within phylogenetic analysis, it is suggested that the Cl morphotype co-evolved and 
diverged approximately 280 million years ago. 

Conclusions: The study emphasizes the distinction between C3 and C 1 morphotype phages. They 
are genetically dissimilar and utilize different mechanisms for replication and packaging. The 
morphology of their capsids varies between C3 and C 1 morpho types. In addition, the tail elongates 
upon infection in C3-morphotypes, which suggests that the C3-morphotype phages might form a 
family distinct from Podoviridae. 
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Identifying the Function ofMotB in T4 Gene Expression 

Jennifer Patterson-Wese, Aravind Iyer2
, and Deborah M. Hinton1 

(1) Gene Expression and Regulation Section, Laboratory of Cell and Molecular Biology, NIDDK, 
National Institutes of Health, Bethesda, Maryland 20892 

(2) Protein and Genome Evolution Research Group, NLM/NCBI, National Institutes of Health, 
Bethesda, Maryland 20892 

E-mail: jennifer.west@nih.gov 

The integrity and regulation of gene expression is essential for proper viral development; viruses 
have evolved many mechanisms for altering gene expression in their host to allow expression of 
genes required for viral proliferation. The simple bacteriophage T4, a virus that infects E. coli, 
expresses three classes of genes (early, middle, and late) at different stages of its development. 
Genes from each stage are associated with different promoters that correlate with specific viral 
factors that regulate transcription. 

Previous work has demonstrated that the early T4 protein AsiA remodels a portion of a 70
, thereby 

permitting the T4 activator MotA to interact with the C-terminus of a 70
, which is normally 

occluded by its interaction with the 13-flap. This remodeled complex no longer recognizes bacterial 
promoter sequences, but instead recognizes a new promoter sequence conserved among T4 middle 
promoters, called the MotA box. Although AsiA and MotA are required, other viral factors are 
clearly involved in the abrupt turn off of early promoters and activation of middle promoters that 
occurs 1 to 2 minutes post infection. This is evident by the inhibition of early promoters in an 
AsiA deletion strain (Pene and Uzan 2000 Mol Microbial. 35: 1180) as well as the identification of 
middle promoters with a degenerate MotA Box sequence (reviewed in Hinton 2010 Viral J. 7:289). 

In the 1980s, the gene motE was proposed as an adjunct to MotA-dependent middle promoter 
activation for expression of a subset of middle genes (Pulitzer et al. 1985 J Mol Bioi. 182: 249). 
motE is located in a dispensable region of the T4 genome and deletion of motE is only lethal in 
combination with a motA mutation. We have found that production of wild type MotB is toxic in E. 
coli, resulting in complete lysis after approximately 90 minutes of expression at 37 °C. This result 
suggests that MotB interferes with an important bacterial process. In collaboration with Dr. 
Aravind Iyer (NCBI, National Institutes of Health), we have determined that motE, which is highly 
conserved among T4 type phages, contains a KOW domain. To investigate the function of MotB 
during T4 bacteriophage infections, we have constructed T4 containing an amber mutation within 
motE (T4 motBam), which are being used to infect isogenic suppressing and non-suppressing 
E. coli for transcriptome analysis. To further characterize the role of MotB in T4 gene expression, 
we have developed an expression system and purification scheme that allows us to purify MotB 
from an expression plasmid in E. coli. This protocol is currently being optimized to eliminate DNA 
contamination. 
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Background and Objectives: The worldwide spreading of antibiotic resistant bacteria raises the 
medical urge to find an enduring alternative. Countries from to the former Eastern bloc have a long 
tradition of using bacteriophages as therapy against bacterial infections. In these countries phages 
are isolated from, for instance, sewage and tested experimentally for their ability to kill disease
causing pathogens. 

With the advent of the genomics age and the parallel development of bioinforrnatics methods 
suitable for analysing this type of data, high-throughput approaches for identifying phages with 
relevant hosts become possible. Approaches to promptly identify the phage host may significantly 
speed up the phage discovery process, and as such be instrumental for phage therapy to become a 
suitable alternative to antibiotics. 
Manual screenings for a phage host in the lab can be costly and time consuming if no indication for 
a specific host is given. The aim of the method here presented is to narrow down the potential host 
range. 

Methods: We developed a bioinforrnatics tool, HostPhinder, capable of predicting the bacterial host 
species of a phage. The method was trained on whole-genome sequences of 2,196 phages with 
known hosts collected from the RefSeq, INSDC, PhageSEED, EMBL EBI and Phagesdb.org 
databases. HostPhinder takes as input the whole-genome sequence of a query phage and predicts 
the species of the bacterial host based on genomic resemblance to the set of phages with known 
hosts. Genomic resemblance is measured as the overlap of k-mers (DNA sequences of length k) 
between the query phage and the phages in the reference data set. 

Results: On an independent evaluation set of 400 phages, the HostPhinder method correctly 
predicted the host species with more than 70% accuracy and the host genus with more than 80% 
accuracy. The method was furthermore evaluated on sets of predicted prophages and on 
metagenomic data from a Georgian phage cocktail with satisfactory results. 

Conclusion: Our study indicates that for most phages, genomic similarity is a good indicator of 
shared bacterial hosts, but also highlights the need to expand the number of whole-genome 
sequenced phages that are available. 

HostPhinder is freely available as a webserver at: http://cge.cbs.dtu.dk/services/HostPhinder and as 
a Docker image at https ://registrv.hub.docker.com/u/julvilhostphinder. It enables initiation of the 
phage discovery process in silico, using the genetic information rather than the phage itself (reverse 
phage discovery), and has as such the potential of speeding up the phage discovery process. 
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Listeria monocytogenes is an opportunistic human pathogen that poses a significant risk for 
susceptible populations. The most common mode of infection is through ingestion of contaminated 
foods such as ready-to~eat meats, vegetables and dairy products. In order to provide food 
processers the most rapid and accurate methods to prevent the increasing numbers of recalls, 
Sample6 has developed a phage-based detection assay for the environmental detection of Listeria 
spp. In building this assay, we have designed a bacteriophage engineering pipeline utilizing rapid 
host-range determination, advances in synthetic biology, and bioluminescent imaging. With this 
pipeline capacity, a number of improvements to the recombinant phage can be explored. We 
demonstrate the use of this pipeline to optimize the codon usage of a phage-harbored reporter gene 
across a panel of hundreds of unique strains, leading to significant improvements in signal across 
the Listeria genus upon infection. Using this iterative process, Sample6 has developed and 
improved the first in-shift Listeria detection kit capable of detecting a single Listeria cell. 
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With the nsmg tide of antibiotic resistance and the concomitant dearth of novel 
antimicrobials, new paradigms to treat bacterial infections are in dire need. Unlike conventional, 
broad-spectrum antibiotics, which target pathogenic and commensal bacterial populations alike, we 
developed a programmable-spectrum antimicrobial whose activity is dependent on the presence of 
genetic signatures in microbial cells. By rewiring the Type II CRISPR-Cas system of Streptococcus 
pyogenes, we created RNA-guided nucleases (RGNs) that mediate double-stranded breaks in genes . 
or single-nucleotide polymorphisms (SNPs) associated with drug resistance or virulence. Using 
bacteriophage particles (<l>RGN) or conjugative vectors, RGNs could be efficiently delivered to 
bacterial populations to enact sequence-specific killing. When targeting a chromosomal SNP which 
confers resistance to quinolone class antibiotics, <DRGNs were able to elicit a greater than 4-log 
reduction in viable cells, while having no activity against the wild-type parental strain. In addition 
to targeting the chromosome, we found that using <DRGNs to target the blaNDM-1 and blasHV-1 8 genes 
on multidrug resistance plasmids caused a 2-3-log reduction through the artificial activation of co
harbored toxin-antitoxin systems. Overexpression of the cognate antitoxin resulted in curing of 
pSHV-18 and antibiotic resensitization. To further demonstrate specificity of our particles, we 
treated a consortium of three E. coli strains with <DRGNs against the unique resistance markers of 
each strain and observed selective killing of only the desired strain. Finally, we designed constructs 
against a virulence gene in enterohemorrhagic E. coli 0157:H7 and used <DRGNs to significantly 
improve survival in a wax moth larva infection model. Ongoing work has involved expanding the 
range of the platform towards new hosts and target sequences. 

Section III: Phage-Based Biotech Applications 95 



Analysis of the E. coli phage PhAPEC6 EPS depolymerase 

Katarzvna Danis-Wiodarczyk1.z. Lorena Rodriguez-Rubio2
, Jessica Tsonos2

, Guy Schoehn3
•
4

•
5
•
6

, 

Zuzanna Drulis-Kawa1
, Rob Lavigne2 

1 Department of Pathogen Biology and Immunology, Institute of Genetics and Microbiology 
Institute of Genetics and Microbiology, University ofWroclaw, Wroclaw, Poland 

2 Laboratory of Gene Technology, KU Leuven, Leuven, Belgium 
3 Unit of Virus Host-Cell Interactions, Grenoble, France 

4 Universite Grenoble Alpes, Institut de Biologie Structurale (IBS), Grenoble, France 
5 CNRS- IBS, Grenoble, France 
6 CEA- IBS, Grenoble, France 

E-mail: Rob.Lavigne@biw.kuleuven.be 

To reach biofilm-embedded bacteria for infection, bacteriophages have to degrade bacterial · 
exopolysaccharides (EPS). This is achieved by virion-assoicated EPS depolymerases or by EPS 
depolymerases released after lysis of other bacteria that were previously infected by phage. In 
vitro, 
the activity of depolymerases cause characteristic semi-turbid halo-zones formation surrounding 
transparent plaques of lysed cells. 

In the nature, many lytic phages are equipped with phage-borne EPS depolymerases. These 
enzymes can degrade the bonds inside ( endo) or at the ends ( exo) of the polysaccharide chain. 

In our study, we have identified a gene encoding an EPS depolymerase in E. coli PhAPEC6 phage 
genome. Next, the gene was cloned into a pEXP5-CT/ TOPO® vector. Protein was expressed 
in E. coli Lemo21 (DE3) electrocompetent cells and purified by Ni-NTA chromatography. 
Recombinant EPS depolymerase formed characteristic halo zone and its diameter was increasing in 
time of incubation. Moreover biofilm breakdown assay was performed, indicating antibiofilm 
activity. 

EPS depolymerases can be useful to prevent biofilm formation and to eradicate existing biofilms. 
The latter effect can also eliminate the hidden places for persisters common in CF, making them 
accessible to immune cells. Phage-encoded EPS depolymerases have obviously the potential 
to complement existing strategies combating biofilms. · 
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Once considered a revolution in modern medicine, antibiotics are becoming obsolete. On one hand, 
multidrug resistant infections are increasingly being reported On the other hand, traditional 
antibiotics are broad-spectrum, decimating the multitude of beneficial bacteria in our body and 
leaving us susceptible to opportunistic infections. These challenges demand novel approaches to 
treat multidrug resistant infections while discriminating between pathogenic and symbiotic 
bacteria. Here, we report the use of CRISPR-Cas systems to specifically target and eliminate 
individual bacterial strains. By designing and expressing synthetic genome-targeting CRISPR 
RNAs, we reprogrammed CRISPR-Cas systems to target the bacterial genomic DNA, thereby 
inducing cell death. Using this strategy, we achieved potent and sequence-specific killing 
regardless of the type or location of the targeted region and using either imported or native 
CRISPR-Cas systems. Additionally, we were able to distinguish between even highly related 
strains in a mixed population as well as between commensal and pathogenic bacteria. Currently, we 
are investigating delivery methods using broad-host range bacteriophages. We are using phage 
particles to deliver the CRSIPR-Cas machinery to a range of strains where target specificity will be 
determined by the CRISPR RNAs. We envision using this strategy to develop "smart" non
antibiotic treatments capable of circumventing common modes of resistance while readily 
distinguishing between pathogens and symbiotic bacteria. Such "smart" treatments may provide a 
solution to the escalating dilemma of multidrug resistance, and can be employed as tools to probe 
complex microbial communities. 
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Background Despite the conservative nature of Lactococcal c2 phage morphology and genomic 
content and architecture, these prolate-headed phages are the most virulent and remain one of the 
three dominantly isolated groups of phages infecting Lactococcus lactis encountered in dairy 
fermentation facilities worldwide. Early studies of c2 prototypic phages suggest a model of phage
host interactions that is reminiscent of the Bacillus subtilis phage SPPl. For example, it is proposed 
that the c2 phages first recognise and bind reversibly to a cell wall carbohydrate component such as 
rhamnose followed by irreversible binding to a proteinaceous receptor named the Phage Infection 
Protein (PIP). This irreversible binding step commits the phage to the cell and leads to ~jection of 
the phage genome into the cell. A genetic dissection of a collection of twenty one c2-type phage 
was undertaken in this study to identify (1) the overall genomic biodiversity, (2) divergence within 
the tail & head morphogenesis region (3) phage-host receptors. The aims of this work were to 
sequence a substantial number of c2 group phages, perform a genetic analysis and identify which 
CHO-binding activity dictates the phage-host reversible binding step. 

Methods Of the twenty one c2 group phage analysed, nine distinct phages were sequenced using 
454 sequencing technology followed by comparative genomic analysis and morphological analysis 
by electron microscopy. 

Results The genome size of the sequenced phages ranged from 21.5 - 22.4 kb and the numbers of 
identified ORFs varied from 39 to 40 and are all organised into early- and late-expressed genes. A 
high percentage of homology in the entire replication region was observed as well a divergence in 
the tail adsorption protein and an unexpected high divergence in a morphogenesis region, 
highlighting a potential presence for protein recognising-sugars or other protein-binding receptors · 
domain. 

Conclusions Although c2 group phages are mostly described by their overall genetic conservation, 
it is the unique or differential regions that may dictate specific reversible CHO-binding activities. 
Therefore, this study aims to identify the gene(s) that may encode the sugar-binding functions that 
control the initial interaction between these industrially significant phages and their hosts. 
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Direct measurements of the virulence of a bacteriophage are intrinsically difficult, in large part 
because the concept of virulence, while understood, is still not clearly defmed. For this reason, 
researchers have turned to rapid- but inaccurate- methods, such as spot tests, efficiency of plating 
and bacterial reduction curves, to crudely estimate the infective potential of bacteriophages. While 
the optical density of growing bacterial cultures provides a direct correlation to the number of 
viable cells in the population, the optical density of a phage-infected culture will include live cells, 
latent cells (recently infected by bacteriophage), and lysed cells. During infection, it is impossible 
to distinguish between these cell conditions using simple analytical tools. However, bacterial 
reduction curves do provide a method to compare the growth of an infected population to that of a 
healthy, phage-free control group. 

The present study proposes a reliable method, based on the bacterial reduction curve, to standardize 
and quantify bacteriophage virulence for a specific host under a given set of conditions. It 
introduces two measurable properties to quantify phage virulence. The first is the virulence index 
(V), which is a normalized value that quantifies the reduction in bacterial growth due to the 
presence of phages, summed over a larger range of MOis. The second, referred to as the MV so, is 
the initial MOl at which a bacteriophage achieves 50% of the maximum theoretical infection 
dynamics in the host population. Together, these two virulence characteristics (V and MVso) can 
be used to classify phages within a proposed virulence scale. 

The virulence scale can be used to compare quantitatively the virulence of various phage species 
across a wide range of infection conditions in a standardized format. It provides a simple, single 
metric that incorporates all the factors that influence bacteriophage virulence. In addition, the 
virulence scale establishes standards for fitting virulent behavior into a specific category on the 
scale. A comparative virulence analysis was performed using this approach for bacteriophages T4, 
T5 and T7 infecting Escherichia coli, showing the quantitative difference in virulence for all three 
phages. The impact of environmental factors such as temperature and medium composition was 
also included in the study. 

The proposed virulence index is particularly convenient for assessing phages for various industrial 
or therapeutic applications. This easy-to-use tool will greatly facilitate the way bacteriophage 
virulence is reported, discussed, and characterized. 
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Recently a large number of new technologies have been developed that exploit the unique 
properties of bacteriophage receptor binding proteins (RBPs). These technologies include 
diagnostics with RBPs bound to surfaces or beads for the selective capture of bacteria as well as 
therapeutics that reduce specific bacterial colonization in vivo, either alone or as part of a larger 
molecular machine. As diagnostics, RBPs offer several advantages over other platforms such as 
antibodies including greater stability, specificity and binding affinity. In order to further exploit the 
use of RBPs, we have developed new platforms for the identification, expression and 
characterization of these beneficial proteins by using the well-characterized Salmonella phage P22 
RBP as our model system. 

We have developed an assay for discovering RBPs using an expression library of the phage 
genome and screening for proteins that bind to the host bacterium. When P22 was screened using 
this assay the only binding protein discovered was Gp9, confirming that this is the only receptor as 
was previously predicted. 

We have also fused the P22 RBP to an elastin-like polypeptide, transformed the construct into 
tobacco and demonstrated that the P22 RBP is expressed in plants. The plant produced RBPs form 
stable trimers, as shown by SDS-P AGE, and are capable of binding to Salmonella, as shown 
through a nitrocellulose binding assay. We are currently applying two mass spectrometry (MS) 
techniques that we tested on P22 RBPs recombinantly expressed in Escherichia coli (electrospray 
ionization MS for the measurement of RBP binding affmity and matrix-assisted laser desorption 
ionization MS for the measurement of trimer stability) to quantitatively compare the plant
expressed RBP to its bacteria-expressed counterpart. The demonstration that RBPs can be 
expressed in plants opens the door for using transgenic plants as a method of RBP production and 
as an efficient delivery system into the gastrointestinal tract of livestock. Future studies will 
compare the plant produced RBP and the E. coli produced RBP in Salmonella challenge studies in 
chickens to test the efficacy of the plant produced RBP in vivo. 

The importance of developing technologies for the rapid identification and reduction of pathogens 
cannot be understated as food contaminated with bacterial pathogens represents both a public 
health concern and a serious fmancial liability for the producers. RBPs promise to be a highly 
versatile and effective technology for these applications. 
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Objectives: Develop and demonstrate a rapid detection method for L. monocytogenes utilizing 
A511 bacteriophage (phage) amplification in combination with surface enhanced Raman 
spectroscopy (SERS) and lateral flow immunochromatography (LFI). 

Methods: A511-specific polyclonal antibodies were developed, covalently attached to thiol
modified SERS nanoparticles and printed onto nitrocellulose LFI membranes. Listeria-mediated 
A511 phage amplification was conducted at several multiplicities of infection (MOI) and was 
visually and Raman spectroscopically monitored over time. Phage and bacterial concentrations 
were validated with spot titer assays. 

Results: Following phage infection of Listeria-laden liquid samples, aliquots of the resulting 
amplifications were applied to SERS LFI devices. As a result, phage-SERS nanoparticle 
complexes were concentrated at LFI test lines composed of immobilized anti-A511 antibodies. At 
sufficient concentrations (6.1 x 107 pfu!mL and higher), a visible pink line formed as a result of 
phage-reporter arrest. SERS particles were also observed to concentrate at detectible levels below 
those concentrations needed to produce a visibly positive test. When captured SERS nanoparticles 
(whether visually observable or not) were interrogated by Raman spectroscopy, a particle-specific 
spectrum was produced, which was in turn exploited for signal quantification. Spectrum intensity 
was correlated to the number of captured phage-SERS nanoparticle complexes. Visual and Raman 
spectral limits of detection (LODs) for A511 were 6.1 x 107 pfu/mL and 6.4 x 106 pfu/mL, 
respectively. Starting at a phage concentration of 5 x 105 pfu!mL, this Raman LOD threshold was 
achieved viaL. monocytogenes infection at MOis of 0.1 and 5.1 within 2 and 5 hours, respectively, 
with a bacterial LOD of9.8 x 104 cfu/mL. 

Conclusion: A successful SERS-enhanced LFI was constructed and coupled with A511 
amplification to achieve rapid, specific, and inexpensive detection of L. monocytogenes. The use 
of antibody conjugated SERS nanoparticles combined with LFI allowed for both visual and 
quantitative results. 

Section III: Phage-Based Biotech Applications 101 



Phage Recombineering Made Easy: Taking advantage of the Phage T4 ac 
gene 

Zachary J. Storms, Melissa Harrison, Linda Reha-Krantz and Dominic Sauvageau 

Department of Chemical and Materials Engineering, University of Alberta, Edmonton, Alberta, 
Canada 

E-mail: zstorms@ualberta.ca; dominic.sauvageau@ualberta.ca 

The application of phages to diverse fields is more and more reliant on the modification of 
functions through genetic engineering and synthetic biology approaches. While diverse methods 
are being developed, inserting a foreign gene into a strictly lytic phage has traditionally been, and 
remains, a labor intensive process, in no small part because of the high throughput screening often 
required. The traditional approach has been to first insert the foreign gene, flanked with phage 
DNA that is homologous to the insertion site, into a plasmid. Plasmid containing bacteria are then 
infected with phage. The foreign gene is inserted in the phage genome, but the frequency of 
insertion depends on the length of the homologous DNA. We have found that recombination 
frequencies for short regions(< 200 bp) vary from l/106 to 1/104

• Thus, highly efficient screening 
or selection methods are needed to identify the recombinant phage. 

We have developed a novel phage recombineering approach that takes advantage of the acriflavine 
resistance (a c) gene of phage T4. T 4 phage are unable to replicate in media containing acriflavine. 
However, inactivating mutations in the ac gene confer resistance (Genetics 148:1655-1665 (April, 
1998)). Thus, disrupting the ac gene by insertion of a foreign gene will produce acriflavine
resistance and can be used for selection. We have tested this proposal using constructs containing 
GFP with varying lengths of flanking ac DNA. With our conditions, the background of ac
resistant mutants is about 1/105

, but when 200 bp of homology are used in the flanking region, well 
over 50% of acriflavine-resistant phages are in fact successfully recombined phages. 

We are now testing if larger constructs will significantly affect the insertion frequency. We are 
also testing the efficiency of expression of green fluorescent protein, the foreign gene that we are 
using for development of this method. In addition, we are investigating the influence of various 
promoter and ribosomal binding site designs, both natural and engineered, on overall gene 
expression. We are also exploring the use of this technique in the design of reporter phages for 
various biotechnology applications. 
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The integrase encoded by the lambdoid coliphage HK022 targets in its E. coli host chromosome a 
single assigned 21 base pairs (bp) long recombination site termed attB (Figure IB). attB comprises 
two Int-binding sites of7 bp each termed Band B' that are partially inverted (palindromic, blue 
arrows). Band B' flank a central 7 bp crossover site known as the "overlap" (0). We show that 
replacing 0 with a random 7 bp sequence supports Int-mediated site-specific recombination as long 
as the cognate and larger phage recombination site attP (Figure IA) features an identical 0 
sequence. This promiscuity allowed us to identify on the human genome several native secondary 
Int-active attB sites ("attB"s) with random overlaps that flank several human deleterious mutations 
(m, Figure 2B). This raises the prospect of curing such "attB"-flanked mutations by an Int
catalyzed RMCE (recombinase-mediated cassette exchange) reaction (Figure 2A-C). An analysis 
of such active and inactive "attB"s suggested a rninimall4-15 bp attB consensus sequence (instead 
of the 21 bp) with a reduced 3 bp palindrome. 
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Yan Zhou, Lichang Sun, Hui Zhang, Hongduo Bao and Ran Wang* 

Key Lab of Agro-Food Safety and Quality Ministry of Agriculture, Jiangsu Academy of 
Agricultural Sciences, Nanjing 210014,China; 

E-mail: wangran2001 @ 126.com 

Staphylococcus aureus is a major pathogen that causes humans and animal diseases from local 
inflammations to fatal sepsis and has resulted in a high prevalence of antibiotic-resistant strains. 
Bacteriophage endolysins (lysins) can be an alternative agents for the treatment of bacterial 
infections. In our research for novel antimicrobial agents against S. aureus, based on several 
conserved Staphylococcus phage lysin sequences, we constructed a lysin (named as LysSl) by 
fusing the cysteine and histidine-dependent aminopeptidase/hydrolase (CHAP) and a cell-wall 
binding domain (SH3b). Herein, the antimicrobial activity of LysSl against antibiotic-resistantS. 
aureus strains isolated in bovine milk farm was studied. Our results showed that LysSl could kill 
more than 50% of the tested clinical isolates of S. aureus with higher efficacy. The present data 
suggest that L ysS 1 has the potential to be an alternative therapeutic agent for the treatment of 
infections caused by multidrug-resistant S. aureus. 
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Objectives 
Bacteriophages are known to be abundant in the mucus layer of animal intestine, indicating their 
protective role on the mucosal surfaces. In this study, two phages named BSPMl and BSPM2 were 
isolated from swine mucus layer and their genomes, proteomes, and morphologies were compared 
in order to understand phage-host interactions. 

Methods 
To obtain phages with diverse receptors other than LPS or flagella, phages were isolated from 
mucus layer of swine intestine using Salmonella lacking both LPS and flagella as a host. Phage 
stocks (109 PFU/mL) were negatively stained with 2% uranyl acetate (pH 4.0) and examined using 
transmission electron microscopy to identify the morphology. For genomic analysis, purified phage 
DNAs were sequenced with a Genome Sequencer FLX (GS-FLX) instrument, and assembled with 
Newbler v2.3. Open reading frames (ORFs) were predicted using the Glimmer v3.02, GeneMarkS, 
and FgenesB software programs. Annotation and functional analysis of the predicted ORFs were 
conducted using the BLASTP and InterProScan databases. To compare the phage structural 
proteins, phage proteins were separated by SDS-P AGE and analyzed by LC-MS. 

Results and conclusions 
Receptors of both BSPMI and BSPM2 were found to be BtuB. However, both phages could not 
infect smooth strains while successfully infected rough strains of Salmonella, implicating 
inhibitory function ofLPS for phage infection. Morphological analysis revealed that BSPM2 has 
additional tail fiber proteins at the end of the long tail protein unlike BSPMl. LC-MS analysis of 
phage proteins separated by SDS-PAGE revealed differential expression of tail fiber proteins and a 
tail protein, supporting morphological differences. BSPM2 could infect both Salmonella and E. coli 
0157 :H7 while BSPMl could infect Salmonella strains only, suggesting pivotal role of tail fiber 
proteins in host specificity. Whole genome comparison of the two phages revealed major 
differences in genes encoding two putative tail fiber proteins and one tail protein (homology of 
16%, 13% and 32%, respectively), while receptor binding proteins were highly similar to each 
other (99% identity). 
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Phage biocontrol of Escherichia coli 0157 :H7 on animal hides and beef 
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A number of outbreaks of E. coli 0 157:H7 infections involving beef have been reported. Options 
for controlling bacterial pathogens such as this in raw foods are limited, but one approach is to use 
phages. We describe the application of an E. coli 0157:H7 phage, FAHEcl, to kill its host in vitro 
and on beef. An approximate 4 logw inactiv~tion of E. coli 0157:H7 occurred at 5 oc in the 
presence of phage F AHEcl at > 107 PFU ml·1 in broth. On thinly sliced beef pieces incubated at 37 
°C, a> 2.7 logw reduction occurred with 3.2 x 107 PFU I 4 cm2 meat piece. When the phage was 
applied to beef pieces under conditions simulating hot boning and conventional carcass cooling, 
inactivation of E. coli 0157:H7 of approximately 2 logw was measured at 3.2 x 107 PFU/4 cm2 

meat piece. FAHEcl was added to raw and cooked beef pieces at concentrations ranging from 101
-

108 PFU cm-2 to either low (<100 CFU cm-2
) or high (104 CFU cm-2

) concentrations of host 
bacterial cells at 5°C and 24°C to simulate refrigerated and room temperature storage/temperature 
abuse. Significant reductions of E. coli 0157:H7 of the order of >4 logw CFU cm-2 at both 
temperatures could be achieved compared to phage-free controls. We also describe the application 
of a phage cocktail to detached calf hides inoculated with E. coli 0157:H7. Reductions of up to 3.8 
log10 CFU cm-2 were achieved. 
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Listeria-infecting phages are currently being used to control and detect the important foodborne 
pathogen Listeria monocytogenes; however, little is known about how environmental conditions 
influence interactions between L. monocytogenes and its phages. Here, we examined the infective 
potential of four Listeria phages (two each from the recently proposed phage genera "P70virus" 
and "PI OOvirus") against five strains of L. monocytogenes (representing serotypes l/2a, l/2b, 4a, 
and 4b) grown under a range of temperatures (7°C- 37°C). We show that the plaquing efficiencies 
for all four phages were significantly affected by temperature. The P70viruses, LP-026 and LP-
037, formed plaques most efficiently at l6°C. The PIOOviruses, LP-048 and LP-125, generally 
formed plaques most efficiently at l2°C; however, LP-048 showed a significantly lower plaquing 
efficiency on strain FSL Jl-175 (serotype l /2b) at l2°C and 20°C as compared to 7°C and 25°C 
(relative values of 0.35 and 0.48 as compared to 1.4 and 1.1, respectively). Interestingly, none of 
the four phages formed plaques at 37°C. An adsorption assay was performed with the POOviruses, 
LP-048 and LP-125, against the host strains at 30°C and 37°C. LP-048 showed a severely reduced 
adsorption efficiency against susceptible strains at 37°C as compared to 30°C, which suggests that 
there is considerably less accessible rhamnose (LP-048's putative phage receptor) at 37°C than at 
30°C. LP-125 adsorbed to host cells at 37°C, indicating that the inability for LP-125 to plaque at 
37°C is not due to adsorption inhibition. 
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Antibiotic resistant bacteria are a serious public health problem. Such bacteria increase the cost of 
healthcare, as they are difficult to treat, often lead to treatment failure, and in extreme cases death. 
Contamination of food with multi-antibiotic resistant bacteria, particularly E. coli, is considered a 
potential source for illness. Since antibiotic resistance and concern over food safety have increased 
in recent years, scientists have again become interested in the use of bacteriophages to detect and 
combat bacterial contamination of food products. Bovine foods, such as ground beef, are 
considered a vehicle for Escherichia coli outbreaks, which causes bloody diarrhea, hemorrhagic 
colitis, and, in certain cases, hemolytic uremic syndrome. E. coli 0157 :H7 is prevalent among 
cattle entering the slaughterhouse and cattle carcasses at all stages of the slaughter process (Elder et 
al., 2003). In this study, we isolated different phages against E. coli. Experiments were performed 
to test the host range and killing potential of isolated phages. One of the isolated phages, ZCECl 
was selected according to its virulence because because of its ability to infect and kill 2 E. coli 
Egyptian isolates strains and 2 E. coli Ol57:H7 lab strains (12900 and ZK126). The ZCECl phage 
was used to study its lytic profiles against E. coli strain ATCC 8739 in vitro as well as in vivo. The 
in vitro experiment showed that the phage was able to reduce the numbers of E. coli to 
undetectable limit (P < 0.005) during the first hour of infection. As for the in vivo experiment, 
sterile minced meat and tomatoes were inoculated with 1.6 x 108 E. coli ATCC 8739 and treated 
with 2.5 x 108 phage ZCEC. The surface area of a chunk of meat was sterilized with 70% ethanol 
and minced in sterilized mincer. Before inoculation with bacteria, meat was exposed to UV light 
for about 15 minutes to assure the killing of any possible bacteria. Inoculated meat and tomatoes 
were treated with ZCECl phage after 30-45 min of inoculation with bacteria and held at 
refrigeration for 6 and 8 days respectively. This experiment was designed to determine the effect of 
phage to reduce the numbers of E. coli at low temperature (4°C) on inoculated meat and tomatoes. 
Viable counts of bacterial and phage counts were performed at time zero and various time points 
following low temperature storage to monitor the bacterial survivors and phage. The phage 
treatment managed to reduce the numbers of E. coli in infected meat and tomatoes to undetectable 
limit (102 CFU/ml) after l day of infection. Our results encourage further studies of the use of 
phages as a prophylactic measure in food products. 
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Salmonellosis is a very common foodborne disease caused by different species of Salmonella. 
In Egypt, poultry production constitutes one of the main sources of Salmonella infection and the 
potential health risks associated with poultry consumption have not yet been properly evaluated. 
The consumption of raw or undercooked chicken and eggs can cause salmonellosis. The world is 
heading for a post-antibiotic era, as high rates of antibiotics resistance have. been observed in every 
region of the world, said an "Antimicrobial resistance: global report on surveillance" report 
published by the World Health Organization (WHO) in April 2014. Resistance to different 
antibiotics by Salmonella represents an emerging public health issue. The emergence of pathogenic 
bacteria resistant to most, if not all, existing antimicrobial agents has become a serious problem and 
the development of alternative treatment has become one of the highest priorities of modern 
medicine and biotechnology. 

Bacteriophages have become a topic of interest in food safety as an alternative to antibiotics. The 
main purpose of this study was to investigate the efficacy of bacteriophages in controlling 
Salmonella in vitro as well as in vivo. A single Salmonella enterica (ATCC 25566)-specific phage, 
ZCSE1, was selected according to its virulence against different Salmonella enterica strains and 
used in both experiments. Experiments were performed to test the host range and killing potential 
of isolated phage against 5 Salmonella and 1 E. coli Egyptian isolates in addition to E. coli lab 
strains; ZCSEl phage could infect 3 of the Salmonella enterica strains in addition to the E. coli 
strain isolated from poultry. The in vitro experiment showed that the phage was able to reduce the 
numbers of Salmonella by about 1 00-fold (P < 0.005) after 40 min. of infection. As for the in vivo 
experiment, sterile chicken skin and eggs were inoculated with 3.2 x 108 Salmonella and treated 
with 107 phages at MOl of ~0.03 . Inoculated chicken skin and eggs were treated with ZCSE1 
phage after 30-45 min of inoculation with bacteria and held at refrigeration for 6 and 8 days 
respectively. This experiment was carried out to determine the effect of phage to reduce the 
numbers of bacteria at low temperature ( 4°C) on inoculated chicken skin and eggs. Viable counts 
of bacterial and phage counts were performed at time zero and various time points following low 
temperature storage to monitor the bacterial survivors and phage. The phage treatment managed to 
reduce the bacteria on the chicken skin by 100-fold and completely kill off the bacteria on the 
surface of the eggs. The results obtained encourage further studies of the use of phages as a 
prophylactic measure in food products. 
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The depolymerase enzyme encoded by the T7 -like phage L1 (DpoLI) efficiently degrades 
amylovoran, an important virulence factor and the major component of the extracellular 
polysaccharide (EPS) of its host, the plant pathogen Erwinia amy lovora. ESI-MS analysis of 
hydrolyzed EPS revealed that DpoLl cleaves the galactose-containing backbone of amylovoran. 
The enzyme is most active at pH 6 and 50°C, and features a modular architecture. The C-terminus 
harbors the hydrolase activity, while the N-terminal domain links the enzyme to the phage particle. 
Exposure of high level EPS-producing E. amylovora CFBP1430 to recombinant DpoLl 
dramatically increased sensitivity to the Dpo-negative phage Y2, which was not the case for EPS 
negative mutants or low level EPS-producing E. amylovora. Our findings indicate that enhanced 
phage susceptibility is based on enzymatic removal of the EPS capsule, normally a physical barrier 
to Y2 infection, and that use of DpoLI together with the broad host range, virulent phage Y2 
represents an attractive combination for biocontrol of fire blight. 
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Objectives: Phage treatment, as an antibacterial strategy, has shown promising results in reducing 
both carriage and transmission of foodborne pathogens in live animals. To date, however, host 
responses to phage treatment have been largely understudied. Here, we examined the impact of 
phage therapy on both host immune response and the gut microbiome. Methods: To test the effect 
on host immune response, mice (n=l2) were administered E. coli 0157:H7 phages at either low 
(105 PFU) or high (107 PFU) concentrations and at 6 hr and 24 hr post-treatment. Blood and fecal 
samples were collected to measure the levels of 12 pro-inflammatory cytokines (ILIA, ILlB, IL2, 
IL4, IL6, ILIO, ILI2, IL17A, IFNy, TNFa, G-CSF, and GM-CSF) and intestinal IgA and IgG, 
respectively. To determine the effect of phage treatment on intestinal microbiome, pigs (3 wks of 
age) were assigned into three groups where they received either a basal diet (control), a basal diet 
and oral administration of 5x1010 PFU of Salmonella phage cocktail daily (phage treatment), or a 
basal diet supplemented with antibiotic premix ASP250 (antibiotic treatment). Ileal, cecal, and 
fecal contents were collected after 14 d post-treatment and v3-v4 region of 16S rRNA gene was 
used to profile the microbiome of each samples. Results: Compared to the control group, G-CSF 
was significantly (P<0.05) higher in the low phage group and G-CSF, ILIA, ILIB, ILIO, and 
IL17 A were significantly (P<0.05) higher in the high phage group at 6 hr post-treatment. 
Likewise, compared to the control group, ILI7A, IFNa, G-CSF, and GM-CSF (P<O.OS) were 
higher in the low phage group and ILIA, IL2, ILIO and G-CSF were higher (P<0.05) in the high 
phage group at 24 hr post-treatment. All cytokine concentrations, however, were within normal 
ranges for mice at all sampling times across all treatments. Similarly, no significant differences in 
intestinal IgG and IgA were observed among treatment groups. Antibiotic treatment significantly 
altered (P < 0.05) the microbial community of the ileum in terms of phylogeny and relative taxon 
abundance compared to control pigs. Similar differences were not detected in phage treated pigs 
across all tissue samples. Several OTUs representing genera such as Clostridium, Prevotella, 
Helicobactoer, however, were over or underrepresented in pigs receiving either antibiotic or phage 
treatment compared to control pigs. Conclusion: Together, these data indicate that while phages 
are generaily considered safe with no adverse effects on host immunity being observed, phage 
treatment may affect intestinal rnicrobiota. Whether these changes are deleterious to the host, 
however, will require further analysis. 
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Avian pathogenic Escherichia coli (APEC) and human uropathogenic Escherichia coli (UPEC) 
share similar genetic relatedness. These strains were implicated in causing human and poultry 
diseases. The two showed great overlap based on their sero-phylogenetic groups and virulence 
genotypes. The ability of APEC to spread to human beings, and its capability to act as human 
UPEC or its potential to act as reservoir of virulence genes for UPEC has been discerned by 
genomic studies. Recent reports showed that APEC were incriminated in human urinary tract 
infections (UTI) which is most common bacterial infections causing significant morbidity and 
mortality and huge economic burden on the healthcare system worldwide. Also, extended spectrum 
beta lactamase (ESBL) producing Escherichia coli that was resistant to third generation 
cephalosporin has been isolated from poultry products. These pathogens are a great threat to public 
health and food safety; and poultry (food chain) is believed to be the source of these pathogens 
causing diseases in human. Our objective was to isolate and characterize bacteriophage for the 
biocontrol of APEC and ESBL Escherichia coli in chicken from farm to table. A bacteriophage 
specifically lytic to APEC and extended spectrum beta lactamase producing Escherichia coli 
strains from chicken was isolated by simple enrichment, soft agar overlay and incubation at 37°C 
for 24 hours. Morphological characterization by transmission electron microscopy (TEM) revealed 
the phage as a prolate capsid bacteriophage of the family siphoviridae, It is concluded that, this 
bacteriophage may be useful in the development of biocontrol intervention of APEC and extended 
spectrum beta lactamase producing Escherichia coli strains in food chain. 
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Objectives: The enormous reservoir of novel genes within phages provides potential resource for 
medical, molecular, and biotechnological applications. Among the various phage-gene products, 
the target-specific binding activity of the cell wall binding domains (CBDs) of phage endolysins 
have gained an increasing interest as alternatives to currently used antibodies for the bacterial 
detection. However, identifying a novel CBD from a phage endolysin is time-consuming and labor
intensive, so more efficient method to find a CBD is needed for the wide use of CBDs as 
bioprobes. 

Methods: To find a CBD from a sequenced bacterial genome, we employed homology search for 
phage lysin genes from a genome of C. perfringens type strain ATCC 13124. All CBD proteins 
were genetically fused with N-terminal enhanced green fluorescent protein tags for the 
visualization of their cell binding capacity using fluorescent microscopy. The fusion proteins were 
recombinantly expressed in Escherichia coli. To compare cell capture efficiency between the 
identified CBD and a commercial antibody, both proteins with appropriate tags or spacers were 
affinity immobilized onto the functionalized magnetic nanoclusters (MNCs). 

Results: A putative CBD (CPF369 _ CBD) was identified from the genome of C. perfringens and 
fluorescence microscopy showed that it specifically binds to C. perfringens cells. The optimum pH 
and NaCl concentration for the binding of CPF369_CBD were pH 7 and 50 mM, respectively. 
With the CBD-coated magnetic nanoclusters (CBD-MNCs), we confirmed that significant portions 
of the viable bacterial cells could be separated from diluted suspensions within 30 min. More 
importantly, the CBD-coated MNCs showed better cell capture performance than a commercial 
antibody-based approach. 

Conclusions: Because this method does not require phage isolation and phage genome sequencing, 
we think it could be a general approach for the identification of novel bioprobes for specific 
detection of pathogenic bacteria. In addition, the concept of affmity immobilization of CBDs onto 
MNCs could be incorporated to other rapid biosensing platforms and thus offers the great potential 
in developing CBD-based microbial diagnostics. 
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Salmonella enterica serovar Typhimurium (S. Typhimuriurn) is one of major causes of food-borne 
disease spreading worldwide. Little is known about the prevalence of Salmonella bacteriophage 
(phages) in Thailand. Salmonella phage SPN19 which shares the same capsid protein E with 
phages iEPS5, Chi, FSL-SP030 and FSL-SP088 were previously reported. Phages SPN19 were 
isolated from Korea which leads to the question whether Salmonellaphage in this group is also 
prevalent in Thailand. In this study, 687 chicken droppings and sewage samples were randomly 
collected from the central part of Thailand using S. Typhimurium as a host strain. From these 
samples, 248 phages were collected; of which I 00 produced clear (40%), 42 cloudy (17%) and 106 
halo (43%) plaques. To further characterize these phages, primers specific to SPNI9 capsid protein 
E which .is common among other 4 groups of Salmonella phages were developed and used to 
amplify 248 isolated phages. The experiment revealed that 131 (53%) and 117 (47%) samples 
showed positive and -negative results, respectively, with the capsid protein E primers, suggesting 
that Salmonella phages that have capsid protein E similar to SPN 19 account for the main 
population. Among the SPN 19 capsid protein E positive phages, 3 of them ( <pSTm-Tl 01, <pSTm
Tl18 and <pSTm-T374) were selected for electron microscopy investigation and we found that all 
of them are members of family Siphoviridae. Pulsed-filed gel electrophoresis suggested that they 
have genome size around 59 Kb. Genome sequence analysis indicated that <pSTm-T 10 I, <pSTm
T374 and STm-<pTll8 shared 92.9%, 92.8% and 91.9% identity to <pSPNI9, confirming that this 
phages type are prevalence in Thailand and these phages exhibit only little nucleotide sequence 
variability. 
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Bacteriophage cocktails for the biocontrol of emetic Bacillus cereus 
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Objectives - Bacillus cereus is a bacterial foodborne pathogen implicated in more than l ,000 
intoxications each year in Europe (EFSA and ECDC, 2014). The food contamination with the 
emetic pathotype of this bacterium causes nausea and vomiting and, in some severe cases, a liver 
failure is responsible for the patient's death. The ubiquity ahd sporulation capacity of B. cereus, as 
well as the extreme resistance (pH, heat and protease) of its emetic toxin, the cereulide, prevent an 
efficient sanitation by conventional methods. Thanks to their specificity for bacteria and their 
safety for humans, bacteriophages seem to be a good alternative for the biocontrol an emetic B. 
cereus population in food matrices. Methods - In order to establish a collection of bacteriophages 
specific to the emetic pathotype of B. cereus, about 300 samples of various origins (e.g. soil, food, 
animal faeces, wastewater treatment plant) were incubated with a representative panel of emetic 
strains before isolating individual lytic phages. Ten phages were selected according to their 
presumptive lytic properties and their host spectra. They originated from Belgian agricultural soils 
and wastewater treatment plants. Temperature and chloroform sensitivity of each phage was also 
tested. Results - Despite the variety and diversity of the samples, none of the isolated 
bacteriophages was able to lyse the entire set of 155 emetic strains tested. However, combinations 
(or cocktails) of some of these phages could lyse the majority of the emetic B. cereus. All the 
selected phages were heat sensitive and lost their activity after one hour incubation at 60°C. 
Besides, three of them were sensitive to chloroform which suggests that their capsid could contain 
a lipid membrane, as is the case for tectiviruses and corticoviruses. Conclusions - So far, a 
collection of ten B. cereus phages displays the capacity to prey on most of the B. cereus emetic 
strains, and their application in cocktails to prevent foodborne intoxications looks promising. Yet, 
before being use in food matrices, they have to satisfy certain requirements to certify their safety 
and efficiency in foodstuffs . To confirm that the phages are virulent (versus mutated temperate 
phages) and are devoid of bacterial (virulence) genes, their genome sequences are currently being 
determined. Their morphology and growth parameters (e.g. multiplicity of infection, adsorption 
constant, eclipse period, latent period, burst size) are also under investigation, in optimal laboratory 
conditions. Ultimately though, their efficacy in controlling the emetic strains of B. cereus will have 
to be evaluated in food matrices, in real life conditions. 
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Bacteriophages infecting the dairy bacterium Streptococcus thermophilus are a persistent problem 
in dairy industry fermentations. Traditionally, these phages were categorised based on their mode 
of packaging as either cos- or pac-type- with a third grouping (5093-type) described in 2011. Here 
we present the complete genome sequences of four members of an apparently divergent group of 
phages infecting S. thermophilus. These phages appear to have evolved through significant genetic 
exchange with a Lactococcus lactis phage, based on the observed genetic similarity of the 
structural region to some members of the P335 group of L. lactis phages. Comparative genomic 
analysis was performed on all four phages with archetypal phages infecting S. thermophilus and L. 
lactis. The phages were also characterized by microscopic and adsorption analyses on industrial 
strains of both S. thermophilus and L. lactis. The proposed structural proteins of one representative 
phage of this group were also confirmed by mass spectrometry. 
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Stx bacteriophages are responsible for the presence and expression of Shiga toxin genes (stx) in the 
Enterohemoragic E coil (EHEC). The E coli lysogen can cause severe, life-threatening illness, and 
Shiga toxin (Stx) is responsible for the severe nature of EHEC infection. At the point of infection, 
the injected phage DNA can direct its integration into the bacterial chromosome becoming a 
prophage; the host cell is then known as a lysogen. Unusually, our model Stx phage, <l>24B, can 
integrate into at least four distinct sites within the E. coli genome that shared no easily identifiable 
recognition sequence motif. The identification of the factors that are actually required for phage 
and bacterial DNAs recombination has been tested using both an in vitro and in situ 
recombination assays. These assays enable easy manipulation of bacterial attachment site (attB) 
and phage attachment site (attP) sequences. The aim of our study is to fully characterize the 
requirements of the integrase carried by the Stx phage <l>24B (lnt<t>24B) to drive integration. 
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Bovine mastitis is an inflammation of a cow's mammary gland, usually due to a microbial infection 
originating from contaminated teats. Several bacterial species have the ability to cause bovine 
mastitis, but Streptococcus uberis is responsible for the majority of chronic cases. The current 
treatment of antibiotics is not only ineffective, but undesirable, due to concerns about the 
emergence of antibiotic resistant bacteria and the spillage of milk from cows until antibiotic 
clearance has occurred. As an alternative, we propose the use of the bacteriophage endolysin PlyC, 
which displays antimicrobial activity against select streptococcal species. This study investigates 
the use ofPlyC as an antimicrobial enzyme against S. uberis. Our results show that PlyC possesses 
potent lytic activity against all strairis of S. uberis tested, including 7 clinical isolates. Importantly, 
despite the ability of other endolysins to display activity against S. uberis, none have successfully 
functioned in raw cow's milk, presumably due to inactivation by native proteins and lipids; 
however, PlyC at a concentration of just 2 times the MIC, affects 3 logs of killing in just 1 hour in 
raw milk from mastitic cows. We have also shown, using fluorescent microscopy, that the binding 
domain ofPlyC selectively interacts with S. uberis in the presence of raw cow's milk. Furthermore, 
the lack of neutralization by antibodies specifically targeted against PlyC bolsters the potential of 
this enzyme as an antimicrobial treatment. Significantly, PlyC is non-irritating as observed on 
rabbit epidermis and mucous membrane, and non-toxic as observed on a bovine mammary cell 
line. Taken together, these microbiological, biophysical, and immunological results indicate that 
PlyC has the potential to be used as a novel therapeutic against S. uberis-associated bovine mastitis. 
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Objectives: Previously, a number of bacteriophages (phages) were isolated from cattle in Alberta, 
Canada. Here we report the characterization and biocontrol activity of 9 phages targeting STEC 
0157 and 3 targeting non-0157 STEC serogroups. 
Methods: Phage morphology and host range were examined using transmission electron 
microscopy (TEM) and a microplate assay, respectively. The phage genomes were sequenced, and 
annotated using myRAST, Kodon and a variety of online tools (molbiol-tools.ca). Efficacy of a 
four phages (AKFV33 (TS-like), AHP24 (Tl-like), wV7 (T4-like) and AHP24S (rV5-like) 
individually or as a cocktail for the biocontrol of STEC 0157 was assessed on beef samples stored 
at 4, 22 and 37°C and at multiplicities of infection (MOl) of 1000 and 10. 
Results: TEM showed the 12 isolates belonged to the Myoviridae (types rV5, T4 and 01) or 
Siphoviridae (types T5 and Tl). Comparative genomics revealed that AHP24S and AKP151 
(genomes: 137.9-139.2 kb; 43.6% G+C mol; genes: 226-230 coding sequences, CDSs and 5 
tRNAs) are collinear with 91-99% nucleotide similarity to 0157 phage rV5. ALC54 and 
AX0121B (genomes: 167.8-168.8 kb; 35.3-35.4% mol G+C; genes: 275-280 CDSs and 8-10 
tRNAs) are collinear with 90-93% nucleotide similarity to 0157 phage wV7. AHS4S, ALS20, 
AKP12 and AY0145A (genomes: 87.4-88.1 kb; 38.4-39% mol G+C; 128-144 CDSs and 20-21 
tRNAs) are collinear with 87-94% nucleotide similarity to 0157 phage wV8. AHF125 and 
AX026A (genomes: 107.1-110 kb; 39.1-39.2% mol G+C; 155-163 CDSs and 18-19 tRNAs) are 
collinear with 84-85% nucleotide similarity to 0157 phage AKFV33. Finally, AHF63 and ALC35 
(genomes: 46.9-47 kb; 43.7-43 .9 mol G+C; 74-75 CDSs and 1 tRNAs) are collinear with 
89-95% nucleotide similarity to 0157 phage AKS96. Of the 30 common phage types of STEC 
0157:H7 strains, ALC54, AHF125, AHS4S, AKP12, ALS20, ALC35, AHF63, AHP24S and 
AKP151 lysed 30, 30, 30, 29, 29, 29, 28, 17 and 14, respectively. AX0121B exhibited activity 
against STEC 091, 0113, 0121 and 0157, whereas AX026A and AY0145B only infected STEC 
026 and 0145, respectively. Irrespective of temperature and MOis, AKFV33 was the most (P < 
0.001) and AHP24S the least (P < 0.05) effective for biocontrol of STEC 0157, with relative 
efficacy of other phages temperature dependent. At 4°C, AHP24 (P < 0.05) and the cocktail (P < 
0.001) were more effective than wV7. In contrast, wV7 was equally (P = 0.08, at 37°C) or less 
effective (P = 0.003, at 22°C) than AKVC33. Phages were more effective (P < 0.001) against 
STEC 0157 at warmer temperatures and at higher MOL 
Conclusions: Our findings show that rV5-, T4-, 01-, T5- and Tl-like phages (newly classified as 
"Roguel virus") are commonly harbored in bovine feces and differed in their host range against 
STEC strains. Phages could potentially reduce STEC that may contaminate the beef supply chain 
during storage and/or transportation. 
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Staphylococcus is a genus of Gram-positive cocci which includes important human and animal 
pathogens. Besides its clinical relevance, particularly S. aureus plays an important role as a food
borne pathogen and a major causative agent of bovine mastitis. This inflammation of the mammary 
gland is not only the most costly disease in dairy production but also results in reduced milk quality 
and safety, posing a risk for the consumer of milk products. Bovine mastitis is commonly treated 
by application of antibiotics into the teat canal (intramamrnary infusion). However, the cure rates 
are usually low, and at the same time the prevalence of multi drug-resistant bacterial strains 
increases. For these reasons, alternative treatment options need to be developed. Peptidoglycan 
hydrolases (PGH) and bacteriophage endolysins in particular are cell wall-lytic enzymes that are 
able to kill Gram-positive bacteria when externally added, and therefore represent a promising new 
class of anti-mastitis agents. A crucial requirement for drugs that are administered intramamrnarily 
is that they retain their activity in cow milk. In this work, an enzyme library comprising more than 
180 staphylococcal PGH constructs (parental endolysins, truncations, and chimeric fusion proteins) 
from two different labs was screened for proteins with high activity in milk using a novel microtiter 
plate-based screening protocol. The procedure identified 9 promising candidate enzymes in 
addition to the reportedly strong PGH antimicrobial lysostaphin. These were subsequently 
compared in time-kill assays for their efficacy at killingS. aureus in UHT (ultra-heat treated) milk, 
in an effort to further narrow down the selection of enzymes. The constructs Ami2638 and 
CHAPK_CWT-LST were identified as the most effective proteins, with activities similar to that of 
lysostaphin. Combinations of these two proteins with each other and/or lysostaphin revealed 
different degrees of synergy, as demonstrated by classical checkerboard assays, modified 
checkerboard assays using milk instead of broth, and time-kill experiments. These synergistic 
effects can be explained by the finding that the three enzymes represent three different types of 
catalytic specificity (Ami2638, MurNAc-L-Ala amidase; CHAPK_CWT-LST, D-Ala-Gly 
endopeptidase; lysostaphin, Gly-Gly endopeptidase). The individual PGHs and combinations 
thereof were shown to be active against all or a majority of tested mastitis isolates from different 
geographical regions, including S. aureus strains and coagulase-negative staphylococci. 
Furthermore, the most effective enzyme combinations cleared milk from S. aureus even when high 
inocula were used, and bacterial numbers were kept at low levels for extended periods of time (24 
hours). When UHT milk was replaced by raw milk, some constructs or combinations were able to 
reduce bacterial numbers by > 3.5 log units within 3 h despite generally reduced activities. Our 
results suggest high potential of the identified PGHs as antimicrobials for treatment of mastitis and 
support their further characterization in animal models. 
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Probiotics, such as yogurt and fermented products, have long been used for their nutritional 
and purported health benefits. In recent years, probiotic use by the general public has increased in 
part due to claims of health improvement and disease prevention. When probiotics, or live 
biotherapeutic products (LBPs), are used in clinical trials, more assays are required to ensure the 
lack of microbial contamination (purity) and, in multi-organism products, to enumerate the 
different product organisms (potency). Our goal is to utilize recombinant phage lysins in an effort 
to develop better purity and potency assays for LBPs. Phage lysins are hydrolytic enzymes 
containing a cell binding domain that provides specificity and a catalytic domain responsible for 
lysis and killing. Candidate Lactobacillus phage lysin genes, identified by bioinforrnatics, were 
synthesized, cloned into a low copy, arabinose-inducible expression vector (pNW 129), and 
expressed in E. coli BL21 cells. In our screen, we used a turbidometric-based assay as well as spot 
killing tests to identify the host range of candidate Lactobacillus phage lysins. In this study, we 
report the lytic profile of recombinant lysin A2 against strains in our collection. We also present 
proof of concept data for both lytic based and colony-blot based (binding) assays with recombinant 
A2 proteins. In the lytic-based assay, full length A2 was added to test cultures that had been spiked 
with organisms representing contaminating bacterial pathogens. Our intent is to kill the target 
(product) strain, allowing for the detection of contaminating organisms. For the binding assay, we 
have created constructs in which the cell binding domain of A2 bas been fused to an N-terminal 
His-tag, GFP and His-tag, or FlagTag. These constructs have been used in colony immunoblot
type assays in an effort to determine if it can discriminate between, and thus aid in the enumeration 
of, two or more Lactobacillus species. We anticipate that tbis type of characterization of lysin 
proteins and their isolated cell binding domains from phage of Lactobacilli, and other Lactic Acid 
and Gram positive Bacteria, will lead to the development of a "palette" of of lysins that will allow 
the determination of microbial purity and composition of a variety of live biotherapeutic products 
with a high degree of sensitivity and specificity. 
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The re-emerging field of phage therapy is chal enged by the potential for biocontrol agents to 
transfer virulence factors to bacterial hosts. In this study, lytic Vibrio vulnificus phages were 
studied to provide a better understanding for the development of phage-host interaction. Four new 
V. vulnificus phages were detected from shrimp aquaculture system, named VVI , VV2, VV3 and 
VV4. All lytic V. vulnificus phages are in the Tectiviridae family with typical double layered 
elongated icosahedral head and tailless morphology. Lytic V. vulnificus phages which infect other 
Vibrio isolates were further characterized by long term storage, enzyme treatments, organic solvent 
treatments, detergent treatments, pH stability, temperature stability, agar bioassay method and one
step growth experiment. The effects of chloroform, acetone, ethyl alcohol, methyl alcohol, 
ribonuclease (RNase), trypsin, protease, Triton-XI 00 treatments did not affect the growth of VV 1, 
VV2, VV3 and VV4 phages. These phages (VV1-VV4) were inactivated completely with 
temperature (over 60°C), pH (below 3 & above 12), lysozyme, and sodium dodecyl sulfate (SDS) 
treatment. One-step growth experiments indicated that the latent period at 3 hrs and burst size at 
37°C. Agar bioassay method indicated that the percentage of inhibition was 75 (VVI) and 70 
(VV2, VV3 & VV4), respectively. SDS-PAGE analysis of all V. vulnificus phages had similar 
protein patterns with molecular weight masses of 260, 249, 204, 148, 63, 59, 22 and 15 kDa. 
Hence, it could be concluded that V. vulnificus phage had a broad lytic spectrum and potential for 
biocontrol of luminous Vibriosis in the shrimp aquaculture system. 
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Enterococcusfaecalis is an intestinal bacteria species that can become an opportunistic pathogen in 
humans and farm animals with antibiotic resistant strains becoming increasingly common. In farm 
animals, strong antimicrobials, such as vancomycin, should not be used due to the risk of 
propagation and spread of resistance genes. The overuse of avoparcin in farm animals has lead to 
an increased cross-resistance to vancomycin in E. faecalis that is still seen today. The anticipated 
FDA ban on antibiotic growth promotants in animal feeds (due to the risk of antibiotic resistance 
gene transfer from the farm to the clinic) is a strong incentive to identify alternatives to antibiotics 
for use in animal feeds. One alternative, described in this work, is the use of bacteriophage lytic 
enzymes. Phage endolysins are peptidoglycan hydrolases produced at the end of the phage lytic 
cycle to degrade the peptidoglycan of bacterial cell walls and allow the nascent phage to escape and 
infect new host cells. Purified endolysin can be used externally to lyse Gram-positive bacteria. 
There have been no reports of a bacterial host that can develop resistance to its phage endolysin, 
despite efforts to fmd them. 

Lysin A was originally isolated from a bacteriophage that targeted E. faecalis. It has a CHAP 
(cysteine- and histidine-dependent amidohydrolase/peptidase) domain. CHAP domains have 
historically been shown to harbor either an amidase or endopeptidase peptidoglycan degradation 
function. In this study, the optimum buffer conditions for Lysin A activity, stability and lytic 
activity on several strains of E. faecalis, E. faecum, and other gut bacteria were tested. Optimal 
Lysin A activity occurred at pH 5, calcium ion had a stimulatory effect that peaked at lmM, and 
increasing NaCl resulted in reduced activity. In a plate lysis assay, six out of eleven E. faecalis 
strains tested were growth-inhibited and/or lysed in the presence of Lysin A. Other species (E. 
faecium, S. aureus, S. uberis, S. dysgalactiae, S. agalactiae) of bacteria tested were not affected by 
40 Cg of Lysin A in a plate lysis spot assay, demonstrating the near-species specificity of Lysin A. 
Lysin A was also effective against drug-resistant E. faecalis. Most importantly, Lysin A did not 
lose lytic activity after being heated up to 65°C, suggesting that it is highly thermostable and thus a 
candidate alternative antimicrobial for addition to animal feed. 
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Objectives: Shigellosis, one of the major diarrheal diseases caused by Shigella spp. remains an 
important public health problem in both developing and developed countries. Recently, atypical 
and new variants of Shigella spp. have been isolated from all over the world However, these 
Shigella isolates could not be typed by using commercially available antisera, currently used for 
serotyping of Shigella spp. As an alternative, lytic bacteriophages might be useful for detection of 
these Shigella including the existing serotypes. Therefore, the aim of this study was to isolate 
Shigella specific lytic phages which may be used to diagnose Shigellosis. The phages may also 
have potential use in developing therapeutics against shigellosis since treatment strategies have 
been hindered due to multiple antibiotic resistance amongst Shigella spp. 

Methods: One hundred and six water samples were collected from February 2006 to January 2007; 
December 2012 to January 2013; and July 2014 to March 2015 from different lakes, rivers, and 
canals in Dhaka, Bangladesh and were analyzed for isolation of Shigella specific phages using 
standard microbiological techniques. Fifty different serotypes of Shigella including atypical and 
new variants (n=200), 69 different serotypes of pathogenic E. coli (n=95) such as ETEC, EPEC, 
EAEC, EHEC and EIEC and other unknown serotypes of pathogenic E. coli (n=37), Salmonella 
(n=l2), Vibrio cholerae 01 (n=l), 0139 (n=l) and Yersinia (n=1) were used for testing the 
susceptibility to phages. 

Results: From 106 water samples, 46 different types of lytic phages were identified which lysed 
specifically different groups of serotypes of Shigella. Of these, mixture of 10 phages lysed all 
serotypes of Shigella tested including the new variants but didn't lyse other enteric bacteria tested. 

Table: List of phages that cover the lysis of all serotypes of Shigella 

Phages Serotypes of Shigella lysed by phage 
MK.-25 S. boyd 2, 4, 5, 8 10, 12, 14, 15, 16, 18; S. dyst I, 3, 8, I2, 13, 14, I5; S. flex I b, 1c, 3a, 

3b,4, 5b, 6, x and S. sonnei 
MK-35 S. boyd 2, 4, 8, 12, I4, I5, 18, 19; S. dyst 1, 2, 6, 9, 11, I2, 13, 14, 15; All S. flex except 

S. flex 1 c and S. sonnei 
MK-26 S. boyd 2, 4, 12, 16, I8, 19; S. dyst 1, 9, 14, 15, KIVI-156; S. flex 1b, 3a, 3b, 4, 4x, 5b, 

6, x, y and S. sonnei 
MK.-9 S. flex type 6, S. dyst 13, KM-I62; S. boyd I, 3, IO, 11, 18, 19,20 and S. sonnei 
MK.-20 S.boyd2, 4, 8, 9, 11, 12, 14, 15, 16; S. dyst 8, I5 ; S.flex 1b, 1c, 3a, 4, 5a, 6, x; S. s 
MK.-28 S. boyd 8, 19, 20; S.flex lb, 4x, 5a, 5b 
MK-3 S.dyst 2, S.boyd 14 &19 and S. sonnei 
MK-37 S. boyd 13, S. sonnei 
MK-44 S. flex 1 b, ld, 2a, 2b, 3b, 5a, 5b, Ya, S. boyd 7,12 
MK-46 S.flex 2a, 3b, 4b, 4e, 5a, 5b, Xa, Xb, Ya, S. sonnei 

Conclusions: The isolated phages may be used to develop diagnostic and therapeutic preparations. 
Our results indicate the potential to develop such phage preparations. 
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Phage-Based Composition for Control of Nosocomial Pathogens 

Alesbkin, A.V. 1
•
2

, Volozhantsev, N.V.3
, Popova, A.V.2

.3, Svetoch, E.A.3 

1Gabrichevsky Institute for Epidemiology and Microbiology, Moscow, Russia 
2Bphage LLC, Moscow, Russia; 3State Research Center for Applied Microbiology and 

Biotechnology, Obolensk, Moscow Region, Russia 

E-mail: andreialeshkin@googlE-rnail.com 

Both extra-hospital and nosocomial infections caused by drug-resistant strains of 
Acinetobacter baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa and Staphylococcus 
aureus pose a serious medical problem today. These causative agents are not infrequently 
responsible for severe diseases and even deaths of patients in resuscitation and intensive care 
departments who are treated with immunosuppressants, different invasive manipulations or are 
immunocompromised owing to oncologic diseases and AIDS or have other infections. The above
mentioned group of pathogens also play a considerable role in producing extrahospital infections, 
which is especially true for "super-virulent" strains of K. pneumoniae. 

We have developed a new phage cocktail using 8 virulent bacteriophages (two strains of 
each species) which are able to lyse Acinetobacter baumannii, Klebsiella pneumoniae, 
Pseudomonas aeruginosa and Staphylococcus aureus. The basic requirements for the preparation 
were safety and efficacy in prevention and treatment of infections. The safety of the bacteriophage 
cocktail was confirmed by the results of the investigation of its toxicity (acute and chronic) 
performed on white outbred mice. The preparation did not produce any signs of acute or chronic 
intoxication in experimental animals. Histologic investigation of parenchymatous organs of mice 
that were treated with bacteriophage cocktail showed no lesions in them. Therapeutic and 
prophylactic efficiency of the bacteriophage composition was demonstrated in the prevention and 
treatment of experimental acute K. pneumoniae infection in mice. The investigations showed that 
the preparation possesses a high therapeutic efficiency which is highly competitive with that of 
ciprofloxacin which is very effective against the infective strain of K. pneumoniae. As a result of 
the treatment with the bacteriophage cocktail the mice were cured completely of the highly virulent 
strain of K. pneumoniae. 

The unique character of the developed preparation is insured by particular properties 
(including molecular genetic ones) of each bacteriophage comprising the preparation, by the range 
of their lytic activity towards specific bacterial pathogens, morphology of their plaques, cycle of its 
development, restriction profiles of their DNA, specificity of their genomes (based on sequencing 
of complete genome) and other properties. The phage genomes represented by double stranded 
DNA with the length from 18 kbp (staphylophages) to 167 kbp (one of Klebsiella pneumonia 
phages) have no identified genes that code peptides similar to toxins or any other virulent factors 
as well as genes that determine temperate development of phage. Taxonomic position of 8 phages 
obtained by electron microscopy were confirmed by bioinformatic analysis of their phage DNAs: 
staphylococcal phages and one strain of Klebsiella pneumonia phage belong to the Podoviridae 
family, and the rest of phages are the representatives of the Myoviridae family. 

The obtained results enabled us to create a new phage cocktail that may be used as an 
alternative to antibiotics to treat the drug-resistant bacterial pathogens of the following species : 

. Acinetobacter baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa and Staphylococcus 
au reus. 
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Immunomodulation by bacteriophages - Differential expression of immune 
cells stimulated with a Pseudomonas aeruginosa phage 

Jonas D Van Belleghem1
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Objective: Bacteriophages are well known for their therapeutic applicability. However, although 
immense populations of phages are present in the human gut and other body sites, interactions with 
the human immune system have been little studied. For example, bacteria that inhabit the intestine 
and skin are generally regarded as stable residents that confer metabolic and or immune benefits to 
their host. The host immune system has evolved to tolerate these commensal bacteria. In 
accordance, given the vast occurrence of phages, we wondered whether phages elicit anti
inflammatory responses and suppress the immune system. This may explain how phages work 
systemically without inducing an immune response. 

Methods: Human peripheral blood mononuclear cells (PBMCs) were stimulated with an LPS
purified Pseudomonas aeruginosa phage lysate, thus also containing bacterial proteins but no 
living and intact bacterial cells besides the infectious phage particles, a condition possibly 
comparable to that occurring during phage therapy. Transcriptome analysis was carried out to 
determine which immunological genes that were up- or down-regulated after bacteriophage 
stimulation. 

Results: Phage lysate was able to significantly increase the production of IL-l 0, IL-6, ILl and 
ILlRN, TGFBI, SOCSl, SOCS3, CXCL2, CXCL3, CXCL6 and decrease the production of 
lysozyme, HLA-DMA,HLA-DMB, HLA-DRBl and HLA-DRB4, CCLl7, CCRl, CCR2 and 
CCR5. P. aeruginosa alone was able to down-regulate the production of CD14, TLR4 and 
lysozyme. 

Conclusion: The P. aeruginosa lysed by phage preparation may closely reflect the immunological 
condition obtained during phage therapy, when the phage titer is the highest and only bacterial 
fragments remain. These data suggest that certain immunological pathways are activated during 
phage therapy. These results may provide a better insight into the efficacy of phage therapy. 
Further research is planned to evaluate which immunological responses are induced by the phage 
alone (CsCl-purified) and which by bacterial lysate debris alone. This will be studied by means of 
RT-qPCR against the genes found by transcriptome analysis to be up- and down-regulated 
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Study of Staphylococcus pseudintermedius Phages: 
Towards the Development of Phage Therapy 

M. Breteau, A. Moodley, F. Vogensen, E. Wellington, D. Hodgson 
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Background: The extensive use of antibiotics has led to the emergence of multi-resistant bacteria 
such as methicillin-resistant Staphylococcus pseudintermedius, a coagulase-positive species 
responsible for skin infection in the dog. The administration of bacteriophages (phage therapy) can 
be an alternative to antibiotics to treat infections. Lytic phages, which lyse their host and release 
new viruses, are usually regarded as the only appropriate type of phages for phage therapy as 
opposed to temperate phages, which can survive within their host (lysogeny). However, it is 
possible to mutate temperate phages so that they are no longer able to establish lysogeny. For 
example, in the phage A. the ci gene encodes a repressor that binds to an operator that controls the 
expression of the cro gene, which is involved in the control of the production of phage particles. 
So-called vir mutants have lost the operator to which the phage repressor binds. This means that 
they are not sensitive to the repressor anymore and constitutively enter the lytic cycle. 

Objectives: - Isolation of lytic and temperate phages from different sources (samples from dogs, 
soil, water, S. pseudintermedius strains) 
- Genotypic and phenotypic characterisation of the isolated phages, anq in the case of temperate 
phages, isolation of vir mutants 
-Selection of the best candidates for phage therapy, and further tests in vitro 

Methods: The isolation of phages was performed through screening of a variety of samples or 
induction of temperate phages through mitomycin C treatment. Characterisation of the phages was 
performed through Restriction Fragment-Length Polymorphism (RFLP), electron microscopy, 
whole-genome sequencing and testing the host range. The isolation of vir mutants was attempted 
through exposure to hydroxylamine, to UV light and serial passaging. 

Results: Several temperate phages, but no lytic phages, were isolated and characterised 
phenotypically and genotypically. These phages are diverse on the genetic level and exhibit a rather 
narrow host range. Attempts at isolating vir mutants through hydroxylamine or UV light exposure, 
or serial passaging were not successful. A potential operator region was identified by sequence 
analysis in the genome of one phage providing a target for site-directed mutagenesis and isolation 
of vir mutants. Gel shift assays have confirmed this region binds a protein only present in a lysogen 
cell lysate (repressor of lysogeny). 

Conclusions: The most successful approach to isolate phages against S. pseudintermedius was to 
induce prophages from bacterial strains. Naturally lytic phages against this pathogen were not 
found. Random mutagenesis approaches for the isolation of vir mutants from temperate phages 
have proven unsuccessful. Site-directed mutagenesis seems to be the next best approach to test. 
Insight was gained into the biology of the isolated phages as a step forward towards the 
development of phage therapy to treat pyoderma. 
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Feasibility of Delivering Bacteriophage Aerosols via Inhalers 
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• 

1 Department of Mechanical Engineering, University of Alberta, Edmonton, Alberta, Canada 
2 Pearl Therapeutics Inc., Redwood City, California, USA 

E-mail: reinhard.vehring@ualberta.ca 

Groups at high-risk for contracting lung infections caused by antibiotic-resistant bacteria such as 
Burkholderia cepacia complex, Pseudomonas aeruginosa and Mycobacterium tuberculosis may 
benefit from prophylactic bacteriophage therapy, while infected patients may benefit from 
therapeutic bacteriophage therapy. This work reviews studies by our research group exploring the 
feasibility of delivering bacteriophage aerosols via inhalers. 

Bacteriophage KS4-M in isotonic saline solution has been nebulized using a Pari LC STAR® jet 
nebulizer and an eFlow electronic nebulizer with respective in vitro inhaled titers of 1.06xl08 pfu 
and 1.15x108 pfu [1]. These titers are greater than that required to effectively treat mice (1.2x107 

pfu) [1]. The lung titer in individual airway generations was mathematically predicted [1]. 

Bacteriophages KS4-M and <l>KZ have been lyophilized in a 60:40 w/w lactose/lactoferrin matrix 
and deagglomerated in a mixer mill (without beads) to formulate dry powders. Respective gelatin 
capsule titers were 9.8xl06 pfu and 6.5xl07 pfu [2]. After subsequent dispersion from an Aerolizer 
DPI through an in vitro throat geometry, respective total in vitro lung titers were 3.4x l 06 pfu and 
1.9xl 07 pfu [2]. The titer loss after 3 month storage of the dry powder at 4°C and 21 oc (21 %RH) 
was minimal [2]. 

Bacteriophage <l>KZ/D3 and <l>KZ/D3/KS4-M cocktails contammg trehalose, leucine, and 
surfactant have been spray dried with < I log pfu titer loss [3]. Processing titer loss and mouth
throat deposition was notably less for the spray dried formulation than the lyophilized 
lactose/lactoferrin formulation [3]. Titer loss after 3 months of 4°C storage was < 0.15 log pfu [3]. 

Bacteriophage <l>KZ/D3 and KS4-M have been formulated in reverse emulsion with tyloxapol 
surfactant and filled into HF A 134a pressurized metered dose inhaler canisters [ 4]. A titer loss < 1 
log was found after actuation into a beaker, indicating the phages could withstand the shear stress 
associated with actuation [4]. 

These studies indicate that delivering bacteriophage aerosols via inhalers is feasible. Formulation 
development procedures for live-attenuated vaccines are being further integrated into bacteriophage 
formulation development in our research group. 

[1) Golshahi L, Seed KD, Dennis JJ, and Finlay WH: Toward modern inhalational bacteriophage therapy: nebulization of bacteriophages 
of Burkholderia cepacia complex. J Aerosol Med Pulm Drug Deliv. 2008;2 I (4):351-360. 
[2) Golshahi L, Lynch KH, Dennis JJ, and Finlay WH: In vitro delivery of bacteriophages KS4-M and <I>KZ using dry powder inhalers 
for treatment of Burkholderia cepacia complex and Pseudomonas aemginosa infections in cystic fibrosis. J Appl Microbiol. 
2010;1 10(1):106-1 I 7. 
[3) Matinkhoo S, Lynch KH, Dennis JJ, Finlay WH, and Vehring R : Spray-dried respirable powders containing bacteriophages for the 
treatment ofpuhnonary infections. J Pharm Sci . 201 I ;100(12):5 197-5205. 
[4) HoeS, Boraey MA, lvey JW, Finlay WH, and Vehring R : Manufa cturing and device options for the delivery ofbiotherapeutics. J 
Aerosol Med Pulm Drug Deliv. 2014;27(5):3 15-328. 
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Production of inhalable phage powders for the treatment of respiratory 
infections 
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Objective: The potential of phage therapy in the clearance of antibiotic-resistant bacteria has been 
demonstrated in recent clinical trials. This study aimed to develop stable inhalable powders 
containing active phage against antibiotic-resistant Pseudomonas aeruginosa for pulmonary 
delivery. 

Methods: PEV2, an N4-type podovirus phage, with an initial suspension titer of~ 2.0xl 07 pfu/mL, 
was spray dried into powder matrices which comprised different amounts of trehalose (0-80%), 
mannitol (0-80%) and L-leucine (20%), at a total solid content of2 wt %. Particle morphology and 
size distribution were determined using scanning electron microscopy and laser diffraction, 
respectively. Viability of phages in the powders was determined using a surface-droplet (Miles
Misra) technique. The aerosol delivery of phage powders was examined using an Osmohaler™ 
coupled to a multi-stage liquid impinger operating at 100 L/min for 2.4 sec. Produced phage 
powders were stored under various humidity conditions (0, 22 and 60 % RH) at 4 °C. The phage 
stability and powder dispersity were examined at 1, 3 and 6 months. 

Results: When the phage suspension was mixed with the excipient solution, a 0 - 0. 7 log titer loss 
was noted prior to spray drying. Following spray drying, all particles appeared spherical under 
SEM, but they fused together as the trehalose content increased. Size distribution measurement 
confirmed that more than 90% of the particles were smaller than 5 J.lill, suitable for inhalation. 
After the spray drying process, a 1.3 log titer reduction was observed in those formulations 
containing 40-80% trehalose, whereas a 2.4 and 5.1 log loss were noted in formulations containing 
20% and 0% trehalose, respectively. After 1 month of storage, the titer for formulations containing 
> 40% trehalose remained the same in all storage conditions (p > 0.05). Formulations containing 
less trehalose content (:S 20%) failed to preserve phages in the powder form, with the formulation 
containing 20% trehalose having a - 3.8 log loss, while no viable phage was detected for the 
formulation containing mannitol and leucine only. When aerosolized, the 80% trehalose 
formulation showed the highest fine particle fraction (62 %, FPF :S 5 11m). The FPF decreased to 
49% as the trehalose content decreased to 40%, but increased again to 58% for the formulation 
with 20% trehalose. 

Conclusions: The results demonstrated that spray drying is a suitable technique for the production 
of inhalable powders containing PEV2 phage. Powder matrix containing 80% trehalose and 20% 
L-leucine provided the best phage preservation and aerosolization performances. Stability of these 
powders will be assessed after 3 and 6 months to confirm their suitability for pulmonary delivery. 
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Competitive Phage Display Combined with Affinity Chromatography as a 
Novel Technique for Isolation of Bacteriophages 
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Institute oflrnrnunology and Experimental Therapy, Polish Academy of Sciences, Wroclaw, 
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dabrok@iitd. pan. wroc. pl 

Practical applications of bacteriophages in medicine and biotechnology induce a great need for 
technologies of phage purification. We propose a novel method for bacteriophage purification, 
which combines competitive phage display and affinity chromatography. 

This method employs the ' competitive phage display' : bacterial cells infected with a phage produce 
both wild type of the proteins (expression from the infecting phage genome) and the protein fusions 
with affinity tags (expression from introduced expression vectors). Wild type and fusion proteins 
are competitively incorporated into the phage capsid. Thus, phage display of foreign peptides or 
proteins can be done without any modifications in a phage genome, and also without deletions of 
genes coding other proteins. Genetic modifications are not favourable in medical applications, food 
and others, mostly because of formal limitations to GMO; this method allows for purification of 
unmodified phages. 

We present the applicability of this method in a model phage contamination. A target phage (T4) 
was mixed with other similar phages (other Myoviridae strains: cp9 phage, 76 phage or Tulb 
phage). Separation of T4 competitively modified with affmity tags from non-modified 
contaminating bacteriophages resulted in up to 500 times higher concentration of the T4 phage 
(from 1:1 before purification to 500:1 after purification). We conclude that this method provides a 
tool for bacteriophage purification, which enables separation of bacteriophage particles from other 
contaminating bacteriophages, even highly similar ones. 

This work was supported by EU Structural Funds, Operational Program Innovative Economy, 
project: POIG.Ol .03.02-02-052/10-00. 
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Occurrence of antibodies specific to three streptococcal endolysins: PlyC, 
PAL, and Cpl-1 in human population 

Krvstyna Dabrowska1 and Daniel C. Nelson2 

1Institute of Immunology and Experimental Therapy, Polish Academy of Sciences, Wroclaw, 
Poland, ul. R. Weigla 12, 53-114 Wroclaw, Poland 

2Institute of Bioscience and Biotechnology Research, University of Maryland, Rockville, 
MD 20850, USA 

E-mail: dabrok@iitd.pan. wroc.pl and nelsond@umd.edu 

Phage-derived endolysins are peptidoglycan hydrolases (or lytic transglycosylases) encoded by 
phage genomes, that play a key role in executing bacterial lysis at the final stage of phage infection. 
However, their ability to 'lyse from without' makes endolysins good candidates for effective 
antibacterials. 

Here we present the result of the first screening of human population for natural endolysin-specific 
antibodies. Individual sera from healthy human volunteers; age 18-40 (N=45) were tested by 
ELISA for the presence of IgG antibodies specific to endolysins PlyC, PAL, or Cpl-1 . Purified 
endolysins were used as bottom antigens in the ELISA test and human sera were diluted I to I 00. 
Data for each endolysin were analyzed as reverse cumulative plots and compared. 

Antibodies specific to PlyC were identified as significantly less represented in the investigated 
population than those specific for PAL and Cpl-1 . No important differences were observed 
between IgG levels specific to PAL and Cpl-1. Tendencies for general increase of endolysin
specific antibodies were not identified in particular individuals, which suggests that natural 
immunization to these three endolysins bad proceeded independently. We propose these 
observations as the very first example of differences in intrinsic imrnunogenicity of bacteriophage
derived bacterial endolysins. 
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Background: Staphylococcus aureus and P. aeruginosa are human pathogens implicated in 
biofilm associated with human infections. They have shown innate resistance to antibiotics, 
disinfectants, and host defense mechanisms. The use of bacteriophages is considered an alternative 
to antibacterial agents and useful in control ofbiofilm associated bacterial infections. We evaluated 
the antibacterial and biofilm removal activities of phages specific for Multi-Drug Resistant S. 
aureus and P. aeruginosa. 

Methods: Lytic phages infecting S. aureus and P. aeruginosa (StauNEl and PauNE1) were 
isolated, characterized and their antibacterial and biofilm removal activities determined. 

Results: The phages (StauNE1 and PauNEl) had double stranded DNA genomes estimated to be 
20kb and 45kb respectively. They belonged to the family podoviridae, with a polypeptide of 43kDa 
and 55kDa respectively. They had latent period of 8 and 28 minutes with the burst sizes of 33 and 
65 PFU/ infected cell respectively. They were species specific with broad host range in activity. 
StauNEl phage lysed 35% of S. aureus tested and PauNEl phage lysed 60% of P. aeruginosa. 
Both phages inhibited bacterial growth at all multiplicity of infection (MOl) (MOl 1- 0.000001). 
However, inhibition was maximal for StauNEl phage at low bacterial colony forming unit per ml 
(CFU/rnl); in contrast, PauNEl phage inhibition was maximal at both low and high bacterial 
CFU/rnl. PauNEl phage (lxl08 pfu/rnl) potentially removed more than 60% cell biomass with 
CFU/rnl of 1.5x108

, 6.0xl08 and l.Ox109
• However, StauNEl phage could not remove the biofilm 

formed by its host cells. 

Conclusions: Considering the results, PauNEl could be considered as a candidate for topical 
phage therapy and could be useful as an additive in the food industry. 
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Salmonella sp. can cause severe diarrhea in humans after consumption of contaminated food. 
Because bacteriophages are powerful agents for the control of food borne pathogens, several 
Salmonella phages were isolated and characterized. Here we present various newly isolated phages, 
which were applied in different combinations to reduce viable cell counts of Salmonella in vitro 
and in food. The data indicate that Salmonella can be efficiently eliminated by the application of 
phage cocktails in vitro, while treatment of the bacteria with only a single phage isolate often 
resulted in regrowth of the treated culture. In food the efficacy of phage application varied 
depending on the food used. Likely intrinsic factors limit phage application. Hence, a formulation 
of the phage preparation might be useful to further enhance the efficacy. 
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Bacteriophages and Studies of Potential Structural Phage Proteins 

Zuzanna Kaimierczak (1), Joanna Majewska (1), Katarzyna Hodyra-Stefaniak (1), Weronika 
Beta (1), Anna K!opot (1), Marek Harhala (1), Martyna Lisowska (1), Dorota Lecion (1), Barbara 
Owczarek(l ), Agnieszka Kopciuch ( 1 ), Aleksandra Dziuban (1 ), Pawel Kydzierski (2), Andrzej 

Gorski (I), Krvstyna Dabrowska ( 1) 

1 Institute of Immunology and Experimental Therapy, Polish Academy of Sciences, 
Wroclaw, Poland; 2 Advanced Materials Engineering and Modelling Group, Faculty of 

Chemistry, Wroclaw University of Technology, Wroclaw, Poland 

E-mail: zuzanna.kazrnierczak@iitd. pan. wroc.pl 

Phages are used in the experimental treatment at the Phage Therapy Unit of the Institute of 
Immunology and Experimental Therapy Polish Academy of Sciences. Bearing in mind the impact 
of the immune response on many therapeutic agents, we investigated two selected therapeutic 
bacteriophages: A3/R and 676/Z regarding their ability to induce antibodies. First, we assessed 
their overall ability to induce IgM and IgG in the course of time. Further, we tested products of 
selected staphylococcal phages' genes for their ability to induce specific antibodies in mice 
challenged with whole phage particles. 

Phages were used as highly purified preparations (immunological purity grade). C57Bl6/J mice 
were injected intraperitoneally with 109 pfu/mice on day 1, 22 and 52, control mice were injected 
with PBS. Murine blood was collected on days 1, 3, 5, 7, 10, 15, 20, 22, 25, 30, 35, 40,45, 50, 52, 
55, 60, 70, 80, 90, and 100. Antibody levels were tested by ELISA. We observed clearly visible, 
marked increase in serum IgM and IgG levels. Maximum of lgM was on day 5, maximum of lgG 
was on day 22. 

The sera from phage-challenged mice were used to verify functions of selected gene products; the 
genes: AFN38122.1 , AFN38181.1, AFN38176.1, AFN38113 .1, AFN38184.1 were cloned, 
expressed, purified and used as the bottom antigen in ELISA. We observed a very high level of 
AFN38122.1 product-specific IgG in sera of mice immunized with the investigated phages. This 
observation confirms the gene function proposed in its annotation: a structural protein and it is in 
line with its theoretically concluded role as the major capsid protein. Levels of AFN38181.1, 
AFN38113.1 , and AFN38184.1 product-specific IgG in sera of phage immunized mice were also 
significantly increased which allowed us to conclude that these proteins are also structural elements 
of phage particles. The level of product-specific IgG of AFN38176.1 (annotated as a component of 
MCP cassette) did not raise in ELISA test, which suggest that this protein is rather not a structural 
element of phage capsid. 

This work was supported by National Science Centre, Poland, grant no. UM0-
20 12/05/E/NZ6/03314. 
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Objectives: Molecular engineering offers useful tools to generate bacteriophage mutants that 
differ in their capsid protein composition and therefore they may show different characteristics of 
their survival in both in vitro and in vivo models. Here, a wild type T4 phage and its variants with 
altered head composition were compared with respect to sensitivity to pH and to their survival in 
a murine gastrointestinal (GI) tract. 
Methods: Site-directed mutagenesis of a T4-like phage HAP! (previously shown to lack Hoc 
protein) was applied to construct gp24- or Soc-deficient phages (NOP 1 and JOM 1, respectively). 
NOP 1 is a gp24-bypass mutant. Mutations in phage genomes were confirmed by direct 
sequencing, additionally a bypass mutation in the gene 23 was identified in NOPl. Protein 
composition of phage heads was verified using ELISA immunoassay. 
The effect of altered head composition on phage survival in GI tract was tested in a mouse in 
vivo model. Mice were treated with highly purified preparations of T4, HAPl , NOPl or JOMl 
(5xl08pfu/ml of drinking water mixed with PBS) for 20 hours. Phage concentrations in selected 
segments of GI tract were determined: stomach, large intestine, duodenum and distal small 
intestine were dissected, thoroughly homogenized in PBS and then serial dilutions of samples 
were performed. Additionally, phage sensitivity to highly acidic pH was tested in vitro. Phages 
(106pfu!ml) were incubated in standard (pH=7,2) and acidified (pH=3) PBS in 37°C for 1 hour. 
Number of viable phage particles was determined using routine serial dilution method. 
Results: The results of ELISA immunoassay confirmed that NOPl and JOMl mutants were 
deficient in gp24 or Soc, respectively. NOPl , JOMl and HAPl lack Hoc protein. Hoc-deficient 
phage HAPl did not demonstrate significant differences in sensitivity to pH in comparison to T4 
phage, neither in vitro nor in vivo. NOPl (~Hoc, ~gp24) titers in the stomach were 91 % lower in 
comparison to other phages, no differences to the wild type phage were observed in the 
duodenum or small and large intestine. These observations were further confirmed in vitro: 1 h of 
incubation in pH=3 resulted in 96% decrease of NOPI titer (in comparison to T4 phage). 
JOMl (~Hoc, ~Soc) titer did not show any significant changes in vivo. Only an insignificant 
decrease of JOMl titer (37% in comparison to T4 phage) was observed after in vitro incubation 
in pH=3. 
Conclusions: These results show that alterations in T4 phage head composition may impact 
phage survival in external environment as well as in mammalian GI tract and possibly other 
tissues and organs. NOP 1 (which is a bypass-24 mutant) was demonstrated as sensitive to low 
pH both in vivo and in vitro. Surprisingly, although Soc was previously identified as engaged in 
stabilizing phage head in response to pH variations, Soc-deficient mutant JOMl did not 
demonstrate impaired survival in murine stomach. 
Acknowledgements: This work was supportedbythe National Science Centre in Poland grant 
UM0-2012/05/E/NZ6/03314. 
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One of the important issues that contribute to the success or failure of medical use of bacterial 
viruses is the immunogenicity of phages. In our study we examined bacteriophages representing 
the PB-1 like group that is active against Pseudomonas. Pseudomonas aeruginosa is a Gram
negative pathogen, often causing infections in humans, thus phages from this group may have 
therapeutic potential. 

We compared specific humoral response to phages: F8, PI and LMA2 in a murine model: we 
examined the kinetics of antibody induction in mice, challenged with highly purified F8, PI and 
LMA-2 phages. C57Bl6/J mice were injected with 109 pfu/mice on day 0, 20, 55; control mice 
were injected with PBS. Murine blood was collected every five to ten days. Antibody levels were 
tested by ELISA. 

We observed that phages PI and F8 induced the highest antibody levels (high immunogenicity) 
whereas phage LMA2 has a low immunogenicity. This observation is consistent with an in vitro 
test of human sera. Human IgG was evaluated in sera of 55 healthy volunteers who had never been 
subjected to phage therapy or involved in phage work (age range: 18 to 40 years). Human sera was 
incubated with the phages (P 1, F8 and LMA2). All sera were tested with each phage. As a result, 
we observed a substantial decrease of phage antibacterial activity: in 21 samples incubated with Pl 
phage, in 10 samples incubated with F8 phage and in only three samples incubated with LMA2 
phage. These studies suggested that phage Pl was the most effective in induction of specific 
antibodies in natural contact. 

We conclude that these three phages, although representing closely related strains from the same 
group, differ in their immunogenicity. These differences are probably related to molecular details 
of their structure, since identical phage doses in mice resulted in different levels of specific 
humoral response. Future studies of these phages may reveal molecular determinants of differences 
in phage immunogenicity. Practical, medical applications of phages may benefit from identification 
of high- and low immunogenic phages, since it allows for deliberative selection of phage. 

This work was supported by National Science Centre, Poland, grant no. UM0-
20 13/08/M/NZ6/0 1022. 
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There is evidence that some antibiotics, e.g. chloramphenicol, may have toxic effects on bone 
marrow, resulting in e.g. aplastic anemia, or they may induce neutropenia, which may lead to 
immunity impairment. Previous research demonstrated that phage therapy accelerates the 
circulation of neutrophils, which was confirmed by a significant increase in the number of 
immature forms ofneutrophils in the peripheral blood with a simultaneous decrease in mature cells. 
What is more, a decrease in serum C-reactive protein (CRP) levels was observed in patients treated 
with phage therapy. Therefore, it was of great practical importance to examine whether phage 
preparations may influence the number of peripheral blood leukocytes, lymphocytes and 
inflammatory markers. 

The aim of the study was to investigate the effect of experimental phage therapy (EPT) on the 
number of patients' peripheral blood leukocytes and blood levels of inflammatory markers (before, 
during and after phage therapy, compared to the value observed before EPT). Our analysis included 
51 patients with chronic Gram-negative and Gram-positive bacterial infections (including patients 
with diabetes) treated with phage preparations (at the Phage Therapy Unit in Wroclaw) under the 
protocol of EPT. Peripheral blood manual smears were performed and stained by Pappenheim' s 
method. The percentage of leukocytes was evaluated. Inflammatory markers were also evaluated at 
each step ofEPT. 

It was observed that EPT has no effect on the number of leukocytes, lymphocytes, circulating in 
peripheral blood, or on the level of inflammatory markers: erythrocyte sedimentation rate (ESR) 
and CRP determined at each step of the phage lysate application. It causes only a significant 
decrease in the number of leukocytes circulating in the peripheral blood (after the end of treatment 
(6.9± 2.3 cells/mm3 of blood) compared to values from before the start of phage therapy (9.2±4.2 
cells/mm3 of blood)) in patients infected with P. aeruginosa). Phage therapy does not appear to 
have a significant impact on the percentage of the different fractions of peripheral blood 
leukocytes, so it prqbably does not affect the granulopoiesis or myelopoiesis. The results may be of 
practical importance because they confirm the safe use of phage lysates in patients treated with 
phage therapy, especially in patients with congenital and acquired immune deficiencies. 

This study was conducted within the grant "Innovative bacteriophage preparation for the treatment 
of diabetic foot" (POIG.Ol.03 .0l-02-048/12) funded by The National Centre for Research and 
Development. 
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Repeated use of antibiotics has allowed for pathogenic bacteria to persist and develop 
unprecedented degrees of resistance. Pathogens such as Staphylococcus aureus constitute a major 
problem with viable treatment options dwindling. The isolation and utilization of lytic 
bacteriophages is one of the few remaining options to explore for treatment of single and multiple 
drug resistant bacterial infections. 

Phages were isolated from environmental samples against S. aureus strains ongmating from 
nosocomial infections with consideration for a human therapy. Characterization of isolated 
bacteriophages constitutes an important step in the development of effective therapies using phage 
cocktails. To select for lytic phages, environmental samples were added to enriched media and 
incubated overnight and then screened for the presence of lytic phages. 

After subsequent purification steps, our eighth staph phage isolate, named Stab8 (Staphyloccocus 
bacteriophage 8), was further characterized to determine its morphology, burst size, killing titer, 
host range and genomic sequence. Transition electron micrograph images revealed Stab8 to have a 
Myoviridae morphology and therefore it was proposed to be Twort-like in the Spounavirinae 
subfamily. It is believed that Stab8 might produce endolysins due to its ability to effectively clear a 
mid-exponential growing culture within one hour using low to medium multiplicities of infections. 
Interestingly, Stab8 has a wide tropism, and possesses the ability to infect a variety of clinical 
bovine mastitis strains. At the time of this submission Stab8 has not yet been sequenced but 
genomic annotation will allow for further characterization by confirming if Stab8 is Twort-like, 
obligatorily lytic and produces endolysins. 
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Phage Therapy Progress at the Eliava Institute 

Mzia Kutateladze 
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The Eliava Institute of Bacteriophages, Microbiology and Virology (Tbilisi, Georgia) is perhaps 
the most famous institution in the world focused on the study of bacteriophages, particularly the 
isolation and selection of phages active against various bacterial pathogens. The Eliava Institute 
has elaborated new, phage-based products and technological schemes for their production. The 
Institute has a strong collaboration with the medical community in Georgia; the scientists and 
medical doctors collaborate to select and construct specific schemes for phage application against 
different infections. 

Eliava Analytical Diagnostic Center performs identification of viral or bacterial pathogens -
causative agents of human infectious diseases, as well as determination of antibiotic- and phage
susceptibility; in case of sensitivity to the commercial bacteriophages in vitro, doctors (or patients 
themselves) consider application of phage preparations against bacterial infections. Eliava Phage 
Therapy International Center offers phage treatment to the patients with various infectious 
complications on the same site as the Eliava Institute. Today, many people from various parts of 
the world express their willingness to take phage treatment against different infections, including 
those that are caused by antibiotic-resistant bacterial pathogens. Patients with acute and chronic 
infections of urinary tract, digestive systems, skin, throat, eye infections, intestinal disorders, post
operation infections, cystic fibrosis etc. are visiting the therapy center. The poster presentation will 
focus on phage application progress at the center, indicating several examples of clinical results in 
patients with various infectious diseases. 
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When phages infect bacteria cultured in the presence of sub-lethal doses of antibiotics, sizes of 
phage plaques significantly increase. This phenomenon is known as phage-antibiotic synergy 
(PAS). We extended observation of PAS to a wide variety of bacteria-phage pairs with four 
different classes of antibiotics. PAS was observed in both Gram-positive and Gram-negative 
bacteria. Cell wall synthesis inhibitors and DNA metabolism inhibitors generally induced PAS. 
Some protein synthesis inhibitors induced PAS, while others did not. The use of sub-lethal dose of 
ampicillin, cefotaxime, ciprofloxacin, or mitomycin C allowed formation of highly visible plaques 
of increased sizes when various bacteriophages infected Gram-positive bacteria such as 
Staphylococcus aureus, Bacillus cereus, and Enterococcus feacalis. In Gram-negative bacteria, 
Escherichia coli and Pseudomonas aeruginosa phages showed increased plaques in the presence of 
sub-lethal dose of cefotaxime, ciprofloxacin, or mitomycin C. We also confirmed that cells stressed 
with P-lactam and quinolone antibiotics fllamented or swelled extensively. Burst sizes of 
bacteriophages also increased in the presence of antibiotics. Increase of production of phages in the 
presence of antibiotics was also shown in vivo using Caenorhabditis elegans as a model animal. 
Induction of SOS response was observed in many cases of PAS, but not all. Enlarged production 
facility allowed prolonged assembly as well as increased phage DNA replication, transcription, and 
translation, resulting in PAS. 
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Acinetobacter baumeannii is an opportunistic pathogen which is mostly found in hospital-related 
infections, especially in critical care units. Many A. baumannii strains responsible for nosocomial 
infection are antibiotic-resistant, and even extensive drug resistant (XDR) and pan drug resistant 
(PDR) strains are frequently encountered. Thus, an effective treatment method for these strains is 
needed. Bacteriophages are good alternatives to antibiotics and an increasing usage for this purpose 
is reported. We have isolated and characterized a new phage infecting A. baumannii from a sewage 
treatment facility in Gwacheon, Korea. It produced clear plaques on a lawn of A. baumannii. The 
virion consisted of at least I 0 proteins. Based on one step growth, its latent period was 20 minutes 
and the burst size was 97. The phage was stable between pHs 4 and 11, but the titer rapidly 
decreased below pH 4. Infectivity remained stable at temperatures up to 45°C. It decreased sharply 
at temperatures above 45°C and was completely lost at 65°C. Two major virion proteins were 
subjected to tandem mass analysis and it was revealed that the phage was not closely related to any 
other phages from the database. 
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Objectives: Methicillin-resistant staphylococci have become a very important threat because of 
their high antimicrobial resistance profile and the capacity ofbiofilm forming. Alternatives, such as 
bacteriophages, should be taken into consideration for improving the antimicrobial treatment 
against these pathogens. 
Methods: Between October 2014 and December 2014, we collected data from 64 patients with 
methicillin-resistant staphylococcal infections from two Romanian reference medical centers, 36 
from an infectious diseases ward (group A) and 28 from a cardiovascular surgery ward (group B). 
For both groups we followed the protocol presented in Negut et a!., GERMS 20141 to determine 
susceptibility to PYO, INTESTI, STAPHYLOCOCCAL (Eliava BioPreparations, Tbilisi, Georgia), 
PHAGYO and PHAGESTI (JSC "Biochimpharm", Tbilisi, Georgia) and to assess the inhibition of 
biofilm formation by adding binary phage dilutions. 
Results: S. au reus was identified in 28 cases (77. 7%) from infectious diseases center and in 25 
(89.2%) from cardiovascular surgery center. The two groups were balanced in respect to the site of 
bacterial infection, as strains from both centers had been mainly isolated from cutaneous infections 
(21 /36, 58.3% in group A vs. 15/28, 53 .6% in group B), followed by blood cultures (11/36, 30.6% 
in group A vs. 7/28, 25% in group B) and other sites (p=0.402). All strains were susceptible to 
vancomycin, linezolid, tigecycline, daptomycin. In both groups, resistance to rifampin (7/36 vs. 
5/28) and trimethoprim-sulfamethoxazole (2/36 vs. 3/28) was low. Strains in group A and group B 
displayed similar susceptibility to PYO (33.3% vs. 32.1 %), INTESTI (36.1% vs. 25%), PHAGYO 
(8.3% vs. 17.9%), PHAGESTI (8.3% vs. 14.3%). For STAPHYLOCOCCAL phages however, the 
rate of susceptibility in group B was significantly higher (80% vs. 20%, Chi(l )=5.114, p=0.036), 
displaying 5.8-fold higher susceptibility odds (95%CI: 1.113-30.227). In both INTESTI (25 strains 
- 18 from group A and 7 from group B) and PYO (25 strains - 16 from group A and 9 from group 
B) experiments, all the strains but one (cutaneous strain from group B), had the capacity of forming 
biofilm. Biofilm formation was significantly decreased by the addition of the lowest PYO 
concentration (p=0.024), the highest PYO concentration (p=O.OOO), and INTESTI concentration 
(p=O.OOO). 
Conclusions: Susceptibility to commercially-available phages was moderately low in the tested 
methicillin-resistant staphylococci. However, regardless of the germ's susceptibility profile, the 
presence of phages significantly inhibited biofilm formation in vitro. Further studies should be 
performed to assess the effect of phages on mature biofilm and to evaluate a potential synergy for 
co-administration of antibiotics and bacteriophages. 
Acknowledgement: POSDRU/159/1.5/S/141531; Carol Davila University of Medicine and Phammcy, Young 
Researchers Grant, no 2834112013 
Refe1·eoces: 1Negut AC, Sandulescu 0, Popa M, et al. Experimental approach for bacteriophage susceptibility testing of 
planktonic and sessile bacterial populations- Study protocol. GERMS 2014;4:92-6. 
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Characterization of the Multivalent Stenotrophomonas maltophilia 
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Objectives: An increase in nosocomial infections caused by the opportumshc bacterium 
Stenotrophomonas maltophilia is causing alarm worldwide because of its astounding antibiotic 
resistance. Due to the lack of treatment options available, new therapeutics must be discovered. 
The solution to our antibiotic resistance dilemma may be phage therapy, which is the clinical 
application of bacteriophages to selectively kiJL target bacteria. The frrst step to using phages in 
clinical therapy is to characterize the phages through genome sequencing and analysis to ensure 
that the phages are safe for human use. 

Methods: S. maltophilia phages DLP 1 and DLP2 were isolated from Red Deer River sediment and 
Blue Flax soil respectively using the S. maltophilia strain D1585. Phages DLPl and DLP2 were 
stained with 4% uranyl acetate and visualized with a Philips/FEI (Morgagni) transmission electron 
microscope. Host range analysis was performed with 27 clinical S. maltophilia and 11 
Pseudomonas aeruginosa strains. Restriction fragment length polymorphisms (RFLP) analysis on 
genomic DNA from both phages was performed using FastDigest EcoRI (Thermo Scientific) and 
separated on a I% agarose geL Each phage was sequenced using the Miseq 500 cycle v2 kit 
(Illumina, San Diego, CA), assembled using CLC Genomics Workbench (Qiagen, Toronto, ON) 
and annotated using Geneious (Biomatters, Auckland, NZ). 

Results : Electron micrographs of DLP I and DLP2 reveal they belong to the Caudovirales order in 
the Siphoviridae family. Both phages exhibit broad host ranges within S maltophilia strains and 
are capable of infecting across taxonom.ic orders by infecting P. aeruginosa strains. Genomic 
analysis reveals DLPl and DLP2 have 57 and 58 open reading frames respectively and are 97% 
identical over 97% of their genome. The closest relative to these phages is vB Pae- Kakheti25, a 
broad host range P. aeruginosa phage. 

Conclusion: The isolation and characterization of phages DLP1 and DLP2 has resulted in the 
discovery of cross-taxonomic order infectivity. Although cross-order infectivity has been 
documented in freshwater cyanophages, the occurrence of this phenomenon in bacteriophages has 
not yet been documented to our knowledge. The characterization of these phages is the vital frrst 
step in the use of the multivalent DLP1 and DLP2 in clinical therapy. This research is especially 
relevant for cystic fibrosis patients, as lung infections harbouring strains of both S. maltophilia and 
P. aeruginosa could be treated simultaneously with single bacteriophage. 
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Bacterial dysentery is a severe diarrheal disease responsible for 600,000 deaths per year globally. A 
serious public health problem is the rapid development and dissemination of multiple drug 
resistance among clinical isolates of Shigella, which requires development of alternative 
antibacterial drugs such as therapeutic phages. Phages have been successfully used for prophylaxis 
and treatment of dysentery in the USSR and FSU countries for decades but there are no phage 
preparations against shigellosis licensed for use in the West. 

The objective of this work was to isolate and characterize potentially therapeutic phages active 
against Shigella. Phages were isolated from Washington DC sewage, using the cultures of Shigella 
.flexneri (several serotypes), Shigella sonnei and Shigella dysenteriae in multiple enrichment 
procedures. The phages were first screened based on host range and plaque morphology and the 
final screening was done using DNA isolation and digestion with EcoR V. This allowed for the 
identification of 36 new different bacteriophages lytic for Shigella (ESh-1 to ESh-36). All 36 phage 
genomes were sequenced and do not contain potentially detrimental genes based on sequence 
analysis. The phages belong to five groups, T4, T7, T3, Felix 01 and pSF-1, with genome sizes 
varying from 28.4 to 170 .. 6 kb. 

Several 3-phage cocktails were demonstrated to completely sterilize liquid culture of S. jlexneri 
2457T in three repeated 24-h tests, suggesting that this Shigella strain does not develop resistance 
to the phage mix. Phage host ranges were tested on 97 strains of Shigella isolated mostly in 
Southeast Asia. The best 3-phage cocktail was active against 100% of S. sonnei isolates, 97.4% of 
S. .flexneri (including serotypes 1, la, lb, lc, 2, 2a, 2b, 3a, 3b, 4, 4a, 5, and 6, as well as variants X 
and Y), and 100% of S. dysenteriae serotypes 1 and 2. Overall observed activity was 89 .9%. Since 
94.4% of strains were pigmented on Congo Red agar and thus carried the virulence plasmid, the 
results suggest that the phage cocktail is active against virulent clinical isolates of Shigella. 
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Treatment of sinonasal bacterial bioiilms continues to be a challenge in modern rhinology. This 
study's objective was to assess safety and efficacy of topically applied bacteriophage alone and in 
combination with ethylenediaminetetraaceticacid (EDTA) for treatment of Staphylococcus aureus 
biofilms in vivo. Using a sheep model of sinusitis, frontal sinuses (n=6 per treatment) were flushed 
once daily with a S. aureus bacteriophage cocktail (2x I 06pfu/mL ), with or without EDTA 
(0.075mg/mL), and compared to a control flush containing saline and ·heat-inactivated 
bacteriophage. Safety was assessed using histology and scanning electron microscopy (SEM) 
following treatment for 3 days. Efficacy was assessed by quantifying the generation of S. aureus 
biofilms in the frontal sinuses. Biofilm mass was compared between treatment groups and controls 
using LIVE/DEAD BacLight staining and confocal scanning laser microscopy to visualize the 
tissue sections. COMSTAT2 software allowed computation of the biofilm mass present. Tissue 
morphology was conserved, with no significant signs of inflammation, when comparing control 
and test treatments. Further, SEM analysis indicated test treatments were not toxic or damaging to 
mucosal cilia. COMST AT2 quantification of biofilm showed a significant reduction in biofilm 
levels when comparing the control with bacteriophage (p = 0.0043), EDTA (p = 0.0095) and 
bacteriophage-EDT A (p = 0.0022) treatments. Our results indicate bacteriophage and EDTA to be 
safe and efficacious for use topically against S. aureus infection in a sheep sinusitis model, and 
have potential to be translated to a clinical setting. 
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The overuse and misuse of antibiotics for treating bacterial infections has promoted the 
emergence of antibiotic-resistance bacteria such as Methicillin-resistant Staphylococcus aureus 
(MRSA). The proportion of MRSA identified from S. aureus infection has increased from 2% to 
38% in the past 20 years becoming a big concern in the medical field, with the mortality rates of 
some MRSA infections reaching 86%. Alternative antimicrobials are therefore needed for treating 
MRSA infections such as phage therapy. However, there are two types of phages : temperate 
phages, which can integrate their DNA into the bacterial genome and potentially transfer genes to 
bacterial cells and make the bacteria more harmful; and obligately lytic phages, which are only 
capable of lysing the bacterial cells. The latter should only be used against susceptible bacterial 
strains for therapy. 

Twenty-six Staph phages were isolated from either water treatment plants around the Salt 
Lake City area (12 WPT phages) or Eliava phage products (14 EP phages). Using a modified PCR 
assay, we found 21 phages did not possess seven integrase genes associated with temperate Staph 
phages. The virulence of the obligately lytic phages was tested on MRSA strains - 41 clinical S. 
aureus strains that were tested using a PCR assay to detect five genes associated with strain 
virulence. Twenty-six of the strains were found to be MRSA containing the mecA gene. We found 
each phage had different lytic activity on the different strains. 

The lytic activity of seven phages was scored (using a I -3 scale) to determine their virulence 
against 26 MRSA strains. Two of the phages (i.e. P2 and P3) had very good lytic activity on all 
MRSA strains tested with up to 77% of the MRSA strains showing clear lysis (i.e. a 3 score). The 
other five phages produced opalescent clearance in most of the MRSA strains (i.e. 2+ scores). We 
then developed II phage cocktails by mixing phages with lower virulence to see if the lytic activity 
could be improved on selected MRSA strains. We found that most phage pairings (i.e. with P2+PX 
and P3+PX) had synergistic activity resulting in an improved lytic activity on the MRSA strains. 
Interestingly, we also saw antagonistic activity occurring with three combinations (P3+Pl , P3+P7 
and P3+P8) against one specific MRSA strain (WCC 494), although the same phage pairings 
showed improved lytic activity on the other MRSA strains. Further tests on the phage cocktails are 
currently being examined. 

When developing phage cocktails, it is important to re-evaluate their lytic activity on 
bacterial strains before considering their use. Most phage cocktails may result in a synergistic 
activity to improve the lytic activity but some phage combinations can be detrimental to each other. 

146 Section V & VI: Phage Therapy 

i 
I 



Coevolution between Staphylococcus aureus and its Lytic Bacteriophage 
<I>SA012 in Batch Co-culture with Serial Transfer 
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In this study, we analyzed coevolution between S. aureus strain SA003 and its lytic phage <l>SA012 
in order to obtain information useful for the development of phage therapy. Coevolution was 
induced in batch co-cultures, repeated 46 times with serial transfer. Strains and phages were 
periodically isolated from the co-culture replicate in which phages stably coexisted with the host 
for the longest period (until the end of the 45th batch; 260 days). In spot testing, isolates exhibited 
antagonistic coevolution with cumulative development of phage resistance and infectivity against 
the host strain. Quantitative center of infection (COl) assays revealed that coevolution entailed 
gradual reduction of interaction between host and phage as serial transfer proceeded. The COl 
value of the latest isolates (from the 38th batch) was less than 1% of that of the wild-type pair, and 
this value was still sufficient for stable coexistence. To determine the factors involved in the 
interaction changes, we conducted adsorption assays and single-step growth experiments, which 
revealed that coevolution entailed changes in both adsorption rate and phage productivity. A _fitness 
cost of phage resistance was also detected as a reduction in the specific growth rate of coevolved 
strains, but growth rate tended to recover over the course of long-term coevolution. 
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Characterization of Phages Against Respiratory-Infection Streptococci 
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Millions of people annually are affected by streptococcal ir!fections, the causative agents of which 
may be different species of streptococcus. The discovery of antibiotics yielded great progress in the 
therapy of infections, but nowadays the experts say that the "gold century" of antibiotics has 
finished. The increase of infections caused by multi-resistant bacteria in medical practice renewed 
interest in such therapeutic-prophylactic tools as bacteriophages. 

For this study, 38 recent Streptococcus spp pathogenic strains were obtained from the diagnostic 
centre of the G. Eliava Institute of Bacteriophages, Microbiology and Virology (EBMV) and their 
antibiotic and phage sensitivity were tested. Str. Pyogenes_1 (75%-60%) and Str. Pneumonia_6303 
(70%-63%) were characterized with the highest resistance and selected for further work As a 
result of multiple passages, vB _ GEC _Spy _1 and vB _ GEC _ Spn _ 6303 phages were isolated. 
Electronic microscopy showed that both of them belong to the family-Siphoviridae. Single cycle 
infections showed an adsorption time for vB _ GEC _Spy _1 of 15 min (99% ), phage latent period of 
18min., burst size of73ph/cell, and for vB_GEC_Spn_6303, an adsorption time of 7min. (90%), 
latent period-20min., and burst size-500 ph/cell. 

Studying the effect of UV on the clones has shown that the vB _ GEC _Spy_ S _1 phage titer drops 
from 1 *109 to 4.8*108 at 365 nm within 30 min., and vB_GEC_Spn_S_6303phage titer drops from 
2.8*109 to 2*108at 365 nm within 30 min., though plaques grow in size. At 65 ° C: Str. Pyogenes_1 
drops from 5,8*109 to 7,9*106

; Str. Pneumonis_6303 drops from 5*109 to 7*105
• Using 

spectrophotometer method phage activity was established. Genetic study of phages line 
determined, that vB_GEC_Spy_S_1 and vB_GEC_Spn_S_6303 were different phages. 

Both vB _ GEC _ S'py _ S'_ 1 and vB _ GEC _Spn _ S'_ 6303 have now been added into the composition of 
our Streptococcal phage cocktail. Testing the activity range on our collection of strains determined 
that that activity has now increased up to 75%. 
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Virulent bacteriophage ICP2 co-evolves with Vibrio cholerae to overcome 
phage resistance 
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Cholera is a severe human diarrheal disease that is a substantial health burden on the developing 
world and is caused by the bacterium Vibrio cholerae. It has been hypothesized that virulent 
bacteriophages play a crucial role in modulating the dynamics of cholera epidemics and may 
impact the evolution of epidemic strains. Amplification of phage within a patient can lead to 
predation that impacts the selection of genetic variants of V cholerae. It has previously been shown 
that there are varying levels of phage resistance in cholera patient stool samples having high titers 
of the virulent phage ICP2. ICP2-resistant isolates from one patient were subjected to whole
genome sequencing. Analyses revealed that there were a total of six mutations in the outer 
membrane protein OmpU, one of the major outer membrane porins of V cholerae, the majority of 
which clustered into two extracellular loops. In this study, we investigated the co-evolution of ICP2 
and its OmpU receptor. Using the infant rabbit model of cholera with OmpU mutants (OmpU*) as 
input along with wild type ICP2, we isolated ICP2 mutants that are capable of infecting the 
previously resistant OmpU* mutants and subjected them to whole-genome sequencing. Analyses 
revealed a number of mutations in the gene gp25, whose function was unknown. Using efficiency 
ofplaquing assays, we determined the host range of the ICP2 mutants against the OmpU* mutants. 
Interestingly, the ICP2 mutants were all capable of infecting the wild-type, and some mutations 
conferred a broader host range on the OmpU* mutants. We conclude that Gp25 directly interacts 
with OmpU and is most likely the ICP2 tail fiber. Our results indicate that ICP2 is capable of co
evolving with V cholerae to overcome resistance during the course 9f infection. 
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Phage therapy is considered one of the most attractive alternatives to antibiotic treatment, which 
may be significant due to the constantly rising number of antibiotic-resistant bacterial strains. 
Nowadays, one hundred years since the discovery of bacteriophages, it is necessary to conduct 
investigations, including those that go beyond only the antibacterial effect of phages. The aim of 
our investigation was to verify whether phage treatment can induce antiphage antibodies. 
Investigations included the antibacteriophage activity of sera of patients subjected to phage therapy 
in the Phage Therapy Unit of the Ludwik Hirszfeld Institute of Immunology and Experimental 
Therapy in Wroclaw, Poland. Patients treated with the MS-1 bacteriophage cocktail (consisting of 
three lytic S. aureus phages - 676/Z, A5/80 and P4/6409) were examined. We measured the 
immunological response to each phage separately as well as to the MS-1 phage cocktail. Immune 
analysis was based on detection of specific anti phage antibodies in human sera reacting with phage 
antigens using the indirect ELISA technique. Purified S. aureus phage preparations as antigens as 
well as serial dilutions of human sera as primary antibodies were used. A specific antibody bound 
with antigen was detected using a secondary antibody (binding human IgGs, IgAs or IgMs) linked 
with the enzyme horseradish peroxidase. The final step was to apply a chemical substrate 
(ortho-phenylenediamine) that is converted by the enzyme into a color measured 
spectrophotometrically at 450 nrn to determine the presence and quantity of antiphage antibodies. 

We found that sera of examined patients undergoing phage therapy exhibited higher levels of 
antiphage antibodies during treatment (oral and/or local administration) (p<0.05). In the majority of 
cases the level of antiphage antibodies in patients' sera corresponded with the level of phage 
neutralization by human sera (K rate) measured by the neutralization test (p<0.05). However, in 
some cases the level of antiphage antibodies and the level of phage neutralization had no impact on 
good clinical results of the phage treatment. 

Studies on the immune response regarding patients undergoing phage therapy have enormous 
practical potential. It is necessary to continue the research for better understanding of phage 
treatment and for wider public acceptance. 

This study was conducted within the grant "Innovative bacteriophage preparation for the treatment 
of diabetic foot" (POIG.Ol.03.01-02-048/12) funded by The National Centre for Research and 
Development. 
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Objectives: 
Staphylococcus aureus phage endolysin LysSA97 and its cell wall binding domain (CBD) 
LysSA97 _ CBD were investigated. 

Methods: 
Endolysin from S. aureus phage SA97 (LysSA97) was cloned and purified. The lytic activities 
against S. au reus were assessed by turbidity reduction assay with various amounts of the endolysin 
in different pH, temperature and NaCl concentration conditions. Biofilm reduction ability of 
LysSA97 was tested and specific bacterial binding activity of a putative CBD of LysSA97 was 
studied using a fusion protein containing the predicted CBD region (amino acid residues 368-470) 
ofLysSA97 and GFP. 

Results: 
LysSA97 showed a broad lysis spectrum against many staphylococcal strains and effectively 
~isrupted staphylococcal biofilms. Most staphylococcal endolysins are reported to have a SH3 _5 
domain as a CBD. However, bioinformatic analysis ofLysSA97 revealed a novel putative CBD as 
well as two enzymatically active domains (EADs) containing CHAP (cysteine, histidine-dependent 
amidohydrolases/peptidases) and amidase_3 (N-acetylmuramoyl-L-alanine amidase) domains. 
Comparison of 98 endolysin genes of S. aureus phages deposited in GenBank showed that these 
can be classified into six groups based on their domain composition. Interestingly, about 78.6% of 
the staphylococcal endolysins have an SH3_5 domain as CBD but the remaining 21.4% including 
LysSA97 had a putative C-terminal CBD with low homology to the known CBD. LysSA97 _CBD 
binding spectrum covered all staphyloco'Ccal strains tested including 14 S. aureus and 7 of other 
staphylococcal strains known to be harmful to human. However, no binding of fusion protein to 
any other bacteria tested was observed under the same condition. The relatively broad binding 
spectrum of LysSA97 _ CBD indicates that the glycine-rich interpeptide bridges, which exist 
broadly in the Staphylococcus peptidoglycan structures, would be the binding ligands of 
LysSA97_CBD. 

Conclusions: 
The C-terminal domain of LysSA97 is a novel CBD of staphylococcal endolysin that can bind 
specifically to Staphylococcus. 
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Campylobacter jejuni NCTC12662 (also known as PT14) has been extensively used as a phage 
isolation strain due its high sUsceptibility to many Campylobacter bacteriophages. Here, we 
investigated how C. jejuni NCTCI2662 develops phage resistance and sought to identify the 
underlying mechanism. We found that when C. jejuni NCTC12662 is exposed to phage F207 in an 
overnight culture, resistant colonies emerge. Interestingly, the culture was dominated by bacterial 
cells able to grow on a lawn of phage F207, suggesting a high frequency of resistance. One of these 
colonies (12662R) was purified, and further characterized. 

Surprisingly, 12662R was not completely resistant to phage F207, but showed a 100-fold reduction 
in efficiency of plaque formation as well as a reduced plaque size as compared to the wild type. 
Interestingly, this change in I 2662R resulted in a likewise partial resistance against our capsular 
polysaccharide (CPS)-dependent phages, whereas it was fully resistant to our flagellotropic phages. 
Further analysis demonstrated that 12662R is an adsorption mutant, as phage F207 showed reduced 
binding to 12662R as compared to the wild type strain. We also discovered that phage F207 is 
dependent on carbohydrates for adsorption, and therefore, compared the 1H NMR and decoupled 
lD 1H} 1P HSQC spectra of the CPS of the wild type and 12662R and observed an attenuated 
signal for the 0-methyl phosphoramidate modification, a previously described phage receptor, as 
well as other additional changes yet to be identified in the 12662R CPS. Furthermore, 12662R had 
become non-motile, suggesting that several changes had occurred in C. jejuni NCTCI2662 in 
response to phage F207 exposure. 

Currently, we are comparing the whole genome sequences of 12662R and the wild type strain, and 
constructing mutants to elucidate the underlying mechanism of spontaneous resistance 
development in NCTC12662. Even though C. jejuni NCTCI2662 is perceived as especially phage 
sensitive, the strain can easily become phage resistant through general mechanisms of phage 
resistance development in Campylobacter, by changes in CPS and loss of motility. 
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Nucleotide modifications of an Enterococcus Jaecalis bacteriophage 
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AUEF3 (vB-EfaS-AUEF3) is a Siphoviridae infecting the gram-positive bacterium Enterococcus 
faecalis. The virus is obligately lytic. The host range of AUEF3 is somewhat narrow, efficiently 
infecting only two of 12 E. faecalis strains tested although it does show weak spotting activity 
against three more strains. This narrow host range could be due to variation in the receptor 
between strains or could be due to bacterial anti-phage defenses such as restriction enzymes, 
CRISPR or toxin-antitoxin systems, all of which have been identified in some E. faecalis strains. 

The AUEF3 genome has been sequenced. The 41,044 bp genome contains 34.5% G+C 
nucleotides. We decided to further chemically analyze the nucleotides in AUEF3 to see if any have 
been modified by the phage. Modified nucleotides are known in other bacteriophages and are 
suggested to be a defense against restriction enzyme production by host strains. AUEF3 DNA was 
hydrolyzed to nucleotides and examined using HPLC. Shifts in retention times for both cytosine 
and guanine suggest that these nucleotides were modified. The cytosine modification made the 
nucleotide more hydrophobic, perhaps due to the addition of a methyl group. The guanine peak 
was split into two new peaks, one more hydrophobic, possibly methylated, and the other more 
hydrophilic, possibly hydroxylated. From this analysis it is not clear if some guanines are doubly 
modified or if each guanine receives only one of the two modifications. 

/ 

The presence of multiple bases being modified as well as the possibility of a multiply modified 
base suggest that AUEF3 has evolved to evade one or more anti-phage bacterial defenses. This is 
consistent with the limited host range of this phage on the E. faecalis strains tested. Work to 
further identify the base modifications by HPLC-rnass spectrometry as well as to identify the 
relevant anti-phage mechanisms in the various E. faecalis strains is continuing. 
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Characterisation of Adsorption to BarnA by Shiga Toxin Phages 
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Shiga toxigenic E. coli (STEC) cause several outbreaks and isolated cases per year resulting in 
potentially life-threatening cases of HUS and TPP. Shiga toxin (Stx) genes are horizontally 
transferred to susceptible hosts by bacteriophages (phages), which increase the host's pathogenic 
profile. Phages can also infect gut commensal flora during STEC infections, which is thought to 
increase the severity of the resulting disease. An unexpectedly common infection strategy used by a 
strikingly large proportion (70%) of Stx-phages involves adsorbing to the host cell via BarnA, an 
essential outer-membrane protein. BarnA is highly conserved across Enterobacteriaceae, and this 
infection strategy has likely used BarnA as the fundamental constant that has driven the 
dissemination ofStx and the emergence of high-profile STEC outbreaks, e.g. 0104 and 0157. This 
essentiality makes BarnA tricky to modify, but by fusing the membrane associated domain from the 
BarnA orthologue of Pectobacterium atrosepticum, a chimaera was generated that maintained 
BarnA function whilst eliminating susceptibility to Stx-phage infection. The BarnA epitopes 
supporting Stx phage adsorption were identified using a series of natural and synthetic BarnA 
mutants. A mutant library has been generated in order to determine which combination of epitopes 
is required to re-introduce phage adsorption using standard adsorption assays. It's hoped the 
information from these assays will help us understand how Stx-phages recognise their host range. 
This knowledge might also improve our ability to limit Stx-phage infections in the gut environment 
for improved clinical outcomes. 
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Four decades after the discovery of restriction enzymes, another system for cleaving foreign DNA 
was identified in 2007-one that acts as an adaptive immune system in bacteria and archaea. 
Clustered regularly interspaced short palindromic repeats (CRISPR) and their associated cas genes 
protect microbial cells against phage infection and plasmid modification. CRISPR-Cas systems 
function by first incorporating short DNA 'spacers ' , homologous to invading defective phage or 
plasmid sequences, into a CRISPR array in a process known as adaptation. The array is then 
transcribed and matured into small RNA molecules (maturation), which, by recruiting a Cas 
endonuclease, leads to DNA cleavage (interference) of the sequence homologous to the spacer. 
This adaptive ability, when engineered, has also resulted in many applications for genome 
manipulation. A database is also available (Universite Paris-Sud 11, France) to assist in the finding 
of CRISPRs structures in published microbial genomes or in user-submitted sequences 
(http:/ /crispr. u-p sud. fr/crispr/). 

Founded in 1982, the Felix d'Herelle Reference Center for Bacterial Viruses of the Universite 
Laval (Quebec, Canada) holds a collection of over 450 reference virulent phages infecting at least 
118 different bacterial species. All the information on these phage-host systems is now available 
through a database (www.phage.ulaval.ca). The mission of the Center is to collect, conserve, and 
distribute reference phages and information to foster research and education. In the last five years, 
the Center has shipped over 1000 biological samples to + 200 labs in 34 countries. 

Despite remarkable progress in the understanding of CRISPR-Cas systems, many details have 
remained poorly understood, especially regarding the adaptation phase. Finding and comparing 
new systems able to actively develop phage resistance by the acquisition of novel spacers, would 
certainly lead to a better understanding of the adaptation phase. As a first step, we compared the 
two databases discussed above. Among the 118 bacterial species available at the Center, the 
presence of CRISPR-Cas systems has been described in 44 of them. Moreover, the genomes of 31 
other bacterial species were found in the CRISPR database, but no CRISPR-Cas system has been 
predicted. Finally, the genome of 43 bacterial species, for which phages are available at the Felix 
Center, are currently not described in the CRISPR database. 

Among the 44 bacterial species with phages present in the Center and CRISPR-Cas systems, four 
bacterial species have been already extensively analysed (Streptococcus thermophilus, Thermus 
thermophilus, Pseudomonas aeruginosa, and Escherichia coli) while in 22 other bacterial species, 
CRISPR-Cas systems are found in less than 2/3 of the characterised strains. Work is underway to 
characterise the phage-host interactions in the remaining 18 bacterial species, including their 
capacity to acquire new spacers. 
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The host cell adsorption apparatus of a number ofN4-like bacteriophages including coliphage G7C 
and its close relatives such as e.g. Alt63 and I OGB contains two proteins - gp63 .1 and gp66 - that 
form tailspikes/tail fibers on the particle. The N-terminal domains of the two proteins and the 
middle domain of gp66 are conserved, whereas the C-terminal domains of both proteins vary and 
demonstrate different enzymatic activities. Gp63.1 and gp66 of G7C form a stable equimolar 
complex that can be produced recombinantly and purified to homogeneity using a His-tag on 
gp63.1 C terminus. Interestingly, N- or C-terminal deletions of gp66 do not abrogate complex 
formation showing that gp66 binds to the virus particle directly and gp63 .1 is attached to gp66 
middle domain. 

The gp63.1-gp66 complex binds to host cells irreversibly, whereas host cell binding of gp63.1 is 
transient - it binds but then leaves the cell surface in several minutes. This is consistent with a
polysaccharide (OPS) deacetylase enzymatic activity of gp63.l. Thus, the two tailspikes appear to 
function in concert with one spike deacetylating the surface polysaccharides and the other (or both) 
being responsible for irreversible binding. This mechanism is in contrast to other phages where 
branched adhesins often increase the host range by binding to surface structures of different hosts. 
Interestingly in bacteriophage Alt63 that is otherwise highly similar to G7C, C-terminal part of 
gp63 .1 was replaced by the non-orthologous protein sequence that possesses depolymerase activity 
instead of deacetylase activity of bacteriophage G7C gp63 .1. Nevertheless this alternative tail spike 
is fully functional in combination with gp66 protein identical to that of the phage G7C indicating 
that the functional connection of the branched adhesin components in G7C-like phages is 
compatible with considerable evolutionary plasticity of the phage adsorption apparatus. 

At present, we are in the process of placing these fascinating functional and evolutionary data in 
the framework of the G7C particle structure with the help of cryo-electron microscopy and X-ray 
crystallography. 
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Bacteriophage-encoded endolysin recognizes bacterial cell wall through the highly specific 
interaction of its cell wall binding domain (CBD) and the glycan moiety on the bacterial surface. 
Despite a wealth of knowledge as to the therapeutic potential of endolysins, very little is known 
concerning the molecular mechanism underlying the CBD-glycan interaction. Toward this end, two 
Listeria-specific endolysin CBDs (CBDP35 and CBD500) are used as models to elucidate the 
recognition basis. Listeria monocytogenes is covered with covalently-attached anionic cell wall 
polymers (termed wall teichoic acid, or WT A), that comprise repeat units of ribitol 5-phosphate 
backbone tailored with a variety of glycosidic substitutions. We identify that listeria WT A polymer 
is the specific ligand recognized by both CBDs, with a nanomolar affinity measured by surface 
plasmon resonance. However, CBDP35 and CBD500 depict a distinct binding pattern correlating 
with the structural variation in the teichoic acid type, suggesting that the WT A carbohydrate is the 
key determinant for targeted recognition. Compositional (electrospray ionization mass 
spectrometry) and structural (nuclear magnetic resonance spectroscopy) analyses reveal that 
CBDP35 binds to the WT A substituted with a single N-acetylglucosamine (GlcNAc) residue, 
whereas CBD500 exclusively recognizes the di- or trisaccharides that are incorporated into the 
WTA chain. Together with site-directed mutagenesis, crystallization studies provides the structural 
insights of the binding motif and the involved residues. In summary, our study uncovers how 
Listeria CBDs recognize the specific glycan moiety on the WT A while targeting endolysins to their 
host. 
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The aim of this research was to determine if temperate bacteriophages can be used as a marker for 
the evolution in chronic microbial infection and respiratory disease including Cystic Fibrosis (CF) 
and non-Cystic Fibrosis Bronchiectasis (BR). These diseases have diverse clinical origins but 
similar pathophysiological burden including inflammation and the production of a nutrient rich 
mucus. This thick, dehydrated mucus is an ideal colonisation site for opportunistic bacteria such as 
Pseudomonas aeruginosa (Pa). Evolution of Pa in the lower lung correlates with poor clinical 
outcomes. A key aim of this study is to determine the role temperate bacteriophages play in 
evolution and antimicrobial resistance. Pa has been found to harbour multiple inducible temperate 
bacteriophages that are believed to have an effect on Pa functionality. 

We here utilise a broad cross-infection study using 47 clinical CF Pa isolates and 47 clinical BR Pa 
isolates. We compare both the interactions and relationship between the phage lysates their 
bacterial hosts and the supporting clinical data. We focus on a stratified panel of these induced 
temperate phages and investigate their involvement in the alteration of antimicrobial resistance, 
metabolic function and how this links to biofilm formation. 

These data indicate that the infection profiles of phage communities induced from adult CF patients 
are most related to the infection profiles of the phages induced from BR patients with >I 0 years 
since clinical diagnosis. Challenging a biofilm with a temperate phage leads to an increase in 
metabolic activity. These lung related Pa phages also disseminate increased resistance to 
antimicrobials that would promote their survival or ability to outcompete an isogenic bacterium 
without the integrated phage. 

The idea ofbacterial cross infection in the CF clinical setting is not new but the idea of phage cross 
infection is novel as it displays a marker of evolution within the lung that correlates to the onset 
and lineage of the disease. These data also show that phage can be used as markers for the 
progression and adaptation of Pa isolates in the chronic lung environment due to differences being 
seen between CF and BR patients both in terms of infectivity which is further supported by 
metabolomic and metagenomic analysis. 
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Objectives: Temperate double-stranded DNA bacteriophages have been shown to have high 
degree of intergenic heterogeneity but conserved gene order. The late gene architecture linked to 
phage replication are interlaced with small putative coding genes with no discernible function at 
both genetic or protein level. Given their conserved nature these genes are likely to be essential in 
bacteriophage adaptation and evolution but are difficult to decipher in laboratory culture. 
Lambdoid-like Stx-bacteriophages encode and disseminate Shigatoxin and therefore play a role in 
the pathogenicity ofShigatoxigenic Escherichia coli (STEC). Stx-phages including vB_EcoP 24B 
(4J24s) a genome sequenced short-tailed phage which harbours - 70 % of putative coding regions 
with no corresponding function at the DNA or protein level. Importantly these genes are usually 
conserved between the phages genomes sequenced thus far and may play a role in the evolutionary 
selection of the phage or bacterium. Here we compare an Escherichia coli host both naive and as a 
lysogen infected with Stx-phage 4J24s. 

Methods: Using the Biolog microbial phenotypic array we studied the lysogen and naive host 
under varied chemical selective pressures. In light of results gathered, MIC work, growth analysis 
and LCMS metabolomic analyses were used to further edify the impact oflysogeny. 

Results and Conclusions: Here we identify any increase in antimicrobial resistance and growth 
rate of Kl2 E. coli on conversion by Stx encoding bacteriophage 4J248 . The lysogen was able to 
respire utilising uridine-2-monophosphate and lost the ability to utilise 0 -D-allose either through 
genome insertion or cellular subversion. The lysogen also showed increased resistance to some ~ 
lactam antibiotics and other surface acting chemicals that may offer a positive selection trait to the 
host. It was identified that the bacteria accrues a statistically significant increase in resistance 
against specific surface acting antimicrobials without actually expressing a specific resistance 
system/gene product. LCMS-MS metabolic differences between naive and infected host were 
found to be significant, with unique metabolic profiles under all conditions, and suggested 
mechanisms toward resistance observed. 

Current methods focus on bacterial identification through core genomic differences and the 
addition of gene cassettes that confer antimicrobial resistance. This may be an over simplification 
as we present the impact of temperate bacteriophages on bacterial physiology and the selective 
advantage they confer to the bacterium. 
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BTP 1: An unstable prophage within the genome of African Salmonella 
Typhimurium ST313 
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In the past 30 years, bloodstream Salmonella infection has become a significant health problem in 
sub-Saharan Africa, and is now killing ~390 ,000 people each year. Infections are predominantly 
caused by a recently described sequence type of Salmonella Typhimurium: ST313. Comparative 
genomic analysis shows that this lineage is very closely related to the ancestral non-invasive 
Typhimurium sequence type, which shares most coding genes. ST313 carries two novel prophages. 

RNA-seq-derived transcriptomic data reveals the gene expression of the prophages within the 
bacterial genome during infection-relevant conditions. One of the prophages, BTPl , has a complex 
transcriptional structure. Genomic and TEM characterisation shows BTPl is a lambdoid 
podoviridae with high physical similarity to Salmonella phage P22. Infective BTP 1 virions are 
found at high titre in non-induced bacterial cultures, and the existence of late gene transcripts 
suggests frequent spontaneous induction of the phage in a sub-set of the bacterial population. BTP 1 
expresses a number of putative cargo genes of unknown function. 

To understand how BTPl contributes to the fitness of African S. Typhimurium, the cost of the 
prophage upon the strain is being investigated with whole-prophage and single-prophage-gene 
deletions. Preliminary data suggest that deletion of prophage BTP I decreases systemic infection in 
chickens. Furthermore, the continual release of infection virions appears to give the African S. 
Typhimurium strain a competitive advantage in co-culture with other Salmonella strains. Together, 
these findings suggest that prophage BTP 1 may have been an important acquisition in the evolution 
of AfricanS. Typhimurium ST313. 
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Introduction: Cystic Fibrosis (CF) is the most common autosomal recessive disorder in the UK. 
The congenital mutation in the Cystic Fibrosis Transmembrane Conductance Regulator gene (cftr) 

alters the chloride channel in epithelial cells, giving rise to dehydration and a thick mucus layer. 
This mucus provides a nutrient rich environment ideal for opportunistic bacteria. Bronchiectasis 
(BR) is similar symptomatically to CF due to localised dilation's and inflammation events of the 
bronchial tree that can be linked to lung trauma in some instances allergic response and subsequent 
bacterial infection. Pseudomonas aeruginosa (PA) is an opportunistic pathogen that is a major 
driver of chronic lung infection and correlates to lowered lung function and poor clinical outcomes. 
Temperate bacteriophages infect and subvert their bacterial hos~s through integration· into the 
bacterial chromosome (prophage) and adapt alongside their host. Methods: A software package 
called khmer was used to remove bacterial contamination from the samples. This is acheived by 
separating out k-mers in a probabilistic bloom filter, grouping the k-mers accordingly. We 
assembled the mixed phage lysates using SPAdes, VelvetOptimiser and IDBA-UD. We then 
created a HMM Pfam of 40 Ig-like domains and used GeneWise2 to search for these domains in 
our phage samples. Results: All the samples used in this study contained an inducible temperate 
phage and in some cases multiple phages were seen and have continued to try to separate these 
bioinformatically. We found that the frequency of the Big-2 Ig-like domain increased with the 
longevity of the disease states (CF: pediatric CF phages 30 %, adult CF phages 40 %; BR: <10 
years clinical diagnosis 6 %, > 10 years clinical diagnosis 32 % ). We also found a double He-Pig 
motif in 42 of the phage samples. Conclusion: We show that all the clinical samples have at least 
an inducible temperate phage. Using GeneWise2, we identify phage structural genes that are linked 
to bacterial adhesion, and carbohydrate binding. The presence of two Big_2 domains on a subset of 
the phages major tail proteins is the first time that this has been observed in a known clinical 
background of bacteriophages in such high frequency. We also identify a double He-Pig motif 
flanking a putative minor phage tail protein. This supports the proposed BAM model and the 
evolution of phages interacting at mucosal surfaces. This further supports the theory that the phages 
adapt and evolve over time alongside their hosts. 
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Evidence that 'A lysogens induce in response to the uncoupler CCCP 

Lynn Tbomason1
.2 and Donald L. Court1 

1Molecular Control and Genetics Section, Gene Regulation and Chromosome Biology Laboratory, 
National Cancer Institute, Frederick, MD; 2Basic Science Program, Leidos Biomedical Inc., 

Frederick National Laboratory for Cancer Research, Frederick, 

E-mail: thomasol@mail.nih.gov 

The bacterial virus A. and its host Escherichia coli have been powerful microbial model 
systems for more than 50 years. Much of what we know about molecular biology and genetics was 
established using these two organisms. A is a temperate virus, and can either undergo a lytic cycle, 
forming new viral particles and lysing its host, or become latent, co-existing with the bacteria as a 
prophage. During lysogeny most viral functions are repressed by the A CI repressor binding to the 
operator sites oL and oR to block expression of the lytic promoters pL and pR. CI repressor is made 
from the pRM operon. The A prophage induces in response to DNA damage by RecA-mediated 
auto-cleavage of CI repressor. Once lytic functions are expressed, the Cro protein binds to oR, 
repressing pRM and blocking further production of CI. The E. coli RecA protein also induces the 
host SOS DNA damage response by promoting auto-cleavage of the analogous LexA repressor, 
which controls 40-50 genes involved in DNA repair. Here we describe a genetic system to monitor 
maintenance of the prophage state and viral induction, and we present evidence that the prophage 
may also induce when exposed to the energy poison CCCP, which dissipates proton motive force. 

To ask whether inhibiting proton motive force affects the A. prophage we used a dual 
reporter system with the A. immunity region inserted at the E. coli lac operon. The beginning of the 
ell gene is fused to lacZ and the beginning of N to luc. Expression of lytic promoters pR and pL can 
be monitored by J3-galactosidase and luciferase pro4uction, respectively. For the experiments 
described here, bacterial lawns of the indicated genotype were poured on MacConkey Lactose 
plates, and CCCP or the DNA damaging agent Mitomycin C was spotted on a small filter paper 
disk placed at the center of the lawn. The drugs diffuse outward, forming a concentration gradient. 
At higher concentrations cell death results, while at sub-lethal concentrations the cells respond to 
the drugs, as indicated by a red ring caused by pR-dependent lacZ expression. 

Our preliminary observations demonstrate that the phage A lytic promoter, pR, is activated 
in response to the uncoupler CCCP, and suggests that the prophage may induce when A lysogens 
are exposed to this energy poison that reduces membrane potential and ATP synthesis. In the 
CCCP effect, we have identified a requirement for host RecA. In the Mitomycin effect, RecA binds 
single-strand DNA and induces auto-cleavage of CI repressor in response to DNA damage. In 
terms of phage requirements for responding to CCCP, as expected from the RecA requirement, a 
cleavable ci repressor allele is necessary. Detection of pR expression with this Mac Lac indicator 
assay also requires the A. Cro protein, presumably to lock the prophage in the lytic configuration 
and prevent the return of CI repression of the pR promoter. We are unable to detect a response to 
CCCP with our SOS reporters using this assay, possibly because there is no host activity that is 
analogous to Cro. It may be that CCCP causes a lower level of DNA damage that will be detectable 
only by a J3-galactosidase enzymatic assay. An alternative is that CCCP does not cause DNA 
damage, but that E. coli and A. are able to sense and respond to the energy poison and a loss of 
proton motive force by a novel RecA-dependent pathway. 
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Recombineering, in vivo genetic engineering in bacteria, is widely used for gene modification. 
Recombineering uses linear DNA substrates introduced by electroporation and requires only short 
(35-50 base) homologies to create a variety of genetic changes, including point mutations, 
insertions and deletions. Alterations can be made on the bacterial chromosome, plasmids or 
Bacterial Artificial Chromosomes (BACs). Modifications made on BACs in E. coli can be 
introduced back into the model organism of choice. The bacteriophage /.. Red and Rae prophage 
RecET recombination systems are both commonly used for recombineering in E. coli. Each system 
consists of a pair of proteins: a single-strand DNA annealing protein and a 5' to 3' dsDNA
dependent exonuclease. Although they are often thought of as being interchangeable, the /.. Red and 
Rae RecET systems have little sequence similarity at either the nucleotide or protein level. 
Therefore we hypothesized that they might also differ in their ability to promote various 
recombination reactions. 

The two recombination systems were compared for their ability to create several different types of 
genetic changes in E. coli. Each system was expressed from the same temperature-inducible 
promoter and linear DNA was introduced by electroporation into cells induced for the 
recombination system. After allowing time for recombination, the cells were plated on selective 
media in order to identify recombinants. Reactions monitored include repair of a point mutation 
with either of two complementary single-strand DNA oligonucleotides (oligos), removal of an 
~lkb segment of DNA with the same single-strand oligos, and insertion of an -lkb double-strand 
DNA containing a selectable marker. The ability to assemble an intact plasmid from two linear 
fragments with differing amounts of homology on the ends was also examined, as was the 
dependence of each system on whether the target DNA was replicating during the recombination 
reaction. 

We found that the two systems differed substantially in the spectrum of genetic reactions each was 
able to perform. Red gave considerably higher recombinant frequencies than did RecET for both 
single-stranded and double-stranded DNA recombination targeted to either the E. coli chromosome 
or a replicating plasmid. In contrast, RecET was better at assembling an intact plasmid from two 
linear fragments. For plasmid recombination, the Red system was heavily dependent on DNA 
replication of the targeted DNA, while the RecET system was less dependent on replication of the 
target. We conclude that the two systems are not indiscriminately interchangeable and that each 
system is superior for a specific type of recombineering reaction. 
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Save the dates! ISVM Viruses ofMicrobes, July 18th_ 22nd 2016 

Following on from the successful and well-attended Viruses of Microbes conferences that have 
taken place in Paris 2010, Brussels 2012, and Zurich 2014, we are really pleased to invite you to 
the 2016 Viruses ofMicrobes meeting that will take place in Liverpool, UK. 

The meeting is the flagship meeting for the International Society of Viruses of Microbes 
(http://www.isvm.org/) and brings together scientists studying viruses that infect bacteria, archaea, 
algae, fungi and protozoa, ranging from fundamental to applied science. By considering all viruses 
that infect microbes in one forum, we hope to stimulate an emerging field and encourage interplay 
between the disparate yet synergistic sub-disciplines. The idea to bring these research communities 
together began at the Paris ISVM meeting and we will continue this theme with a focus on recent 
developments in ecology, environmental microbiology and microbiomics. Sessions will include: 

Viral Ecology in Natural Environments 
The Role of Viruses in Controlling Bacterial/Eukaryote Populations 

Co-Evolutionary Dynamics 
Viral Subversion/Evasion of Host Cell Defenses 

Molecular Interactions between Viruses and Their Host Cells 
Viral Structure Governing Biology 

Viral Control of Host Behaviour 
Phage Therapy (talks on July 21 '1 with CPD credit) 

Applications of Phage Based Products 
Lessons from Viruses of Microbes in Agriculture and Aquaculture 

All of our invited speakers are international 
experts, many of whom are new to speaking at a 
VoM meeting so will bring fresh and innovative 
perspectives. 

Liverpool is a vibrant and attractive city with 2 
cathedrals, 2 premiership football league teams 
(Liverpool and Everton) and 3 Universities. It 
boasts the largest collection of museums, 
galleries and arcl:lltecturally listed buildings 
anywhere in the UK outside of London! The 
Liverpool Arena and Convention Centre 
(opposite) which is a state-of-the-art facility in 
the docks area, surrounded by sparkly water 
with easy access to amenities. It is also highly 
affordable! All posters will be up for the whole 
time in order to facilitate exchange of ideas and foster collaborations. Collaborative events include 
the conference dinner that will take place in St Georges Hall which is one of the finest neoclassical 
building in the world (http://liverpoolcityhalls.co.uk/st-georges-hall), and a social evening featuring 
a quiz with a difference in the Cavern Club, of the Bea~les fame! 

We truly hope you can put these dates in your diary and we look forward to seeing you! Please 
contact Prof Martha Clokie (mrjcl @le.ac.uk) or Dr Heather Allison (hallison@liverpool.ac.uk) if 
interested in sponsoring part of the conference, or with any questions, comments or suggestions. 
Website with further information available soon. 

• 

• 
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