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Welcome to Viruses of Microbes 2022! 

We are very pleased to welcome you in Guimarães for a face-to-face 
meeting, particularly after two years of pandemic. The central theme of 
VoM 2022 is “The latest conquests on viruses of microbes”. This theme 
is allusive to the enormous scientific advances, both in fundamental 
knowledge and biotechnological applications of viruses of microbes that 
we are recently witnessing, and at the same time makes a parallel to the 
city of Guimarães, a symbol of the Portuguese conquests. 

The scientific program was planned to spotlight the most recent 
advances in ecology and evolution of microbial viruses, virus structures 
and function, virus-host interaction, agro-food, veterinary and 
environmental biotechnology applications and phage therapy. We thank 
the speakers and poster presenters for helping us in constructing this 
exciting and attractive program, covering fundamental and applied 
aspects of virus exploitation. 

We are deeply grateful to the organizers and to the scientific committee 
for accepting the challenge to join us in this adventure and for all the 
support to make VoM2022 an in-person meeting. We are also grateful 
to the International Society of Viruses of Microbes (ISVM) and Phage 
Directory for their valuable support. 

We would like to address a warm welcome to our 700 participants that 
enthusiastically registered to our event, reinforcing the importance of 
viruses of microbes’ science.  

We wish you a pleasant stay in Guimarães! 

Joana & Madalena

I. WELCOME MESSAGE 
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Venue 

The Vila Flor Cultural Center (CCVF) is a cultural facility located on 
Avenida D. Afonso Henriques, in Guimarães. The complex was 
completed in September 2005 and was born from the restoration of the 
Vila Flor Palace and surrounding spaces. Guimarães is one of Portugal’s 
UNESCO World Heritage cities. This city of medieval origin is also known 
to be the cradle of the nation. With its roots in the remote 10th century, 
the history of Guimarães is closely associated with the establishment of 
the Portuguese identity and the Portuguese language in the 12th century. 

 

 
Vila Flor Cultural Centre 

Av. Dom Afonso Henriques 701, 4810-431 Guimarães, Portugal 
 

1. GENERAL INFORMATION 



 
Venue map 

 

Registration Desk 

The registration desk is located in the first floor of the Grand Auditorium. 

Reception is open from 12:30 to 17:30 (18th July), 8:00 to 18:00 (19th-21st 

July) and from 8:00 am to 17:00 (22th July). To fasten the check-in 

process, self-check-in points are available close to the registration desk 

for all participants. Participants have the possibility to register at the 

registration desk or using the self-check-in points, with the exception of 

grantees that need to register at the desk. 
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First floor of the Grand Auditorium 

 

Oral & Poster presentations 

Slide presentations of talks must be handed in an USB memory disk to a 

member of the staff the day before (except on Monday, in which the 

presentations should be delivered before the session). Presentation files 

should have the speaker’s name. 

Posters will be displayed in different locations of the venue, and their 

presentation will be distributed by 3 poster sessions (3 different days). 

Please refer to the poster ID to see where and when it will be presented. 

As an example, poster ID EcoE.012(PS3-R4.05) stands for 

ThematicArea.PosterNo(PosterSession-Room.BoardAffixationPosition), 

that is, a poster on the Thematic Area Ecology and evolution of 

microbial viruses, Poster No 12, (Poster Session 3 – Room 4, Board 

Affixation Position 05). For more details about the location of the posters 



at the venue, please check the abstract poster communications section. 

For poster award eligibility, it is required that presenting authors are 

near their posters and available for discussion during the corresponding 

poster session. 

 

Poster rooms 1-4 and Meetings room at the first floor of the Palace 

 

Poster room 5 on the floor -1 of the Small Auditorium 

 

Awards 

With the support of our partners and sponsors, VoM2022 will be 

awarding 1 best oral (500 euros) and 8 best poster communications (250 

euros, for each of the 7 thematic areas plus a best phage therapy poster). 

Please visit our website for more information: 

https://vom2022.org/awards.php 

https://vom2022.org/awards.php
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Lunch & coffee-breaks 

Lunch and coffee breaks will be outdoors and are included in the 

congress fee. Please see location on the “Venue map” above. 

 

Internet access 

A Wi-Fi connection will be available in the auditoriums and Palace. To 
have access to the internet you have to choose the SSID: 
CCVF_EVENTOS and the password: VOM2022# 

 

Certificates of attendance 

Certificates for participants will be sent automatically by email after the 
conference. 

 

Social media 

Follow us in Facebook, Instagram, Twitter and YouTube! 

Facebook: @VirusesOfMicrob2022 

Instagram: @VirusesOfMic22 

Twitter: @VoM_2022 

YouTube: www.youtube.com/channel/UCGOi4OtFWaRG_giXYa23mXQ 

 

Special issue and Research Topic 

Viruses - "Viruses of Microbes 2022"  

http://www.youtube.com/channel/UCGOi4OtFWaRG_giXYa23mXQ


https://www.mdpi.com/journal/viruses/special_issues 

Frontier in Microbiology - "The Latest Conquests of Viruses of 
Microbes" 

https://www.frontiersin.org/journals/microbiology/research-topics 
 

Public transports 

Participants will have a reduced fee in the urban transport GuimaBus. It 

is mandatory to show your badge at the bus entrance. Please note that 

face masks are also mandatory inside public transports. 

 

Touristic information  

Participants have free access to the following museums: “Casa da 

Memória de Guimarães” (https://www.casadamemoria.pt/) and, 
“Centro Internacional de Artes José de Guimarães – Plataforma das 

Artes” (https://www.ciajg.pt). Participants have also free access to the 
Guimaraes cable car (Teleférico de Guimarães, 

https://turipenha.pt/media/videos/Teleferico.mp4) to visit the beautiful 
Penha hilltop at 617 meters. It is mandatory to show your badge at the 

entrance. During the Conference week the City of Guimarães offer a rich 
cultural agenda with street exhibitions of performing arts, please visit 
the cultural agenda (https://em.guimaraes.pt). 

 

APP 

There is a mobile App for the conference available under the name 
VOM2022, in Google Play Store or Apple App Store. The VOM2022 App 
allows the users to be informed about the scientific and social programs, 
as well as facilitate networking by setting personal meetings. There are 

https://www.mdpi.com/journal/viruses/special_issues
https://www.frontiersin.org/journals/microbiology/research-topics
https://www.casadamemoria.pt/
https://www.ciajg.pt/
https://turipenha.pt/media/videos/Teleferico.mp4
https://em.guimaraes.pt/
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available different meeting points named with Portuguese notable 
persons on the first and second floor of the Grand Auditorium. Most of 
the posters can also be viewed in the App. Participants will use the App 
to rate abstracts, upon which the best oral and poster communications 
will be selected. Important updates will also be sent through the 
VOM2022 App. Log in information to access the VOM2022 App was given 
by email a day before the event. 

 

Emergency information 

In case of emergency, dial 112 for general emergency assistance. 
Hospital (+351 253 540 330) and firefighters (+351 253 515 444). 

 

Contact us 

Our Staff is wearing blue T-shirts, so they are easy to identify. If you have 
any question or request during the meeting, please contact our staff. 
They are there to help you. 
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All conference participants are invited to participate in the social events 
free of charge (badge required!). 

 

Opening Ceremony  

The Opening Ceremony It will take place at the Grand Auditorium of Vila 
Flor Cultural Centre at 14:45 on the 18th of July. The opening ceremony 
will start with a musical moment played by “Quarteto ao Luar” a group 
of young musicians from the Conservatorium of Music of Guimarães and 
a Duet of ballet dancers (world cup finalists and Got talent finalists), from 
the Backstage Escola de Dança e Artes Performativas. 

 

Welcome reception - Ducal Palace of Bragança 

The Welcome Reception, with a welcome cocktail and a musical moment 
of traditional Portuguese Music interpreted by Orfeão de Guimarães will 
take place on the 18th of July (18:00 - 20:00) at The Ducal Palace of 
Bragança (Paço dos Duques de Bragança). Participants will be guided 
through the beautiful city of Guimarães, from the venue place 
(departure at 17:00) to The Ducal Palace (arrival at 18:00). 

2. SOCIAL EVENTS 



 
Map of the walking tour from Centro Cultural Vila Flor to the Ducal Palace 

(https://goo.gl/maps/7vFQtZnWNYxE7DWF6) 

 

https://goo.gl/maps/7vFQtZnWNYxE7DWF6
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Conference Dinner – MitPenha 

The conference Dinner on the 20th of July (20:00), will be held in 
MitPenha, a contemporary space, located at 607 meters high, on 
Penha’s hill. It is embedded in the mountain, on a balanced integration 
with the surrounding ecosystem, enhancing the beauty of nature. 
MitPenha presents a privileged scenery, as it provides a panoramic view 
of the region, especially of the urban site. Buses will be available for 
transportation to and from MitPenha. All participants are invited to 
gather at MitPenha, for a group photo. 

 

Wine tasting 

On the 21st of July (19:00), a wine and local product tasting will take place 
at the venue. 
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Detailed Program 

For an updated program please visit our website 
at: https://vom2022.org 

 
Monday, 18th July 

12:30 Registration 

14:45 Welcome 

Bird's eye view 

Chairs: Joana Azeredo and Madalena Pimentel 

15:20 Corina Brussaard  Algal ecology from a virus's View 

16:15 Sylvain Moineau Sparrow's view on phage research 

17:10 Opening Reception 

Tuesday, 19th July 

Session 1: Ecology and Evolution of microbial viruses I 

Chairs: Cristina Moraru and Corina Brussaard  

08:30 Curtis Suttle Sequencing ribosomal RNA to infer taxon-
specific lysis in microbial communities 

08:55 Stineke van Houte Evolutionary and ecological aspects of CRISPR-
Cas – phage interactions 

09:20 Matthias Fischer Uncultured giant viruses in soil exhibit 
previously unseen capsid morphologies 

09:35 Leonard Bäcker Phage superinfection exclusion factors against 
host cell scarcity 

09:50 Nikhil George Virus-host interactions in a municipal landfill 
include non-specific viruses, hyper-targeting, 
and interviral conflicts 

10:05 Pedro Leão Asgard archaeal viruses 

10:20 Coffee Break 

Session 2: Virus structure and function I 

Chairs: Douwe van Sinderen and Deborah Hinton           

3. SCIENTIFIC PROGRAM 

https://vom2022.org/


10:50 Alfred Antson DNA recognition and capsid expansion during 
virus assembly 

11:15 Mart Krupovic The secrets of unique lemon-shaped viruses of 
Archaea 

11:40 Ian J. Molineux Towards a complete molecular description of 
infection initiation by bacteriophage T7 

11:55 Miroslav Homola Mechanism of virion formation of the Emiliania 

huxleyi virus 201 enveloped by two membranes 
12:10 Frank Oechslin Implications of endolysin diversity on phage-

host adaptation and evolution 
12:25 Lunch 

13:30 POSTERS SESSION I 

Session 3: Agro-food, Veterinary and Environmental Biotechnology 

Applications I 

Chairs: Zuzanna Drulis-Kawa and Hugo Oliveira 

15:00 Jennifer Mahony Cell wall polysaccharides - the gate-keepers of 
phage infection in Streptococcus thermophilus 

15:25 Lars Fieseler Infection of Erwinia amylovora by the phages S6 
and M7 depends on bacterial cellulose 

15:50 Cedric Woudstra How to produce phage tail-like particles from 
phages 

16:05 Kiandro Jeroen 
Fortuna 

Phage biocontrol of rhizogenic Agrobacterium: 
solving the root of the problem 

16:20 Carlos Soto SMART design of a multi-receptor phage 
cocktail against Salmonella and impact of phage 
resistance on bacterial fitness 

16:35 Coffee Break and Group Photo 

Session 4: Biotechnology applications in health care I 

Chairs: Jeremy Barr and Ivone Martins   

17:10 Paul Bollyky Identification of Bacterial Pathogens in Sepsis 
Using Bacteriophage Present in Circulating Free 
DNA 

17:35 Yves Briers Phages playing molecular Lego 

18:00 Luís Melo Efficacy against dual-species biofilms using 
phage-antibiotics combinations is independent 
of the biofilm model 

18:15 Christian Röhrig Chimeric endolysins selectively kill S. aureus in 
vitro, on reconstituted human epidermis, and 
on murine skin 
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18:30 Anja Keller Engineering of endolysins for the targeted 
treatment of localized Staphylococcus aureus 
infections 

18:45 Roberto Vázquez From biological data to new phage-based 
antimicrobials: the case of AMP-like regions in 
Gram-negative phage endolysins 

19:00 ISVM General Assembly 

Wednesday, 20th July 

Session 5: Virus-host interaction: host defense and viral evasion 

mechanisms 

Chairs: Sylvain Moineau and Peter Fineran 

08:30 Karen L. Maxwel Pseudomonas prophages exploit bacterial 
signalling to modulate phage defence 

08:55 Rotem Sorek New mechanisms of anti-phage defense 

09:20 Gaëlle Hogrel Cyclic nucleotides in bacterial immune 
response: a glue for deadly molecular 
assemblies 

09:35 Witold Kot Biological consequences of 7-deazaguanine 
hypermodifications in phage genomes 

09:50 Leah M. Smith Discrimination of phages and plasmids through 
inverse regulation of surface-based and CRISPR-
Cas immune strategies 

10:05 Alice Maestri  CRISPR and non-CRISPR defences in 
Pseudomonas aeruginosa act synergistically 
against phage infection 

10:20 Coffee Break 

Session 6: Virus-host interaction: overcoming cell barriers 

Chairs: Yves Briers and Sílvio Santos 

10:50 Lone Brøndsted Phage strategies for overcoming diverse cell 
barriers in E. coli 

11:15 Zuzanna Drulis-
Kawa 

Phage-derived carbohydrate depolymerases - 
from structure to function and exploitation 

11:40 Olaya Rendueles Bitter sweet symphony: Coevolutionary 
dynamics and diversity of resistance 
mechanisms against a polylysogenic competitor 

11:55 Hugo Oliveira Understanding the complete reservoir of 
bacteriophage depolymerases against A. 

baumannii capsules 
12:10 Yang Shen The interplay between phages, Listeria and host 

cells 



12:25 Lunch 

13:30 POSTERS SESSION II 

Session 7: Virus structures and function II 

Chairs: Mart Krupovic and Priscila Pires 

15:00 Deborah Hinton The T4 MotB protein improves infection in 
various, unexpected ways 

15:25 Douwe van 
Sinderen 

Lactococcal phage-host interactions at a 
molecular level: a cheesy story 

15:50 Mateo Seoane-
Blanco 

Salmonella virus Epsilon15 tailspike has multiple 
binding sites and two catalytic activities 

16:05 Anders Nørgaard 
Sørensen 

Diversity and evolution of tail spike proteins of 
Ackermannviridae phages 

16:20 Shin-Yae Choi Insertion tolerance regions for synthetic RNA 
phage engineering 

16:35 Coffee Break 

Session 8: Ecology and evolution of microbial viruses II 

Chairs: Kelly Williams and Curtis Suttle             

17:10 Cristina Moraru Using cultivations to discover new phage 
diversity in the marine environment 

17:35 Valerian V. Dolja Global metatranscriptome analysis reveals vast 
diversity of novel RNA viruses in protists and 
other eukaryotes 

17:50 Cynthia Silveira Marine viral infection networks revealed 
through proximity-ligation sequencing 

18:05 Karin Holmfeldt Seasonality and transcriptomic responses of the 
Rheinheimera phage-host system from the 
Baltic Sea 

18:20 Yichang Zhang The influence of early life exposures on the 
infant gut virome 

18:35 Marianne De 
Paepe  

Intestinal virome in Crohn's disease patients  

20:00 Conference Dinner and Group Photo 

Thursday, 21st July 

Session 9: Virus-host interaction: molecular mechanisms I 

Chairs: Laurent Debarbieux and Luís Melo 

08:30 Julia Frunzke Phage defense at the multicellular level – from 
small molecules to cellular development 
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08:55 Daniella Schatz Ecological significance of extracellular vesicles in 
modulating host-virus interactions during algal 
blooms 

09:20 Ombeline Rossier Genetic dissection of host takeover by phage 
T5: developing tools for genome engineering of 
large virulent phages 

09:35 Chaffringeon 
Lorenzo 

The gut environment regulates bacterial gene 
expression which modulates susceptibility to 
bacteriophage infection 

09:50 Julián Bulssico Phage-Antibiotic Synergy for filamentation-
inducing antibiotics 

10:05 Hanne Hendrix Exploring protein lysine acetylations during 
phage infection in Pseudomonas aeruginosa 

10:20 Coffee Break 

Session 10: Agro-food, veterinary and environmental biotechnology 

application II 

Chairs: Martin Loessner and Ana Oliveira 

10:50 Mathias 
Middelboe 

Phages select for non-virulent variants of 
Flavobacterium pathogens: implications of 
pathogen control in aquaculture  

11:15 Sanna Sillankorva Ultrasonic spray deposition of a bio-based 
coating loaded with the Salmonella phage Felix 
01 on food contact materials 

11:40 Graça Pinto Unveiling the impact of STEC infecting phages 
on the colon microbiota using an in vitro 
fermentation model 

11:55 Ewelina Wójcik Multi-aspect safety assessment of 
bacteriophage products dedicated for animal 
health 

12:10 Golam Shaharior 
Islam 

Evaluation of spray-dried microencapsulated 
phage cocktail to control Salmonella carriage 
and shedding in weaned pigs 

12:25 Lunch 

13:30 POSTERS SESSION III 

Session 11: Virus-host interactions 

Chairs: Karen Maxwel and José Penades 

15:00 Tessa Quax Infection mechanism of haloarchaeal viruses 

15:25 Stefanie Barbirz A sweet key to bacteriophage infection: 
Polysaccharide interactions at Gram-negative 



bacterial surfaces and in extracellular glycan 
matrices 

15:50 Véronique 
Ongenae 

Reversible bacteriophage resistance by 
shedding the bacterial cell wall 

16:05 Patrick Arthofer Abortive infection and defensive symbiosis - 
novel defense strategies against giant viruses 

16:20 Ana Gouveia Unraveling bacterial determinants of tolerance 
to endolysin lytic action 

16:35 Coffee Break 

17:10 Andrew Kropinski 

Evelien & 

Adriaenssens 

Workshop on Viral Genomics and Taxonomy - 

from isolate to GenBank and beyond 

Friday, 22nd July 

Session 12: Biotechnology applications in health care II 

Chairs: Krystyna Dabrowska and Martha Clokie            

08:30 Graham Hatfull Discovery, dynamics, engineering, and the 
therapeutic opportunities for phage treatment 
of Mycobacterium infections 

08:55 Jeremy Barr Fundamentally applied phage biology 

09:20 Sarah Djebara Phage therapy: a Belgian experience 

09:35 Alexandra von 
Strempel 

Targeted design and manipulation of defined 
microbial consortia by bacteriophages 

09:50 Luca Ulfo Selective photokilling of colon cancer cells using 
a spheroid-penetrating phage retargeted to the 
fibronectin receptor 

10:05 Kevin Champagne-
Jorgensen 

Phages promote polarization of M1 
macrophages 

10:20 Coffee Break 

Session 13: Round Table: Current state and latest developments of phage 

therapy 

Chair: Tobi Nagel 

10:50 Jean-Paul Pirnay, Patrick Soentjens, Ran Nir-Paz, Martha Clokie, Sofia 
Corte-Real 

12:25 Career Award 

13:00 Lunch 

Session 14: Virus-host interaction molecular mechanisms II 

Chairs: Lone Brøndsted and Carlos São-José                    
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14:30 José Penadés Bacteriophages mobilise pathogenicity islands 
encoding immune systems as weapons to 
eradicate competitors 

14:55 Alexander Hynes Biasing bacteriophage behaviours 

15:10 Edze Westra Regulation of prophage induction and 
lysogenization by phage communication 
systems and the SOS response 

15:25 Audrey Labarde Compartmentalization of bacteriophage SPP1 
replication and assembly in the Gram-positive 
bacterium Bacillus subtilis 

15:40 Raphael 
Laurenceau 

Diversity generating retroelements: from phage 
host-range evolution to targeted mutagenesis 
tools 

15:55 John Chen Dual pathogenicity island transfer by a novel 
form of lateral transduction 

16:10 Coffee Break 

Session 15: New horizons, new conquests! 

Chairs: Julia Frunzke and Rob Lavigne                      

16:25 David Bikard Phages and their satellites encode hotspots of 
antiviral systems 

16:50 Peter Fineran Type III CRISPR-Cas provides resistance against 
nucleus-forming jumbo phages via abortive 
infection 

17:15 Carlos São-José On the occurrence and multimerization of two-
polypeptide phage endolysins encoded in single 
genes 

17:30 Samuel Kilcher Enhancing bacteriophage therapeutics through 
in situ production and release of heterologous 
antimicrobial effectors 

17:45 Katharina Höfer How to connect RNAs with proteins? -
RNAylation of proteins 

18:00 Carina Büttner Structural insight into giant virus infection of 
marine picoplankton 

18:15 Closing session and Awards 

 





29 
 

 

 

 

 

 

 

 

ORAL COMMUNICATIONS 

ABSTRACTS 





31

4. ORAL COMMUNICATIONS - ABSTRACTS

July 18

Bird’s Eye View

July 19

Session 1: Ecology and evolu�on of microbial viruses I

Session 2: Virus structures and func�on I

Session 3: Agro-food, veterinary and environmental biotechnology
applica�ons I

Session 4: Biotechnology applica�ons in health care I

Algal Ecology from a Virus's View . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .35

Sparrow's View on Phage Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .36

Sequencing ribosomal RNA to to infer taxon-specific lysis in microbial communi�es . . . . . . . . . . . . . .37

Evolu�onary and ecological aspects of CRISPR-Cas – phage interac�ons . . . . . . . . . . . . . . . . . . . . . . . . .38

Uncultured giant viruses in soil exhibit previously unseen capsid morphologies . . . . . . . . . . . . . . . . . .39

Phage superinfec�on exclusion factors against host cell scarcity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .40

Virus-host interac�ons in a municipal landfill include non-specific viruses, hyper-targe�ng, and
interviral conflicts

. . .41

Asgard Archaeal Viruses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .42

DNA recogni�on and capsid expansion during virus assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .43

The secrets of unique lemon-shaped viruses of Archaea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .44

Towards a complete molecular descrip�on of infec�on ini�a�on by bacteriophage T7 . . . . . . . . . . . .45

Mechanism of virion forma�on of the Emiliania huxleyi virus 201 enveloped by two
membranes

. . .46

Implica�ons of endolysin diversity on phage-host adapta�on and evolu�on . . . . . . . . . . . . . . . . . . . . .47

Cell wall polysaccharides- the gate-keepers of phage infec�on in Streptococcus thermophilus . . . . .48

Infec�on of Erwinia amylovora by the phages S6 and M7 depends on bacterial cellulose . . . . . . . . . .49

How to produce phage tail-like par�cles from phages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .50

Phage biocontrol of rhizogenic Agrobacterium: solving the root of the problem. . . . . . . . . . . . . . . . . .51

SMART Design of a Mul�-Receptor Phage Cocktail Against Salmonella and Impact of Phage Re-
sistance on Bacterial Fitness

. . .52

Iden�fica�on of Bacterial Pathogens in Sepsis Using Bacteriophage Present in Circula�ng Free
DNA

. . .53

Phages playing molecular Lego . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .54



32

July 20

Session 5: Host defence and viral evasion mechanisms

Session 6: Virus-host interac�on: overcoming cell barriers

Session 7: Virus structures and func�on II

Session 8: Ecology and evolu�on of microbial viruses II

Efficacy against dual-species biofilms using phage-an�bio�cs combina�ons is independent of
the biofilm model

. . .55

Chimeric endolysins selec�vely kill S. aureus in vitro, on recons�tuted human epidermis, and
on murine skin

. . .56

Engineering of endolysins for the targeted treatment of localized Staphylococcus aureus
infec�ons

. . .57

From biological data to new phage-based an�microbials: the case of AMP-like regions in
Gram-nega�ve phage endolysins

. . .58

Pseudomonas prophages exploit bacterial signalling to modulate phage defence . . . . . . . . . . . . . . . . .59

New mechanisms of an�-phage defense . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .60

Cyclic nucleo�des in bacterial immune response: a glue for deadly molecular assemblies. . . . . . . . .61

Biological consequences of 7-deazaguanine hypermodifica�ons in phage genomes. . . . . . . . . . . . . . .62

Discrimina�on of phages and plasmids through inverse regula�on of surface-based and
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Algal Ecology from a Virus's View
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With more than 70% of the living biomass in the oceans being microbial, marine viruses have plenty
of unicellular hosts to choose from. Forming the base of virtually every pelagic marine food web,
key for taking up carbon dioxide (via photosynthesis) and responsible for half the oxygen produc�on
on Earth, phytoplankton are important microorganisms. Viruses for all taxonomic groups have been
reported but a more detailed comprehension of their impact on popula�on dynamics of the various
phytoplankton under natural condi�ons, the related carbon cycling and hence the produc�vity of
the ecosystem, is s�ll limited. 

Using methods developed to enumerate aqua�c viruses and determine the host specific mortality
rates in the field, we show that viral lysis is a highly important loss factor for marine microorganisms
with average rates comparable to the more tradi�onal losses by preda�on. We translate our find-
ings to biogeochemical fluxes to understand how viral ac�vity affects the mass balance differently
than thus far thought and modeled. Dependent on their hosts’ metabolism, viral produc�on is influ-
enced by environmental factors affec�ng host growth and viability. At the same �me, environmen-
tal variables regulate viral abundance through par�cle decay and loss of infec�vity. Considering the
increasing pressure of global climate change on aqua�c systems, it is �mely to study also virus-host
interac�ons under different environmental condi�ons. Well-controlled experimental studies using
key virus-host model systems are used to unravel underlying mechanisms. During this presenta�on,
I will illustrate the ecological importance of marine viruses and highlight some of the environmental
controls on virus produc�on and availability.
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Sparrow's View on Phage Research
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It is now well-recognized that phages can influence the balance of microbial ecosystems, including
our microbiota. Phages are also excellent viral models applicable to various research areas, includ-
ing as surrogates in aerovirology studies related to the ongoing pandemic. Phages can also be both
friends and foes. Friends since they suppress bacterial popula�ons with harmful proper�es, includ-
ing pathogenic bacteria. Thus, phages can have industrial and medical applica�ons as biocontrol
agents. Foes because they can destroy bacteria that play key roles in fermenta�on and biotechnolo-
gy processes. Understanding their biology, ecology and evolu�on is s�ll of utmost importance to de-
velop new defence strategies to control them in fermenta�on processes as well as to op�mize their
use as an�bacterial agents in food safety and public health. Finally, the last decade has seen a
heightened awareness of the value of collec�ons of viruses for the conserva�on of gene�c re-
sources and biodiversity. Phage collec�on ini�a�ves have increased lately but long-term support
will be essen�al to maintain these infrastructures.
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Sequencing ribosomal RNA to to infer taxon-specific lysis in microbial communities
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Viruses of marine microbes are the most abundant biological en��es in the oceans, where each day
they are es�mated to kill about 20% of the living material, by weight, and in the process shape mi-
crobial communi�es and drive biogeochemical cycles. Yet, despite their cri�cal role in marine
ecosystems, the rela�ve amount of lysis experienced by different microbial taxa has remained un-
known. By sequencing extracellular ribosomal RNA (rRNA ) produced by cell lysis we are able to
quan�fy those taxa in which lysis has occurred. In ten seawater samples collected at five depths be-
tween the surface and 265 m during and following a phytoplankton bloom, lysis was detected in
about 15% of 16,946 prokaryo�c taxa, iden�fied from amplicon sequence variants (ASVs), with lysis
occurring in up to 34% of taxa within a water sample. The ra�o of rRNA  to cellular rRNA
(rRNA ) was used as an index of taxon-specific lysis, and revealed that higher rela�ve lysis was
most commonly associated with copiotrophic bacteria that were in rela�vely low abundance, such
as as members of the Bacteriodetes; whereas, rela�vely low lysis was more common in taxa that
are o�en rela�vely abundant, such as members of the Pelagibacterales (i.e. SAR11 clade),
cyanobacteria in the genus Synechococcus, and members of the phylum Thaumarchaeota. These
results provide an explana�on as to why highly produc�ve bacteria that are readily isolated from
seawater are o�en in low abundance. The ability to es�mate taxon-specific cell lysis adds an impor-
tant tool in our quest to explain the distribu�on and abundance of specific microbial taxa in nature,
as well as allows how lysis in a specific taxon can be affected by environmental condi�ons.

1 1 1 1,2,3,4*

ext

ext
cell

mailto:suttle@science.ubc.ca
mailto:xzhong@eoas.ubc.ca


38

July 19 |  Session 1: Ecology and evolu�on of microbial viruses I | Talk Code: IT04

CRISPR-Cas bacteria-phage interac�on evolu�on coevolu�on an�-CRISPR

Evolutionary and ecological aspects of CRISPR-Cas – phage interactions
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Many bacteria rely on CRISPR-Cas immunity to defend themselves against infec�ons with bacterio-
phages. I will share our latest insights on the (co-)evolu�onary and ecological consequences of
CRISPR-Cas immunity for both hosts and phages, and how this is shaped by phage-encoded
counterdefenses.
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Uncultured giant viruses in soil exhibit previously unseen capsid morphologies
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Giant viruses of pro�sts reach bacterial dimensions in capsid size and genome complexity. Metage-
nomic surveys have revealed an unexpected degree of gene�c diversity among giant viruses, yet
based on the limited number of cultured virus-host systems, li�le is known about their biological
proper�es.

Here, we use electron microscopy (EM) to survey the diversity of giant viruses from a different an-
gle. We explore the shapes of giant virus-like par�cles (gVLPs) in forest soil using high-resolu�on
nega�ve-stain EM.

A�er enrichment for par�cles in the 0.2 - 1.2 μm size frac�on we analysed more than 600 EM im-
ages and measured bacteriophages and gVLPs.

We found a diverse array of gVLPs in organic horizon soil, whereas diversity was no�ceably lower in
mineral horizon soil. Icosahedral capsids with a diameter of 300-500 nm were o�en decorated with
surface modifica�ons such as fibers, tubes, and unique vertex structures, including many previously
unseen morphotypes.

Non-icosahedral, ovoid par�cles with features reminiscent of pandoraviruses were also present, al-
though a clear viral affilia�on was more difficult to determine in these cases.

Our results show that the diversity of giant virus morphotypes in forest soil is comparable to that of
viral genomes, encouraging further studies to isolate and characterize novel virus-host systems in
culture.

1* 1 2
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Phage superinfection exclusion factors against host cell scarcity
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Temperate bacterial viruses spread through host popula�ons using both horizontal and ver�cal
transmission routes that are typically supported by ly�c or lysogenic development at the cellular
level. Upon entering a host cell, viral commitment to either lysis or lysogeny is o�en affected by
cues relaying informa�on on the surrounding virion-to-host cell ra�o. For several temperate model
systems studied, these cues favor lysogenic development when this ra�o is high and available host
cells become scarce. Through anomalies observed in Salmonella Typhimurium chemostat popula-
�ons infected by temperate bacteriophage P22, we discovered that subpopula�ons of S. Typhimuri-
um become ly�cally consumed despite high phage-to-host ra�os that would normally favor lysoge-
ny. We found that these subpopula�ons originate from the prolifera�on of P22-free siblings that
spawn off from previously reported P22 carrier cells from which they cytoplasmically inherit P22-
borne superinfec�on exclusion factors (SEFs). We demonstrate that the gradual dilu�on of these
SEFs in the growing subpopula�on of P22-free siblings limits the number of incoming phages, there-
by imposing the (intracellular) percep�on of a low phage-to-host ra�o that favors ly�c development
and boosts phage produc�on. While SEFs have so far been regarded as protec�ng established lyso-
gens from superinfec�on, our data indicate that they can spur complex infec�on dynamics in the
face of host cell scarcity.

1a* 1a 2 2 1,2
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Virus-host interactions in a municipal landfill include non-specific viruses, hyper-
targeting, and interviral conflicts
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Viruses are the most abundant microbial guild on the planet and impact microbial community struc-
ture and ecosystem services. Viruses are underrepresented in databases and specifically understud-
ied in engineered environments. Using metagenomics, we examined host-associated viruses from a
municipal landfill across two years via CRISPR spacer to viral protospacer mapping. Approximately
46,000 viral elements were iden�fied using VirSorter. 1,858 Metagenome-Assembled Genomes
(MAGs) were iden�fied using three automated algorithms (CONCOCT, MetaBAT2, and Maxbin2),
DAS Tool for consensus-based binning, and CheckM for quality filtering. Viruses comprised ~5% of
the assembled community DNA sequence. A total of 506 unique virus-host connec�ons capture hy-
per-targeted viral popula�ons and host CRISPR array adapta�on over �me, as well as viruses pre-
dicted to infect across mul�ple phyla, sugges�ng that some viruses may be far less host-specific
than is currently understood. Hyper-targeted viral elements showed a rela�ve deple�on in Chi sites
which we predict influences host CRISPR-Cas systems’ dispropor�onate recruitment of spacers from
these gene�c elements. We detected 190 viral elements that encode CRISPR arrays, including the
longest virally-encoded CRISPR array described to date, with 187 spacers. CRISPR-encoding
proviruses integrated into host chromosomes were observed, as examples of CRISPR-immunity-
based superinfec�on exclusion. Our networks highlight virus-host interac�ons that are rare or have
not previously been described, but which influence the ecology of this dynamic engineered system.
We intend to use these networks as a framework to understand how virus-induced host mortality
may be influencing landfill processes such as nutrient cycling and contaminant degrada�on.

1* 1

mailto:nageorge@uwaterloo.ca


42

July 19 |  Session 1: Ecology and evolu�on of microbial viruses I | Talk Code: ST04

viral metagenomics Archaeal Virus environmental

Asgard Archaeal Viruses
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Asgard Archaea are proposed to be the closest descendants of the archaeal cell that gave rise to the
first eukaryo�c cells. Viruses have been predicted to play a role in the origin of eukaryotes through
the viral eukaryogenesis (VE) hypothesis, which postulates that the eukaryo�c nucleus originated
from an ancient virus with replica�on machinery akin to nucleocytoplasmic large DNA viruses
(NCLDVs). In this work, we characterize the genomes of 6 Asgard viruses capable of infec�ng repre-
senta�ves of Lokiarchaeota (Fenrir and Sköll viruses) and Helarchaeota (Nidhogg and Ratatoskr
viruses) phyla. Asgard virus-host predic�ons were determined by matching CRISPR spacers from
metagenome-assembled genomes (MAGs) to uncul�vated virus genomes (UViGs) recovered from
hydrothermal vent-associated sediments in Guaymas Basin. Ini�al genomic analyses of these viruses
reveal a mix of prokaryo�c and eukaryo�c viral features, with predominantly Caudovirales-like viral
hallmark proteins. 1-5% of Asgard viral proteins are similar to those in NCLDVs. These viruses are
predicted to have the ability to perform semi-autonomous genome replica�on, repair, epigene�c
modifica�ons, and transcrip�onal regula�on. Phylogene�c analysis of Asgard viruses DNA poly-
merase B reveals a diverse origin of the polymerase within this group.

In addi�on, we have developed a novel approach for the detec�on of Asgard proviruses that has
iden�fied 41 in Asgard genomes (13 complete). This expanded database of Asgard viruses will allow
a more thorough explora�on of the VE hypothesis, such as iden�fying Asgard virus NCLDV-like pro-
teins involved in the segrega�on of transcrip�on and transla�on. This work significantly expands
our knowledge of Asgard viruses and thus will help elucidate the poten�al role of these viruses in
the VE hypothesis as well as the evolu�onary history of eukaryotes.

1* 1 1,2 1 1
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DNA recognition and capsid expansion during virus assembly
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Tailed bacteriophages u�lise sophis�cated machinery to recognise, process and translocate their ge-
nomic DNA into preformed empty capsids. The small terminase is an essen�al part of this machine.
This protein recognises viral genome and recruits large terminase for subsequent transloca�on of
DNA into the capsid. Structures of small terminase proteins from different bacteriophages reveal
similari�es, but also certain differences, indica�ng poten�al mechanisms of DNA recogni�on.

To understand changes in capsid structure during virus assembly, we determined structure for the
P23-45 bacteriophage capsid in immature and mature states. Cryo-EM reconstruc�ons reveal con-
forma�onal changes associated with capsid expansion. Capsomer interac�ons in the expanded cap-
sid are mul�-layered, being reinforced by forma�on of addi�onal interac�ons in the mature state.
Despite a two-fold increase in the internal volume of the mature capsid, its structural integrity is
maintained at extreme temperatures.

Reconstruc�ons of the procapsid and the expanded capsid defined the structure of the unique por-
tal-containing vertex and indicated how transloca�on of DNA into the capsid could be modulated by
a changing mode of protein–protein interac�ons between portal and capsid, across a symmetry
mismatched interface. Structural data also indicated how portal protein may work as a one-way
valve, naturally safeguarding virus against genome loss.

1 1 2 1 1
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The secrets of unique lemon-shaped viruses of Archaea
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Over billions of years of evolu�on, viruses have ‘‘invented’’ capsids on mul�ple independent occa-
sions from nonhomologous and structurally unrelated proteins. Nevertheless, the majority of
known viruses package their genomes into icosahedral or filamentous helical protein capsids or nu-
cleocapsids. Viruses infec�ng archaea notoriously deviate from this general paradigm by producing
virions with unique, odd-shaped morphologies, which are not observed among bacterial or eukary-
o�c viruses. Such archaea-specific virion architectures resemble droplets, champagne bo�les, or
spindles. Viruses with spindle-shaped (or lemon-shaped) virions are par�cularly common in diverse
extreme and moderate environments and infect a wide range of archaeal lineages. During my talk I
will present our recent findings on the structural organiza�on of lemon-shaped virions and discuss
how this informa�on explains the emergence of this unique virion morphology.
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Towards a complete molecular description of infection initiation by bacteriophage
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T7 gene 7.3 dele�on mutants fail to adsorb to cells. Our study of second-site revertants that par�al-
ly restore infec�vity has revealed intermediates of the molecular mechanism of T7 infec�on. Using
single-par�cle cryo-EM analyses of both mature phage and infec�on intermediates we have eluci-
dated how tail fibers rotate from a capsid-bound conforma�on to an extended state, revealed how
the genome terminus is held by the portal in a conforma�on that allows the essen�al internal core
proteins to be ejected into the infected cell, and show two of those proteins in a par�ally ejected
state. We further delineate a DNA sequence mo�f in T7 that is bound by the portal as correspond-
ing to the genome terminus. This mo�f is conserved in the Autographivirinae and some other cos-
type phages
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Mechanism of virion formation of the Emiliania huxleyi virus 201 enveloped by
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Emiliania huxleyi is a worldwide distributed unicellular marine alga whose cells are covered by cal-
cite disks called coccoliths. By reflec�ng light, the coccoliths influence reten�on of heat in oceans,
which impacts planetary climate [1]. Emiliania huxleyi virus 201 (EhV-201) and related nucleocyto-
plasmic large DNA viruses limit the popula�on growth of E. huxleyi [2].

Virion of EhV-201 is pleiomorphic in shape, therefore we used localised reconstruc�on of small frac-
�ons of the virion edges to elucidate its complex ultrastructure, comprising an inner membrane,
capsid, outer membrane, and surface protein envelope. Furthermore, we used focused ion beam
milling and cryo-electron tomography to characterize the forma�on of EhV-201 virions in E. huxleyi
cells. The par�cle assembly is ini�ated on membrane fragments, which separate from the endoplas-
mic re�culum. Assembly of the capsid proteins at the outer surface of the membrane fragment in-
duces its bending and gradual forma�on of capsids containing a membrane sack. Virus DNA is pack-
aged into the pre-formed par�cles through an opening in the capsid and inner membrane. The
genome-filled intermediates bud into intracellular vesicles, and in this process, acquire the outer
membrane and protein envelope. Virions are released from the cell by exocytosis or lysis of the in-
fected alga. Our results give structural insight into the forma�on of EhV-201 – a pathogen that influ-
ences the Earth’s climate.
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Endolysins are produced by (bacterio)phages to rapidly degrade the bacterial cell wall and release
new viral par�cles. Despite sharing a common func�on, endolysins present in phages that infect a
specific bacterial species can be highly diverse and vary in types, number, and organiza�on of their
cataly�c and cell wall binding domains. While much is now known about the biochemistry of phage
endolysins, far less is known about the implica�on of their diversity on phage-host adapta�on and
evolu�on.

Using CRISPR-Cas9 genome edi�ng, we could gene�cally exchange a subset of different endolysin
genes into dis�nct lactococcal phage genomes. Regardless of the type and biochemical proper�es
of these endolysins, fitness costs associated to their gene�c exchange were marginal if both recipi-
ent and donor phages were infec�ng the same bacterial strain, but gradually increased when taking
place between phage that infect different strains or bacterial species. From an evolu�onary per-
spec�ve, we observed that endolysins could be naturally exchanged by homologous recombina�on
between phages coinfec�ng a same bacterial strain. Furthermore, phage endolysins could adapt to
their new phage/host environment by acquiring adapta�ve muta�ons in regions that interacts with
pep�doglycan. Dele�on of en�re domains, varia�on in the length of the linker connec�ng them and
modifica�on of parts involved in the regula�on of the enzymes was also observed.

These observa�ons highlight the remarkable ability of phage ly�c systems to recombine and adapt,
and therefore explain their large diversity and mosaicism. It also indicates that evolu�on should be
considered to act on func�onal modules rather than on bacteriophages themselves. Furthermore,
the extensive degree of evolvability observed for phage endolysins offers new perspec�ves for their
engineering as an�microbial agents.
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The dairy fermenta�on industry profoundly depends on reliable, technologically favourable and ro-
bust starter cultures. Lactococcus lac�s and Streptococcus thermophilus strains are the most widely
applied starter cultures in the dairy industry globally. One of the most significant and consistent
threats to these fermenta�on processes is infec�on of these starter bacteria by bacterial viruses,
called (bacterio)phages. Five groups of dairy streptococcal phages are currently described. Recently,
the Rgp (rhamnose glucose polymer) and EPS (exopolysaccharide) components, which present sac-
charidic polymers around the S. thermophilus cell surface have been implicated in host recogni�on
and binding by phages of this species. The gene clusters that underpin the biosynthesis of these
structures have been compared and analysed using hierarchical clustering and func�onal annota-
�on tools to establish the diversity and func�onali�es associated with the encoded dairy strepto-
coccal Rgp structures. Furthermore, the chemical structures of a selec�on of strains represen�ng
dis�nct Rgp genotypes have been elucidated and the structural diversity correlates well with the ge-
ne�c diversity within the Rgp gene clusters. We postulate that the diversity of Rgp structures ac-
counts, at least in part, for the high degree of specificity of dairy streptococcal phages.
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Erwinia amylovora is a member of the Erwiniaceae and the causa�ve agent of fire blight, a severe
disease of Rosaceae plants. To prevent infec�on, streptomycin is usually applied during the flower-
ing period. However, in some countries use of streptomycin was banned due to the spread of an�bi-
o�c resistance. E. amylovora usually infects host blossoms via the s�gma and invades the ovary. Lat-
er it spreads through the xylem vessels of an infected plant. In the xylem vessels E. amylovora pro-
duces high amounts of exopolysaccharides (EPS), e.g., a capsule, which leads to ooze forma�on and
canker development. The capsule is composed of different carbohydrates such as amylovoran, lev-
an, and cellulose, respec�vely.

As an alterna�ve to an�bio�cs, the applica�on of bacteriophages for fire blight control is a promis-
ing alterna�ve. Transposon mutagenesis of E. amylovora revealed that adsorp�on of phage S6
(Schitoviridae) and M7 (Myoviridae) depends on the bacterial cellulose synthesis (bcs) operon. Dele-
�on of the bcs operon or associated genes (bcsA, bcsC, and bcsZ) verified the crucial role of bacteri-
al cellulose for S6 and M7 infec�on. Applica�on of the cellulose binding dye Congo Red blocked in-
fec�on by both phages. In addi�on, we demonstrate that infec�ve S6 virions degraded cellulose to
glucose molecules and that Gp95, a phage encoded cellulase, is involved to catalyze the reac�on.
On detached blossoms the phages did not significantly inhibit fire blight symptom development.
Moreover, dele�on of bcs genes in E. amylovora did not affect bacterial virulence in blossom infec-
�ons, indica�ng that sole applica�on of cellulose targe�ng phages is less appropriate to bio-control
E. amylovora. Finally, the interplay between cellulose synthesis, host cell infec�on, and mainte-
nance of the host cell popula�on is discussed.
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Bacteriophages (phages) are promising an�microbials to be used to combat life-threatening mul-
�resistant bacterial infec�ons. Yet, the use of phages as therapeu�cs also present drawbacks, as
they may be inac�vated by the numerous defense systems developed by bacteria. Phage tail-like
par�cles are high-molecular-weight bactericidal protein par�cles that resemble tail structures of
phages, allowing them to kill bacteria by puncturing and disrup�ng their membrane poten�al.
Phage tail-like par�cles are made of a contrac�le (or non-contrac�le) tail, consis�ng of a central
spike-carrying tube surrounded by a sheath and the baseplate with associated tail fibers that work
as receptor binding proteins (RBPs). In nature, they allow bacteria to compete for ecological niches
and are produced by many different species.

While many studies have focused on engineering RBPs to change the host range of a few sets of
well characterized phage tail-like par�cles, another strategy is to turn phages already having the de-
sired host range into new phage tail-like par�cles by removing the phage head. This strategy is sup-
ported by the observa�on that a T4 phage mutant without the major capsid protein retains its
killing proper�es.

Here, we present different strategies used to produce phage tail-like par�cles. These include burst-
ing the phages head off in a suspension using a hypotonic shock and overproduc�on of tail par�cles
during a high MOI infec�on cycle. We will furthermore demonstrate how ly�c phages can be engi-
neered into tail-like par�cles by removing genes essen�al for capsid forma�on using CRISPR-cas. Fi-
nally, we will show the poten�al of such phage-based tail-like par�cles as an alterna�ve therapeu�c
strategy.
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Hydroponically grown tomatoes, bell pepper, cucumber and eggplant suffer from ‘crazy roots dis-
ease’, caused by rhizogenic Agrobacterium biovar 1 (Ab1). This disease causes an abnormal root
prolifera�on with associated yield losses of 10% and higher. Currently, mi�ga�on strategies include
disinfec�ng irriga�on water using hydrogen peroxide and/or UV light, but the number of infected
greenhouses has dras�cally increased over the last decade. Therefore, an integrated pest manage-
ment (IPM) is urgently needed to tackle this disease. Bacteriophages could be an important ele-
ment in IPM, because they have a specific ac�vity range and can o�en break down biofilms, allow-
ing them to kill the bacteria colonizing the irriga�on tubing.

Over the past three years, five different Ab1-specific phage species have been isolated from differ-
ent Flemish greenhouses: a collec�on that can infect 86% of a representa�ve bacterial collec�on
consis�ng of ten genomospecies, sampled over the past decade. These phages were sequenced and
their tolerance to the different condi�ons to which they are exposed in greenhouses was assessed.
The ability of the phages to kill Agrobacterium in rich medium and greenhouse nutrient solu�on
was assessed. During this treatment, phage resistant mutants were isolated, analyzed by whole
genome sequencing and assessed for virulence. Based on these results, phages were selected for an
ongoing long-term greenhouse trial. Here, samples are taken on a regular basis to determine the
amount of ac�ve phage par�cles present, the concentra�on of virulent Agrobacterium and for
metataxonomic analysis of the microbial composi�on in the rockwool mats. As such, the effec�vity
of the phages to tackle this notorious disease is addressed while inves�ga�ng the influence of
phage biocontrol on the microbiome residing in the greenhouse.
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Salmonella is one of the most prevalent food-borne bacterial pathogens around the world causing
salmonellosis in humans. Several outbreaks and recalls have been associated with the consump�on
of contaminated poultry products. The use of broad host range ly�c bacteriophages (phages) as bio-
control agents has recently emerged as a novel approach to enhance food safety. However, emer-
gence of phage resistance remains one of the major challenges of this technology. Hence the objec-
�ve of this study was to overcome this hurdle through formula�ng a mul�-receptor phage cocktail.
The developed phage cocktail in this study targets four different receptors on the bacterial surface:
O-an�gen, BtuB, OmpC, and rough Salmonella strains. The host range, morphotype, receptor, infec-
�on kine�cs, genome sequence, temperature and pH stability of all phages comprising the cocktail
was characterized. The phage cocktail significantly inhibited the growth of 66 Salmonella strains
represen�ng 22 serovars. Moreover, the efficacy to control the growth of Salmonella on chicken
skin was assessed. Phage cocktail applica�on at 7 log  PFU/mL showed a bacterial count reduc�on
of around 3.5 log  CFU/cm a�er 48 hours at 25 and 15°C, and 2.5 log  CFU/cm  at 4°C when
compared to the control. Lastly, the emergence of bacteriophage resistance mutants (BIM) against
the phage cocktail was studied in Salmonella Enteri�dis. The average BIM frequency against the
cocktail was calculated to be 6.22 x 10 , significantly lower compared to single phage (P<0.05). A
BIM strain showing cross-resistance to all phages was isolated to study the impact of phage resis-
tance development. A genome sequence analysis revealed muta�ons in genes encoding for tRNA
ligase (thrS), vitamin B12 receptor (btuB), and O-an�gen biosynthesis (r�K and r�P). More experi-
ments are in progress to understand the cost of phage resistance, including an�bio�c suscep�bility
assays, phenotypic microarrays, and transcriptomics.
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We have asked whether bacteriophage, viruses that parasi�ze bacteria, might enable species and
strain-level insights into the iden�ty of bacterial pathogens in sepsis. To this end, we generated a
computa�onal pipeline for iden�fying bacterial hosts associated with bacteriophage.  In two inde-
pendent cohorts of sep�c pa�ents and asymptoma�c controls, we demonstrate that bacteriophage
are present in plasma circula�ng free DNA (cfDNA) sequenced using conven�onal next genera�on
sequencing. We find that healthy individuals have a circula�ng phageome and that this is disrupted
in sepsis, allowing for the iden�fica�on of bacterial pathogens. This approach can dis�nguish be-
tween pathogenic and commensal Escherichia coli strains and between Staphylococcus aureus and
coagulase-nega�ve Staphylococcus infec�ons. Circula�ng phage DNA may have u�lity in iden�fying
bacterial pathogens and dis�nguishing them from commensal flora in sepsis and other se�ngs. 
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Phages are subject to rapid evolu�on given their short replica�on cycle and high turnover rate.
While the accumula�on of small gene�c changes (ver�cal transfer) allows for gradual adap�ve evo-
lu�on, horizontal transfer, or the exchange of gene�c fragments, is the most disrup�ve evolu�onary
force driving this process. Phages encode at least two key proteins that are featured by a high mod-
ularity and that are shaped by intense horizontal transfer events: receptor-binding proteins to ini�-
ate infec�on and endolysins to achieve cell lysis. Their modules have an autonomous folding and
dedicated func�on, and they are steadily reused. While the natural collec�on of available modules
allows for a prac�cally infinite number of modular combina�ons, the Darwinian selec�on process
has withheld the best adapted modular proteins in view of their natural role in phages. We study
the modularity of these modular phage proteins and apply the recently developed VersaTile tech-
nique to mimic horizontal transfer with an unprecedented throughput on a lab scale for directed
evolu�on of receptor-binding proteins and endolysins. As such we develop synthe�c phages with
swapped receptor-binding proteins and tailor-made endolysins to be used as enzyme-based
an�bio�cs.
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Pseudomonas aeruginosa and Staphylococcus aureus are opportunis�c pathogens commonly found
in polymicrobial infec�ons, namely in wounds and in respiratory tract infec�ons. Both organisms
frequently cause chronic biofilm infec�ons and due to their an�bio�c tolerance are very challenging
to control. We have previously shown that the combined treatments of Pseudomonas phage EPA1
and gentamicin have increased an�-biofilm ac�vity against mono and dual-species biofilms formed
in micro�ter plates.

Here, we developed an innova�ve approach to study the efficacy of phage-an�bio�c combina�ons
in two in vivo-like models: a three-dimensional lung epithelial model that mimics aspects of the
parental �ssue and an ar�ficial wound model. The efficacy of single, simultaneous and sequen�al
treatments were compared. In the lung model, the sequen�al treatment of phages and gentamicin
resulted in P. aeruginosa biofilm eradica�on. In ar�ficial dermis, sequen�al treatment was also the
treatment where higher reduc�ons of culturable cells was observed in dual-species biofilms. Global-
ly, our data suggests that the sequen�al phage treatment causes an adjuvant effect by lowering the
MIC value of the phage-surviving popula�on.

LDH test showed that this sequen�al applica�on of phages and an�bio�cs is not cytotoxic to lung
cells. In addi�on, we observed that on the lung model the 3-D cell integrity was not affected by se-
quen�al treatments.

We also demonstrated that the order in which phages and an�bio�cs are applied lead to different
efficacy outcomes, showing that in clinical prac�ce the �ming to apply an�bio�cs will be very crucial
for the success of treatment.

The sequen�al applica�on of phages and ciprofloxacin was shown to be safe and very efficient
against dual-species biofilms formed in different models simula�ng different types of infec�on and
opening new perspec�ves for their clinical applica�on.
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Staphylococcus aureus causes a broad spectrum of diseases in humans and animals. It is frequently
associated with inflammatory skin disorders such as atopic derma��s, where it aggravates symp-
toms. Treatment of S. aureus-associated skin infec�ons with an�bio�cs is discouraged due to their
broad-range deleterious effect on healthy skin microbiota and their ability to promote the develop-
ment of resistance. Thus, novel S. aureus-specific an�bacterial agents are desirable. We constructed
two chimeric cell wall-ly�c enzymes, Staphefekt SA.100 and XZ.700, which are composed of func-
�onal domains from the bacteriophage endolysin Ply2638 and the bacteriocin lysostaphin. Both en-
zymes specifically killed S. aureus and were inac�ve against commensal skin bacteria such as S. epi-
dermidis, with XZ.700 proving more ac�ve than SA.100 in mul�ple in vitro ac�vity assays. When sur-
face-a�ached mixed staphylococcal cultures were exposed to XZ.700 in a simplified microbiome
model, the enzyme selec�vely removed S. aureus and retained S. epidermidis. Furthermore, XZ.700
did not induce resistance in S. aureus during repeated rounds of exposure to sublethal concentra-
�ons. Finally, we demonstrated that XZ.700 formulated as a cream is effec�ve at killing S. aureus on
recons�tuted human epidermis, and that an XZ.700-containing gel significantly reduces bacterial
numbers when compared to an untreated control in a mouse model of S. aureus-induced skin
infec�on
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Staphylococcus aureus is a leading cause of a variety of systemic and local bacterial infec�ons, in-
cluding osteomyeli�s. Whereas the current standard of treatment for staphylococcal osteomyeli�s
is heavily dependent on an�bio�c therapy, intracellular persisters and the widespread occurrence of
an�bio�c resistance contribute to therapeu�c failure. Moreover, systemic drug applica�on results in
low concentra�ons of the therapeu�c at local infec�on sites due to the general distribu�on
throughout the organism. Thus, novel an�microbials and therapeu�c approaches that efficiently
target extra- and intracellular S. aureus and infected �ssues are urgently needed. Phage-derived en-
dolysins and other pep�doglycan hydrolases (PGHs) cons�tute a novel class of an�microbials of vast
poten�al, as they cause rapid cell lysis upon cleavage of highly conserved target bonds in the bacte-
rial cell wall. We have explored a novel treatment approach for staphylococcal osteomyeli�s that
u�lizes highly staphyloly�c chimeric PGHs modified with cell-penetra�ng homing pep�des (CPHP).
Such func�onal pep�des mediate the �ssue-specific accumula�on of associated therapeu�cs, thus
increasing their local concentra�on and enhancing treatment efficacy. Addi�onally, their cell-pene-
tra�ng characteris�cs allow for the targe�ng of intracellular persisters. We have iden�fied CPHPs
with specificity for osteoblasts using phage display and next genera�on sequencing. Further, the
modifica�on of PGHs with osteoblast-specific CPHPs led to the accumula�on of the therapeu�c in
murine bones upon intravenous administra�on. This translated to an increased treatment efficacy
in a murine model of staphylococcal osteomyeli�s. Our findings show that the modifica�on of PGHs
with �ssue-specific CPHPs presents a viable approach for the systemic treatment of localised infec-
�ons associated with intracellular bacteria.
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endolysins AMP Phage Ly�c Proteins

From biological data to new phage-based antimicrobials: the case of AMP-like
regions in Gram-negative phage endolysins
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(Bacterio)phages and their products, such as (endo)lysins, are some of the most promising alterna-
�ve an�microbials currently under development. Lysins are the enzymes responsible for the degra-
da�on of bacterial pep�doglycan to allow the release of the viral progeny. The exogenous applica-
�on of lysins against Gram-posi�ve bacteria has been extensively proven as a viable alterna�ve to
an�bio�cs. In the case of Gram-nega�ves, the presence of an outer membrane has been tradi�onal-
ly assumed to hinder the efficacy of lysins. However, many developments have called this into ques-
�on. For example, more and more evidence is being gathered on many lysins being intrinsically able
to interact with the outer membrane and even permeabilize it. This has been linked to the presence
of an�microbial pep�de-like (AMP-like) regions within the proteins. In this work, more than 2000
lysin sequences have been analyzed to describe their possible structural adapta�ons to the phage
bacterial host architectures [1]. Specifically, the spread of AMP-like elements was studied to con-
clude that they are a rela�vely general feature among Gram-nega�ve endolysins. The physicochemi-
cal features of such elements were used to select intrinsically ac�ve lysins against Gram-nega�ve
pathogens [2], and one of them (Pae87) was structurally and func�onally characterized, emphasiz-
ing the role of its C-terminal AMP-like pep�de (P87) [3]. In this way, a proof of concept is presented
on how a biodata-driven pipeline can be built up to generate novel phage-based protein an�micro-
bials tailored to specific infec�ons.

[1] Vázquez R, García E, García P (2021). J Virol 95(14): e0032121 h�ps://doi.org/10.1128/jvi.00321-
21

[2] Vázquez R, Blanco-Gañán S, Ruiz S, García P (2021). Front Microbiol 12: 660403
h�ps://doi.org/10.3389/fmicb.2021.660403

[3] Vázquez R, Seoane-Blanco M, Rivero-Buceta V, Ruiz S, van Raaij MJ, García P (2022). Acta Cryst
D78 h�ps://doi.org/10.1107/S2059798322000936
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Pseudomonas prophages exploit bacterial signalling to modulate phage defence
Karen Maxwell 
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Bacteria possess a diverse array of an�-phage defences, many of which are encoded in prophages
and other mobile gene�c elements. While these defences provide a selec�ve advantage in the pres-
ence of phage challenge, this is balanced by a poten�al fitness cost. We recently discovered that
Pseudomonas prophages encode a protein that modulates the ac�vity of the type IV pilus through
an interac�on with the pilus assembly protein PilZ. This protein, known as Zip for PilZ interac�ng
protein, does not abrogate pilus assembly, but fine tunes its ac�vity, providing strong phage resis-
tance without the evolu�onary cost associated with loss of twitching mo�lity. Like CRISPR-Cas de-
fence, Zip expression from the prophage is controlled by quorum sensing. This allows the prophage
to finely tune expression in concert with bacterial cell density, ensuring maximal protec�on when
bacterial popula�ons are at the highest risk of phage infec�on.
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New mechanisms of anti-phage defense
Rotem Sorek 
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The arms race between bacteria and phages led to the development of sophis�cated an�-phage de-
fense systems, including CRISPR-Cas and restric�on-modifica�on systems. There have recently been
a flurry of discoveries showing that the microbial pan-genome contains many new defense systems
whose func�on was so far largely unexplored. The talk will present progress in understanding the
mechanisms of ac�on of new defense systems, and will highlight cases in which bacterial defense
from phage gave rise to key components in the eukaryo�c innate immune system.
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an�phage defense system cyclic nucleo�de abor�ve infec�on CBASS TIR domain

Cyclic nucleotides in bacterial immune response: a glue for deadly molecular
assemblies.
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In recent years there has been a revolu�on in our understanding of prokaryo�c an�viral immune
systems, in par�cular CRISPR and CBASS (Cyclic nucleo�de Based An�phage Signalling Systems).
Studies of CBASS have uncovered the prokaryo�c roots of eukaryo�c innate immunity via the cGAS-
STING pathway. Many of these systems use cyclic nucleo�des as second messengers of infec�on,
triggering effector protein func�on. Here, we unveil the ac�on of a two-domain TIR-SAVED effector
in bacterial immunity. The SAVED domain binds cyclic triadenylate (cA3), resul�ng in the ac�va�on
of the cataly�c TIR (Toll/Interleukin 1 receptor) domain which degrades NAD+ leading to cell death.
By cryo-electron microscopy, we revealed a remarkable new structure, an extended superhelical fil-
ament (colloquially, a “Slinky”) that is the ac�ve form of the effector protein. Our study illuminates
a striking example of large-scale molecular assembly controlled by cyclic nucleo�des and reveals key
details of the mechanism of TIR enzyme ac�va�on. The use of this NAD consuming enzyme as a sys-
tem to abort phage infec�on by suicide, is a reminder of the evolu�onary conserva�on of TIR do-
main in defence systems or programmed cell death.
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Biological consequences of 7-deazaguanine hypermodifications in phage genomes.
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Although 7-deazaguanine deriva�ves are commonly found in tRNA molecules, these nucleo�de hy-
permodifica�ons were recently detected in DNA. The genomic DNA from several bacteriophages
was modified with either 2’-deoxy-7-amido-7-deazaguanine (dADG),  2’-deoxy-7-cyano-7-deazagua-
nine (dPreQ ), 2’-deoxy-7-aminomethyl-7-deazaguanine (dPreQ ) or 2’-deoxyarchaeosine (dG ).
Furthermore, the presence and mo�fs of these modifica�ons could be detected using Oxford
nanopore sequencing  and was linked with a high level of protec�on towards diverse restric�on en-
donucleases .

Using CRISPR-Cas9-mediated directed mutagenesis we have constructed 7-deazaguanine deficient
mutants of E. coli phages that u�lize 7-deazaguanine modifica�ons in their genomes. These mu-
tants were a�erwards tested regarding their general fitness and interac�ons with several recently
published an�-phage mechanisms . Our results suggest that 7-deazaguanine hypermodifica�ons
provide increased fitness and a broad spectrum of protec�on towards not only restric�on enzymes
but also other phage-resistance mechanisms including BREX, RADAR, SIR2, AVAST and DRT systems,
many of which are involved in abor�ve infec�on upon phage infec�on. These results highlight the
complexi�es of interac�ons occurring between host defense and viral evasion mechanisms.

 

 

References:

1         Kot W. at al. Nucleic Acids Res. 2020;48(18):10383-10396. doi:10.1093/nar/gkaa735

2         Hu�net G. at al. Nat Commun. 2019;10(1):1-12.

3         Gao L. at al. Science (80- ). 2020;369(6507):1077-1084. doi:10.1126/science.aba0372
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Tn5 CRISPR-Cas Phage receptor phage resistance transcrip�on regula�on

Discrimination of phages and plasmids through inverse regulation of surface-based
and CRISPR-Cas immune strategies
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Bacteria harbor mul�ple lines of defense against bacteriophages and mobile gene�c elements.
CRISPR-Cas systems represent the only known prokaryo�c adap�ve immune response, during which
‘memories’ of past infec�ons facilitate future immunity against the same foreign invader. While
beneficial for defense, CRISPR-Cas systems can impose fitness costs on the host, including self-tar-
ge�ng, as well as represen�ng a poten�al barrier to beneficial horizontal gene transfer. Iden�fying
regulatory networks controlling CRISPR-Cas immunity is crucial to understanding when adap�ve de-
fense is favored or dispensable, in order for cells to balance fitness costs with defense. To systema�-
cally uncover regulators of CRISPR-Cas immunity, we first had to overcome a lack of suitable high-
throughput genomic tools. We developed the SorTn-seq method, which employs fluorescence ac�-
vated cell sor�ng to enrich mutants with altered fluorescent reporter ac�vity from within a saturat-
ed transposon mutant pool. Sorted cells are then deep sequenced to locate transposon inser�on
sites to iden�fy puta�ve regulators of the gene of interest. We applied SorTn-seq to assess csm
(type III-A CRISPR-Cas) gene expression in ~300,000 unique mutants of the enterobacterium
Serra�a sp. ATCC 39006. We iden�fied several genes implicated in regula�on of the type III-A
CRISPR-Cas system, including those involved in resource u�liza�on, mo�lity, and stress response.
Ac�va�on of the Rcs outer-membrane stress response system repressed adap�ve immunity by
three dis�nct CRISPR-Cas systems, while coordinately promo�ng cell surface-based immunity
against diverse phages. Our results suggest that cell stress can differen�ally control bacterial im-
mune strategies, which has important consequences for horizontal gene transfer.
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an�-phage defence systems coevolu�on P. aeruginosa

CRISPR and non-CRISPR defences in Pseudomonas aeruginosa act synergistically
against phage infection
Alice Maestri , Ma�hew Chisnall , Elizabeth Pursey , S�neke van Houte , Anne Chevallereau

, Edze Westra 

1. ESI, Biosciences, University of Exeter, Cornwall Campus, Penryn, UK
2. Department of Infec�on, Immunity, and Inflamma�on, Ins�tut Cochin, INSERM U1016, CNRS
UMR8104, Université de Paris, F-75014 Paris, France

Correspondence: am1128@exeter.ac.uk anne.chevallereau@inserm.fr e.r.westra@exeter.ac.uk

The constant arms race between phages and bacteria results in great diversity in the type and distri-
bu�on of bacterial defences, with some strains carrying one system, while others have mul�ple lay-
ers of protec�on. However, how and to what extent these different mechanisms interact with one
another is s�ll unclear.

Here we show that, in the clinical isolate of Pseudomonas aeruginosa strain SMC4386, a type I-E
CRISPR-Cas system and a previously undescribed genomic island, which we call “Maestri”, act syner-
gis�cally to fight phage infec�on.

The Maestri system is composed of 8 genes that encode a serine-threonine kinase, an ATPase, a
DNA methylase, and hypothe�cal proteins. Infec�on assays suggest the ac�vity of Maestri eventual-
ly leads to an abor�ve infec�on response. Further assessment of gene func�ons is ongoing through
bioinforma�cs and experimental approaches.

To understand how coexistence of Maestri and CRISPR systems shape phage popula�on dynamics,
we co-cultured phage DMS3vir, SMC4386-wt and isogenic mutants lacking either defence or both
defences. Interes�ngly, phage DMS3vir, despite carrying the an�-CRISPR gene acrIE3, is quickly dri-
ven ex�nct if both defence systems are present. Dele�on of the CRISPR-Cas system enables the
phage to overcome the Maestri system. Mul�ple passages of these escape phages on the alterna-
�ve P. aeruginosa strain PA14, which naturally lacks Maestri, shows that the capacity to escape is
lost, whereas it is maintained a�er passages on SMC4386-wt, sugges�ng the modifica�on that al-
lows phages to overcome Maestri is epigene�c. Curiously, phages lacking an Acr do not evolve the
ability to escape CRISPR-Cas when Maestri is absent, possibly sugges�ng that addi�onal interac�ons
are at play and remain to be inves�gated. This work will help to provide insights on the phage-bac-
teria coevolu�onary dynamics, unveiling mul�-layer interac�ons of defence and an�-defence sys-
tems in a clinical strain of P. aeruginosa.
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Phage strategies for overcoming diverse cell barriers in E. coli
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Escherichia coli is a versa�le and gene�cally diverse species inhabi�ng the gut of animals and hu-
mans as commensal or pathogenic strains. While the average E. coli genome carry ~4700 genes with
~2000 genes belonging to the core genome, the pan genome consists of more than 180.000 genes.
This huge gene�c diversity is reflected in more than 180 different O-an�gen in E. coli. Given this
enormous gene�c diversity, E. coli phages are highly diverse and are currently found in 11 phage
families and 111 genera. In this talk, I present our recent work demonstra�ng phage strategies for
overcoming the diverse cell barrier of E. coli. For example, Ku�ervirus phage S117 encode four dif-
ferent tail spike proteins (TSPs), each responsible for binding and degrading different O-an�gen re-
ceptors of Salmonella and E. coli. Similarly, four unique TSPs of a novel Agtrevirus phage AV101 al-
low this phage specifically to infect Extended-Spectrum-β-Lactamase-producing E. coli (ESBL). Inter-
es�ngly, both phages belong to Ackermannviridae that in total encode for more than 96 different
and interchangeable TSPs allowing the members to adjust to diverse host O-an�gen receptors.
While Agtrevirus AV101 has a narrow host range infec�ng only 10 out of more than 300 E. coli and
Salmonella strains tested, two novel phages belonging to Phapecoctavirus showed a broad host
range infec�ng 80 out of 198 diverse ESBLs in our collec�on. Based on in silico analysis, these
phages seem to encode mul�ple receptor binding proteins (RBPs) which may explain their broad
host range. We are currently inves�ga�ng these RBPs and the cognate receptors to understand their
nature. In summary, the huge diversity of RBPs and TSPs may allow phages overcoming diverse E.
coli cell barriers found in nature and may be explored in engineering of phages for specific thera-
peu�c purposes.
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Bacterial fitness Bacteriophage capsule degrading depolymerase an�virulence

cell barriers

Phage-derived carbohydrate depolymerases - from structure to function and
exploitation
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Bacteria evolved to display diverse carbohydrates at their surface to protect themselves from harsh
condi�ons as well as predators. In turn, co-evolving bacteriophages developed specialized enzymes
termed depolymerases allowing recogni�on and degrada�on of these carbohydrates barriers. On
the other hand, bacterial surface glycans, as key virulence agents, serve as molecular pa�erns for
recogni�on by the immune system, thus their enzyma�c diges�on or modifica�on might lead to
bacteria sensi�za�on to host response. I will discuss the role of phage-borne carbohydrate depoly-
merases in bacteriophage-bacteria-host interac�ons with some examples of how depolymerases
can be exploited. With the advances in synthe�c biology tools, we could develop new diagnos�cs
and therapeu�c approaches against infec�ous diseases.
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Bitter sweet symphony: Coevolutionary dynamics and diversity of resistance
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Many bacterial species are polylysogenic, and despite the poten�al cost, which includes cell death
upon phage induc�on, prophages can also provide the host mul�ple fitness advantages, including
infec�on of direct compe�tors. Moreover, li�le is known about coevolu�onary dynamics between a
polylysogen and a phage-sensi�ve strain. We tested this by experimentally coevolving two Klebsiella
pneumoniae strains for 30 days under different degrees of phage pressure. At the end of the experi-
ment, the phage-sensi�ve strain was s�ll present in all mixed popula�ons, but in a larger propor�on
with greater phage pressure. We then determined the diversity of the resistance mechanisms and
its evolu�on over �me. At lower phage pressures and at the beginning of the evolu�on experiment,
most resistant clones were non-capsulated due to muta�ons in wcaJ gene, which codes for first en-
zyme of the capsule biosynthesis pathway. At higher phage pressures, other muta�ons in the cap-
sule operon emerge, diminish capsule produc�on and limit phage adsorp�on. These mechanisms
are generic and also provide resistance against other polylysogenic lysates produced by other K.
pneumoniae strains. We then tested the frequency of lysogenic conversion, predicted to be a com-
mon strategy to escape phage killing. During coevolu�on, this is rare and new lysogens are easily
outcompeted as they are unstable and exhibit exacerbated death rates. Finally, we also show that
many clones do not rely on gene�c muta�ons for resistance. These are only transiently resistant to
phages and become sensi�ve a�er regrowth in the absence of phage pressure.

Taken together, our results provide a portrait of the coevolu�onary dynamics under different de-
grees of parasi�c pressure, as well as the diversity of resistance mechanisms and the underlying ge-
ne�c basis.

1* 1

mailto:olaya.rendueles-garcia@pasteur.fr


68

July 20 |  Session 6: Virus-host interac�on: overcoming cell barriers | Talk Code: ST20

Bacteriophage Acinetobacter capsule degrading depolymerase
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A. baumannii is an important nosocomial and drug-resistant pathogen. The capsule is a major viru-
lence factor that helps bacteria to avoid host immunity and viral preda�on. Acinetobacter phages
can bind and degrade host capsules through capsular depolymerases with proven an�-virulence ac-
�vity (1-3). Understanding the full reservoir of phage depolymerases against A. baumannii capsules,
as well as relevant capsular types in clinical isolates, is crucial for developing depolymerase-based
treatments.

In this work, we 1) characterized 94 carbapenem-resistant A. baumannii Portuguese isolates; 2) iso-
lated phages for relevant capsular types and characterized their depolymerases and 3) developed
bioinforma�c tools to collect the diversity of phage depolymerases.

We show clonal shi�s of A. baumannii KL2, KL7, KL9 and KL120 serotypes over �me, with different
virulence assessed in G. mellonella. Acinetobacter phages specific for par�cular k-types were isolat-
ed and several depolymerases (for KL1, KL2/KL19, KL9, KL30/KL45, KL32, KL38, KL44, KL67 types)
characterized. We also demonstrate that most Acinetobacter phages encode capsular depolymeras-
es (from 134 deposited in 2021, 73 contain capsular depolymerases), exclusively located in small
viruses (<90 kb).

To disclose the full gene�c diversity, we developed PhageDPO (available in Galaxy uminho.pt
server), a machine learning tool that iden�fies depolymerases in phages and bacteria genomes
(prophages). We also present PhageKDB, a database that compiles available informa�on of capsular
depolymerases, retrieved through both manually and text-mining approaches, serving as an open
portal to phage community.

Overall, we present novel insights into A. baumannii isolates and phage depolymerase diversity and
a collabora�ve tool to advance research in the field.

(1)    Oliveira et al (2017). EM. PMID: 34185951 

(2)    Oliveira et al (2019). JV. PMID: 30463964 
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phage resistance

The interplay between phages, Listeria and host cells
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Bacteriophages (or phages) recognize specific cell wall receptors of host bacterium upon adsorp-
�on, the first step of phage infec�on. In response to the selec�ve pressure from phage preda�on,
bacteria have evolved to modify the phage-targe�ng receptors to prevent the ini�al contact, there-
fore becoming resistant to phages. Interes�ngly, phage resistance o�en comes at a cost of fitness or
virulence due to the altera�on of the bacterial cell wall. Using the opportunis�c foodborne
pathogen Listeria monocytogenes (Lmo) as a model organism, we show that challenge by phages
selects for surviving clones that feature loss of galactose from the surface-associated wall teichoic
acid (WTA) molecule by muta�ons in genes involved in WTA galactosyla�on. Such loss not only pre-
vents phage adsorp�on, but renders the bacterium non-invasive and avirulent due to diminished
surface reten�on of the canonical invasion protein InlB. We show that both the phage receptor-
binding protein A500-Gp19 and Listeria InlB specifically recognizes and a�aches to galactosylated
WTA in a micromolar affinity. Collec�vely, our findings paint a vibrant picture of the interplay be-
tween phages, Listeria and host cells, demonstrate a trade-off between phage resistance and viru-
lence, as well as support further inves�ga�on of phages as an�virulent agents.
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The T4 MotB protein improves infection in various, unexpected ways
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The phage biosphere includes many genes that do not have homologs outside of phage. Conse-
quently, these genes may represent a unique repository of gene�c informa�on with unknown func-
�ons and mechanisms. For bacteriophage T4, most of these genes encode non-essen�al, early
products, which are thought to be involved in host takeover. We have characterized one such gene,
motB, by using RNA-seq analyses to examine the effect of motB expression and by inves�ga�ng the
func�ons of purified MotB in vitro (DOI:10.3390/v10070343; DOI:10.3390/v13010084;
DOI:10.1093/nar/gkab678). We find that MotB is a highly abundant (~50,000 molecules per cell),
nonspecific DNA-binding protein that generates compacted protein/DNA complexes resembling
those formed by the bacterial Nucleoid Associated Protein (NAP) Dps and by yeast cohesion. MotB
expression in vivo is toxic to E. coli, yields a condensed host nucleoid, and leads to the dysregula�on
of host genes regulated by the E. coli NAP H-NS. Thus, MotB appears to globally change host gene
expression by its altera�on of chromosome topology. In contrast, T4 gene expression is minimally
affected. In E. coli B, motB overexpression during infec�on also down-regulates 21/84 host tRNAs,
many of which are used less frequently by T4 or have a counterpart encoded within the T4 genome.
This suggests that in this case, motB is involved in establishing a more suitable tRNA pool for the
phage. Finally, in vitro T4 packaging assays, performed in collabora�on with the laboratory of Dr.
Venigalla Rao (Catholic University) indicates that MotB can significantly enhance T4 DNA packaging.
Our work demonstrates how a single early phage protein can improve infec�on in mul�ple ways.
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Lactococcal phage-host interactions at a molecular level: a cheesy story
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Strains of Lactococcus lac�s and Lactococcus cremoris (formerly classified as two subspecies of L.
lac�s) are rou�nely used as starter culture in mesophilic dairy fermenta�ons for the produc�on of a
wide variety of cheeses, such as Gouda, Cheddar and Edam. Their extensive and wide-spread use in
large-scale facili�es makes such cultures par�cularly vulnerable to bacteriophage infec�ons. Due to
their industrial importance many lactococcal phages have been isolated and characterized, and sub-
stan�al scien�fic detail has been gathered regarding lactococcal phage-host interac�ons. This pre-
senta�on will cover some of the recent achievements and insights regarding the molecular players
that are involved in host recogni�on, adsorp�on and DNA release of a prototypical bacteriophage
that infects a lactococcal host.
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structural biology Bacteriophage tailspike protein

Salmonella virus Epsilon15 tailspike has multiple binding sites and two catalytic
activities.
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Bacteriophages are the most numerous organisms on Earth. They infect bacteria, including path-
ogenic ones, and have a huge influence on ecological processes. In the future, they might help to
treat diseases caused by an�bio�c-resistant bacteria. Phages use their receptor-binding proteins to
adsorb to their receptors in bacteria. Consequently, receptor-binding proteins (RBP) control the
phage host range.

The bacteriophage Salmonella virus Epsilon15 has one RBP, gp20. It binds to a receptor present in
bacteria of Salmonella enterica serovar Anatum. This genus of bacteria is causing many of cases of
food-borne diseases to humans in Europe. The receptor of gp20 in this serovar is the O-an�gen of
the lipopolysaccharide (LPS). It consists of repe��ons of the trisaccharide D-Galp[6Ac]-α-1 – 6-D-
Manp-β-1 – 4-L-Rhap-α-1 – ROH linked by α-1 – 3 bonds.

In this project, we determined the structure of an N-terminally truncated gp20, gp20ΔN, with and
without mul�ple fragments of its receptor. Gp20ΔN is a homotrimer composed of three domains,
from the N- to the C-termini: the β-helix domain, the β-sandwich domain and the petal domain. The
petal domain forms three independent petal-like appendages and has no structural homologous
proteins. Only part of it resembles proteins of the SGNH esterase family.

Four oligosaccharides of Anatum O-an�gen oligosaccharides bind to the three domains of gp20.
Two oligosaccharides are located next to the endorhamnosidase site in the β-helix domain. Another
oligosaccharide is placed in the petal domain esterase binding site. The endorhamnosidase ac�vity
hydrolyses the O-an�gen chain while the esterase ac�vity cuts the ester bonds between the galac-
tose and the acetyl group. Together, both ac�vi�es clear space to allow the virus to approach the
bacterial membrane and ini�ate the infec�on.

1* 2 3 2 3,4
1

mailto:mateosb1992@gmail.com


73

July 20 |  Session 7: Virus structures and func�on II | Talk Code: ST23

Receptor binding protein bacteriophage diversity Host specificity

Diversity and evolution of tail spike proteins of Ackermannviridae phages
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Phages belonging to the Ku�ervirus, Agtrevirus, Limestonevirus and Taipeivirus genera within the
recently classified Ackermannviridae family express up to four tail spike proteins (TSPs) that each
recognize a different polysaccharide receptor for infec�on.

To understand the diversity and evolu�on of TSPs of Ackermannviridae phages, we analysed 373
TSPs encoded by 99 Ackermannviridae phages.  We showed that while the N-termini of the TSPs are
conserved, the receptor binding modules (RBMs) are highly diverse. Of the 373 TSPs analysed, we
found 96 different RBMs, sugges�ng 96 poten�al different receptors. Furthermore, our analysis
iden�fied a conserved sequence mo�f that may allow exchange of RBMs between TSPs. Our in-sili-
co analysis thus suggests that tsp genes and RBM may be exchanged between phages within the
same genus or subfamily. To further determine the boundaries of acquisi�on of new RBMs within
the Ackermannviridae family, we demonstrated experimentally that en�re tsp genes of Ku�ervirus
and Agtrevirus phages can be exchanged with the tsps of ku�ervirus S117 thereby leading to new
hosts. Moreover, based on in-silico and structural analysis, we exchanged the RBM of the TSP from
the distantly related Lederbergvirus HK620 with the TSP1 from ku�ervirus S117, sugges�ng the pos-
sibility of recombina�on between phages from distant families. Now we are currently inves�ga�ng
the ability of Ackermannviridae phages to further expand their host range by engineering phage
S117 to carry a fi�h TSP.

Overall, our results provide novel insight into the con�nuing evolu�onary adap�on of phages to in-
fect new hosts by exchanging and combining conserved domains and diverse RBMs. Finally, our
work also demonstrate the poten�al to engineer phages in the Ackermannviridae family to target
mul�ple pathogenic bacteria for phage therapy or biocontrol.
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RNA phage Engineering inser�on tolerance region

Insertion tolerance regions for synthetic RNA phage engineering
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Bacteriophages (phages) have been regarded as valuable pla�orms for virus-based biopharmaceu�-
cals. Despite the u�lity as biological nanopar�cles, RNA phages have been underappreciated most
likely due to difficul�es in gene�c engineering. As an a�empt to properly appreciate the importance
of RNA phages in both basic and applied aspects, we created the reverse gene�c systems for the
well-known leviphages, PP7 and MS2. These systems are based on the cDNA of the RNA phages,
whose transcripts derived from bacterial RNA polymerases act not only as the primary mRNA for
phage protein synthesis, but also as the template for phage RNA replicases (aka. RNA-dependent
RNA polymerases). These systems were successfully exploited to introduce muta�ons into the RNA
genomes and thus enabled us to reveal the cri�cal amino acid residues of the matura�on protein
during phage-bacteria interac�on. To further harness the RNA phage nanopar�cles for engineering
purposes, we have ini�ally iden�fied the inser�on-tolerance regions (ITRs) on the phage genomes,
by virtue of in vitro transposon mutagenesis technique using MuA transposase, which can accom-
modate 15-nt inser�on without significant impairment in phage life cycles. As a result, 26 ITRs were
iden�fied from 4,555 transposants for PP7 and 43 ITRs were iden�fied from 2,228 transposants for
MS2. Topics discussed will include our recent data on characteriza�on and u�liza�on of the ITRs to
generate the recombinant RNA phage virions with func�onal modali�es and may provide an insight
into synthe�c RNA phage engineering pla�orms for various pharmaceu�cal purposes.
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Using cultivations to discover new phage diversity in the marine environment
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The phage diversity in the marine environment has been es�mated to encompass hundreds of
thousands of species. Most o�en, metagenomic techniques, in which viral genomes are assembled
from a pool of environmental phages, are used to access this diversity, due to their high throughput
abili�es. Cul�va�on methods, on the other hand side, are much more laborious and offer a compar-
a�vely low throughput. However, their advantages come, for example, from the ability to directly
link phages with their hosts, even down to the strain level, to link genomic content with infec�on
characteris�cs and phage morphology, and to offer model systems for the study of phage-host inter-
ac�ons. In the past years, together with collaborators, I focused on the large-scale isola�on of ma-
rine phages from the North Sea, infec�ng environmentally relevant heterotrophic bacteria. This
work led to the genomic characteriza�on of hundreds of phages infec�ng marine
Rhodobacteraceae and Flavobacteriia. We have found both dsDNA and ssDNA phages. While some
phages were related to previously cul�vated phages, many were completely new. Using recently de-
veloped, genome-based classifica�on tools, for example, VIRIDIC and VirClust, we delineated new
dsDNA and ssDNA phage families and subfamilies. Overall, this work shows how phage cul�va�ons
can s�ll be used to shed light on new and diverse bacteriophage branches, to significantly extend
the known phage diversity space.
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RNA virosphere diversity evolu�on Meta-transcriptomics

Global metatranscriptome analysis reveals vast diversity of novel RNA viruses in
protists and other eukaryotes
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Mining 5,150 metatranscriptomes from diverse environments uncovered 2.5 million RNA viral con-
�gs corresponding to a five-fold increase of RNA virus diversity. Extended RNA-dependent RNA
polymerase (RdRP) phylogeny supports monophyly of the five established phyla, suggests the exis-
tence of two new phyla, and reveals numerous novel virus taxa within the phyla. In par�cular, 18
new classes versus the 4 previously known in Pisuviricota, 20 new classes versus 3 previously known
in Kitrinoviricota, and 18 new classes versus 6 previously known in Negarnaviricota were iden�fied.
It was found that a significant propor�on of the viruses in the former two phyla u�lize alterna�ve
gene�c codes typical of ciliates and other pro�sts. The results strongly suggest that dras�c host
shi�s, known as horizontal virus transfer, between distantly related hosts, such as unicellular and
mul�cellular eukaryotes, is a major route of RNA virus evolu�on. Mul�ple virus groups with pro-
nounced genomic rearrangements, such as fission or fusion of genomic segments and re-
arrangement of the ORFs encoding polyproteins, were also iden�fied. We found that the swapping
of cataly�c mo�fs (domain permuta�on) in RdRP is a common feature of several virus lineages.
Gene content analysis revealed mul�ple domains previously not found in RNA viruses and implicat-
ed in virus-host interac�ons. This vast collec�on of new RNA virus genomes provides insights into
RNA virus biology and evolu�on, and should become a key resource for RNA virology.
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Marine viral infection networks revealed through proximity-ligation sequencing
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Phage infec�on of bacteria significantly impacts bacterial physiology, ecology, and evolu�on. Yet, we
have only a minimal idea of the structure of phage-bacteria infec�on networks in in most ecosys-
tems. Exis�ng phage-bacteria interac�on networks have relied on co-occurrence, bioinforma�c host
predic�ons, or plaque assays with few culturable species. Here, we reveal the structure of the
phage-bacteria infec�on network of coral reefs by using the physical proximity between viral and
bacterial genomes during ac�ve infec�ons, ly�c or lysogenic. This proximity-liga�on approach re-
vealed over 300 novel phage-bacteria pairs consis�ng of uncul�vated dominant species on the wa-
ter overlaying corals. Among the newly iden�fied viruses, 51 represented complete circular
genomes and carried auxiliary metabolic genes encoding enzymes for sulfur metabolism, cofactor
and vitamin produc�on, and energy metabolism. The network had a one-to-one structure at the
species level, contrary to previous predic�ons of modular and nested network structures. Among
the most abundant and ubiquitous phage-host pair across reef sites were a temperate phage in-
fec�ng a member of the Sphingomonadales, and a temperate virus infec�ng Archaea. This study
iden�fied hundreds of ac�ve viral infec�ons of uncul�vated marine hosts through physical contact.
These networks will enable us to quan�fy at the species level the rates of viral preda�on and gene
transfers that impact the stability of coral reefs and other marine ecosystems. 
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Seasonality and transcriptomic responses of the Rheinheimera phage-host system
from the Baltic Sea
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In aqua�c environments, bacteria within the class Gammaproteobacteria are important recyclers of
phytoplankton blooms. In the Bal�c Sea, one example is Rheinheimera sp. BAL341, which also has
shown metabolic plas�city and an ability to react in transplant experiments. In 2015 we isolated 54
phages infec�ng Rheinheimera sp. BAL341 from the Linnaeus Microbial Observatory (LMO) in the
eastern Bal�c Proper. They differed largely to previously known viruses and represented five differ-
ent species of the same genus. Both the bacterium and phages showed strong seasonality, with re-
curring high abundances in late summer/early autumn coinciding with the demise of phytoplankton
blooms, seen through both metagenome and isola�on inves�ga�ons. Similarly, Rheinheimera
phages showed a strong response to a phytoplankton bloom induced by agriculture-influenced river
water in a mesocosm experiment. Growth experiments showed reduced bacterial growth rate as
well as reduced viral burst size and prolonged latent period in low nutrient medium (LNM) com-
pared to high nutrient medium (HNM). However, in transcriptomic experiments, nutrient concentra-
�ons strongly affected host gene expression (both in infected and non-infected cells) whereas
phage responses were limited. Par�cularly, a larger number of host genes were differen�ally ex-
pressed in phage-infected cells in LNM compared to HNM. For example, iron acquisi�on genes,
which had increased expression in uninfected bacteria in LNM, were suppressed in phage-infected
bacteria during the same nutrient regime. Also, there was a switch in host gene expression involved
in phosphate metabolism in LNM depending on infec�on. Thus, the nutri�onal state of the environ-
ment appears to be an important factor to consider for the outcome of phage infec�ons and the im-
pact seen in high-nutrient laboratory experiments might underes�mate the importance of phage
transcrip�onal regula�on in natural environments.
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The influence of early life exposures on the infant gut virome
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Recent large cohort studies have contributed significantly to our understanding of the factors that
influence the development of the bacterial component of the gut microbiome (GM) during the first
years of life. However, the factors that shape the coloniza�on of other important GM members such
as the viral frac�on remain more elusive. Here, we u�lize the deeply phenotyped COPSAC  birth
cohort consis�ng of 645 children to inves�gate how social, pre-, peri- and postnatal factors may in-
fluence the gut virome composi�on at one year of age.

Among the different exposures studied, having older siblings and living in an urban vs. rural area
had the strongest impact on gut virome composi�on. From a total of 16118 viral opera�onal taxo-
nomic units (vOTUs) (mainly bacteriophages, but also 6.1% eukaryo�c viruses), differen�al abun-
dance analysis iden�fied 2105 vOTUs varying with environmental exposures, of which 5.9% were
eukaryo�c viruses and the reminder bacteriophages. The bacterial host of these phages were main-
ly predicted to be within the Bacteroidaceae, Prevotellaceae, and Ruminococcaceae families, as de-
termined by CRISPR spacer matches. Spearman correla�on coefficients indicated strong co-abun-
dance trends of vOTUs and their targeted bacterial host, which underlined the predicted phage-
host connec�ons. Several vOTUs carried differently abundant genes coding for enzymes involved in
carbohydrate metabolism (fructose, mannose, sucrose, starch), glycolysis-gluconeogenesis, as well
as amino acid (Ala, Asp and Glu) and sphingolipid metabolism, implying that these phages could be
related to the u�liza�on and degrada�on of major dietary components by their host.

Given the importance of the GM in the matura�on of the immune system and the maintenance of
metabolic health, these findings poten�ally provide a valuable source of informa�on for under-
standing early life factors that predispose for autoimmune and metabolic disorders.
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Intestinal virome in Crohn's disease patients
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It is now generally recognised that the gut microbiota plays an important role in human health, and
in par�cular in Crohn's disease (CD), a complex disease that results from a combina�on of gene�c
and environmental factors, with a key role for the gut microbiota. CD is characterised by chronic in-
flamma�on associated with an imbalance in the composi�on of the gut microbiota (i.e. dysbiosis).
While considerable efforts are being made to understand the role of gut bacterial components, bac-
teriophages (phages), remain compara�vely understudied. In par�cular, our understanding of the
impact of phages on the structure of the gut microbiota in health and disease remains limited.

Our results from mouse models and from the study of human faecal samples indicate that phages
can affect the popula�ons of main bacterial members of the human gut microbiota, implied in the
symbiosis with the host. In addi�on, we rigorously enumerated viruses in the stools of healthy indi-
viduals and CD pa�ents, and found that free virion concentra�ons vary by an unprecedented range
for a component of the microbiome: they are present at concentra�ons ranging from 1.10^9 to
1.10^12 par�cles per gram of stool. In addi�on, the virus to microbe ra�o is highly increased in CD
pa�ents compared to healthy controls. We also performed quan�ta�ve viral metagenomic analysis
from 15 healthy volunteers and 15 IBD pa�ents, using spiking of both single-strand and double-
strand DNA phages, and observed an increase in the prevalence of temperate phages in CD pa-
�ents. Altogether, our results suggest a role of the virome in Crohn's disease, either direct or indi-
rect via a modifica�on of the structure of the gut microbiota.
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Phage defense at the multicellular level – from small molecules to cellular
development
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Bacteria of the genus Streptomyces are well-known for their ability to produce a large variety of
bioac�ve compounds and for displaying a complex developmental cycle. We are interested in how
cellular development and the secre�on of secondary metabolites may aid these organisms in the
protec�on against phage infec�on at the mul�cellular level.

The currently known an�phage defense arsenal relies on a wide range of inhibitory mechanisms,
but these are mainly mediated by protein effectors ac�ng primarily at the cellular level. Recently,
we showed that aminoglycosides, a well-known class of an�bio�cs produced by Streptomyces, are
potent inhibitors of phage infec�on in diverse bacterial species. We demonstrate that aminoglyco-
sides do not prevent the injec�on of phage DNA into bacterial cells, but instead block an early step
of the viral life cycle, prior to genome replica�on. Overall, our results expand the knowledge of po-
ten�al aminoglycoside func�ons in bacterial communi�es sugges�ng that aminoglycosides are not
only used by their producers as toxic molecules against their bacterial compe�tors, but could also
provide protec�on against the threat of phage preda�on at the community level.

To unravel the impact of phage infec�on using Streptomyces strains deficient in different steps of
development and a repertoire of novel Streptomyces phage isolates. Our results demonstrate an
important role of Streptomyces development in the efficient containment of viral infec�ons.
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Ecological significance of extracellular vesicles in modulating host-virus interactions
during algal blooms
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Communica�on between microorganisms in the marine environment has an immense ecological
impact by media�ng trophic-level interac�ons and thus determining community structure. Extracel-
lular vesicles (EVs) are produced by all cell types and can mediate pathogenicity or act as vectors for
intracellular communica�on. However, li�le is known about the involvement of EVs in microbial in-
terac�ons in the marine environment. Here we inves�gated the signaling role of EVs produced dur-
ing the interac�on between the bloom-forming alga Emiliania huxleyi and its specific virus, EhV,
which leads to the demise of these large-scale oceanic blooms. We found that the produc�on of EVs
is elevated during viral infec�on or when cells are exposed to infochemicals derived from infected
cells. These vesicles have a unique lipid composi�on that differs from that of viruses and their in-
fected host cells. Addi�onally, proteome analysis revealed a unique signature among EV proteins,
which were enriched in proline-rich mo�fs. EV cargo is composed of specific small RNAs that are
predicted to target sphingolipid metabolism and cell-cycle pathways. In both lab and field experi-
ments, we demonstrated that treatment with EVs leads to a faster viral infec�on dynamic. Further-
more, EVs can modulate the half-life of both isolated and natural EhV virions. We propose that ex-
tracellular vesicles are exploited by viruses to sustain efficient infec�vity and propaga�on across E.
huxleyi blooms. Since these blooms impact the cycling of carbon and other nutrients, this mode of
cell-cell communica�on may influence the fate of the blooms and, therefore, the composi�on and
flow of nutrients in marine microbial food webs.
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Genetic dissection of host takeover by phage T5: developing tools for genome
engineering of large virulent phages
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The virulent bacteriophage T5, which infects Escherichia coli, injects its 122-kb linear dsDNA in two
steps: 8% of the genome (carrying seventeen pre-early genes) are first transferred into the cell and
the injec�on pauses. Following expression of pre-early genes, the host DNA is degraded and host
defense systems inac�vated. Viral DNA transfer resumes a�er 3-5 minutes to allow entry of the rest
of the genome that encodes early and late proteins necessary for viral DNA replica�on, virion as-
sembly and release. Thirteen of the 17 pre-early genes escape func�onal predic�on and only four
have been characterized so far. Thus, T5 cons�tutes an original model to study host takeover and
uncover viral effectors targe�ng host cell func�ons.

To assess the significance of pre-early genes for T5 infec�on, mutagenesis of T5 was first performed
using homologous recombina�on during infec�on assisted by the targeted elimina�on of wild-type
phages by CRISPR-Cas nucleases a�er mutagenesis. These reverse gene�cs efforts were hampered
by the resistance of T5 to Cas9. As an alterna�ve method to Cas nucleases for mutant enrichment,
we successfully set up a simple protocol of Dilu�on-Amplifica�on-Screening (DAS) of phage pools. A
second tool for mutagenesis of T5 was bacterial retroelements (retrons), used to provide a source
of ssDNA during phage replica�on. Using these methods we generated ten mutants carrying either
condi�onal amber muta�ons, single-gene or mul�ple-gene dele�ons. While only two genes (A1 and
A2) in the 15 analyzed are essen�al for T5 infec�on in laboratory condi�ons, our phenotypic analy-
sis revealed that dmp, a gene encoding a 5’-deoxynucleo�dase, and at least one other gene facili-
tate infec�on of E. coli by T5. These strategies should be of par�cular interest for genome engineer-
ing of phages with large genomes that are naturally resistant to Cas nucleases.
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bacteriophage ecology transcriptomics in vivo

The gut environment regulates bacterial gene expression which modulates
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Bacterial and bacteriophage (phage) popula�ons, although antagonist, coexist in the gut of mam-
mals and remain stable over �me. We hypothesised that the mechanisms underlying this coexis-
tence may involve the regula�on of bacterial gene expression required for their adapta�on to the
intes�nal environment.

To iden�fy genes specifically over- or under-expressed in the mammalian gut that may affect phage
suscep�bility, we performed a compara�ve genome-wide RNA sequencing study between in vitro
(flasks) and in vivo (mice colon) condi�ons on a human enteroaggrega�ve Escherichia coli isolate.

In vivo, the global gene expression pa�ern was found to be closer to in vitro exponen�ally growing
E. coli cells, compared to E. coli cells that reached sta�onary phase growth. Virulence determinants
(adhesins and aggrega�ve fimbriae) encoded by a plasmid, and chromosomal genes involved in
adapta�on to the gut environment (iron acquisi�on, anaerobic respira�on and sugar metabolism)
were over-expressed in vivo, whereas genes involved in aerobic respira�on were under-expressed.
We also iden�fied a set of genes poten�ally involved in the differen�al replica�on of phages in vivo
ac�ng on the flagellum, the LPS biosynthesis, the biofilm forma�on and the quorum sensing. We ex-
perimentally demonstrated that four of these differen�ally expressed genes (rfaL, fliA, lsrC and
bssR) affected the rela�onships between E. coli and three virulent phages.

This work demonstrates that the gut environment, by modifying microbial gene expression, modu-
lates phage-bacteria interac�ons and highlights the role of tripar�te rela�onships between bacte-
riophages, bacteria and host in intes�nal homeostasis. These results emphasize the benefit of in
vivo experiments to elucidate the mechanisms affec�ng phages efficacy in the gut.

1,2 1,3,4* 1*** 1,5
1 6 6,7 6,7 6

8 1,3,4 1

mailto:laurent.debarbieux@pasteur.fr


85

July 21 |  Session 9: Virus-host interac�on: molecular mechanisms I | Talk Code: ST32

bacteriophage An�bio�c phage-an�bio�c synergy

Phage-Antibiotic Synergy for filamentation-inducing antibiotics
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(Bacterio)phages are promising tools for comba�ng an�bio�c-resistant bacteria. Currently, phage
therapy is only carried out in combina�on with an�bio�cs. Some�mes, when bacteria are incubated
in their presence, the ly�c ac�vity of phages increases. This phenomenon is called Phage-An�bio�c
Synergy (PAS) and results in enhanced an�bacterial ac�vity since the changes induced by the an�bi-
o�cs in the bacterial physiology modify posi�vely the dynamics of phage propaga�on.

Using single-cell techniques, the ly�c cycle of phage HK620 was studied on a ciprofloxacin-treated
culture of E. coli. One of the most notorious effects of the an�bio�c is the inhibi�on of division. As a
consequence, a subpopula�on of cells produces filaments that increase the survival and mutagene-
sis of the bacteria.

This study seeks to characterize a novel dynamic of host-phage interac�on: an�bio�c-induced fila-
ments become easy targets for phages due to their enlarged surfaces, as proven by fluorescence mi-
croscopy and flow cytometry techniques. Adsorp�on, infec�on and lysis happen twice as o�en in
filamentous cells, compared to regular-size bacteria. Furthermore, the reduc�on of bacterial num-
ber caused by impaired division can account for the faster bacterial killing during PAS.

The impact of phages on the reduc�on of mutagenesis was also assessed using reporters for bacter-
ial DNA repair. A significant percentage of hyper-mutagenic filamentous bacteria was efficiently
killed by phages due to their increased suscep�bility to infec�on. These results suggest a previously
uniden�fied trade-off for bacterial survival: The ac�va�on of an�bio�c-tolerance mechanisms
makes bacteria more vulnerable to phage infec�on.

Finally, a model will be presented that documents phage propaga�on in the presence of filamenta-
�on-inducing an�bo�cs, and its impact on mutagenesis. This will allow a systema�c approach to
test phages and an�bio�cs combina�ons for therapy.
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Pseudomonas aeruginosa Post-transla�onal modifica�on Host take-over

Exploring protein lysine acetylations during phage infection in Pseudomonas
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Bacterial viruses, so-called bacteriophages, heavily depend on their host’s physiology for progeny
produc�on. Therefore, they encode specialized proteins that can inhibit, ac�vate or redirect bacteri-
al func�ons to facilitate the infec�on process. Well-known host-hijacking mechanisms involve repli-
ca�on, transcrip�on and transla�on interference. It was only recently that our group discovered a
novel layer of phage-based regula�on, by acetyla�on-based pos�ransla�onal modifica�on (PTM) of
proteins within the infected cell. Unlike the control of transcrip�on and transla�on processes, which
are rela�vely slow and energy-demanding, PTMs allow a swi� adapta�on of protein func�on/ac�vi-
ty and thus of cell physiology and fitness. Therefore, studying phage-encoded acetyltransferases not
only provides novel insights in phage biology, it addi�onally broadens our view on the bacterial
acetylome under stress condi�ons.

We here present a Gcn5-related N-acetyltransferase encoded by the Pseudomonas aeruginosa in-
fec�ng phage LUZ19. Using SILAC-based acetylomics, the phage protein was found to facilitate
acetyla�on of nine dis�nct proteins (log  fold change > 1) in P. aeruginosa strain PAO1, including
two key enzymes of the cysteine and methionine biosynthe�c pathway, MetE and MetK. Two spe-
cific lysine residues of the methionine synthase MetE showed highly increased acetyla�on levels
(log  fold change > 3), one of which is located near the ac�ve site of the enzyme. Metabolomics
confirmed the observa�ons as specific altera�ons in the cysteine and methionine metabolism were
detected. Overall, this study unraveled a novel mechanism of host metabolic take-over, in which the
phage uses post-transla�on modifica�on to regulate specific bacterial processes. Moreover, it re-
veals the regulatory poten�al by acetyla�on of specific enzymes in key metabolic pathways of
P. aeruginosa.
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Phages select for non-virulent variants of Flavobacterium pathogens: Implications
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Diseases caused by the fish pathogen Flavobacterium psychrophilum are a major bo�leneck in trout
farming and cause economic losses to the industry. Currently, an�bio�cs are used to treat these in-
fec�ons, despite serious concerns about the development of bacterial an�bio�c resistance. Applica-
�on of bacteriophages has been suggested as a strategy to control disease outbreaks in aquacul-
ture, and in the current study, we aimed at developing novel phage-based strategies for disease
prophylaxis and treatment of outbreaks with F. psychrophilum. Successful applica�on of phages re-
quires detailed knowledge on delivery efficiency to infected organs, and on the development of
phage-resistant popula�ons. The observed significant increase in fish survival upon intraperitoneal
administra�on of phages demonstrated that the delivery of phages directly at the infec�on site can
reduce fish mortality, even when present in rela�vely low mul�plicity of infec�on in the peritoneal
cavity. Further, exposure to phages selected for phage-resistant variants of F. psychrophilum with
muta�ons in the Type IX secre�on system gene complex, which resulted in impaired virulence prop-
er�es such as gliding mo�lity, biofilm forma�on and protease ac�vity. As these muta�ons turned
out to be reversible, the study iden�fied a flexible phage defense mechanism in F. psychrophilum,
based on genomic muta�ons that turned the virulent pathogens into phage-resistant bacteria that
had become non-virulent against rainbow trout. This documenta�on that phage exposure is select-
ing for non-virulent, phage-resistant F. psychrophilum further emphasizes the poten�al of phage ap-
plica�ons for controlling the mortality caused by this important pathogen.
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The quality of foods is highly dependent on their microbiological content, which can cause changes
in varied parameters, including colour, texture, pH, and total acidity. Salmonella remains one of the
major zoono�c diseases in Europe a�er campylobacteriosis and is responsible for several foodborne
disease outbreaks (>91,000 in EU alone). According to the European Food Safety Authority, the es�-
mated economic burden of human salmonellosis is as high as €3 billion a year. The use of an�micro-
bial coa�ngs on food packaging can have valuable benefits in promo�ng food safety and even pro-
longing product shelf life. One of the challenges of developing an�microbial food contact materials
is the func�onaliza�on process. Incorpora�ng biological an�microbial compounds can be challeng-
ing using conven�onal methods (i.e., extrusion); thus, ultrasonic spray coa�ng can be an alterna�ve.

In this work, we evaluated the adhesion of Salmonella Enteri�dis to different food contact materi-
als. Furthermore, we used an ultrasonic spray coa�ng to apply layers of a bio-based coa�ng loaded
with Salmonella phage Felix 01 on these materials and assessed their inhibi�on efficacy at varying
storage temperatures and contact periods. We further characterized the materials by SEM, FTIR-
ATR, contact angle, phage release, phage stability, and moisture, among others.

The ultrasonic spray coa�ng had an insignificant effect on the phage's viability, which remained sta-
ble stored at 4°C in vacuum-sealed bags for up to 1 month. Moreover, the phages were released
from the different coated materials within 10-15 minutes, and the inhibi�on levels varied according
to the treatment temperature. Nonetheless, the phage-loaded coa�ngs caused an inhibi�on that
ranged between 99% and 99.999% of viable bacteria on the surfaces.

Ultrasonic spray deposi�on of phages demonstrates great poten�al for use in food packaging mate-
rials to inhibit and minimize the growth of foodborne pathogens.
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(Bacterio)phages are considered safe for humans’ consump�on, being regard as excellent biocontrol
tools to prevent foodborne pathogens spread. Phages’ major advantage is their inherent specificity
towards a bacterial species, yet some reports have shown phages ability to evolve to infect different
hosts when transi�ng the gastrointes�nal tract (GIT). And so, it is of extreme importance to under-
stand the safety outcome of using phages as biocontrol agents in food, with par�cular interest in
the ones that target species from Enterobacteriaceae family, commonly found in the human GIT mi-
crobiota. In this study, the impact of a phage infec�ng Shiga toxin-producing Escherichia coli (STEC),
named E. coli phage vB_EcoS_Ace (Ace), towards the colon microbiota was inves�gated. An in vitro
batch fermenta�on model was used, and the inoculum was the fecal material of three healthy
donors. Fermenta�ons’ metabolome was analyzed through GC and HPLC, and the concentra�on of
both phage Ace and STEC strain were monitored along �me (up to 24h). The interference with the
gut microbiota composi�on and func�onal poten�al was assessed by shot gun metagenomics.

We observed an increase in phage �tre only when the host was present, sugges�ng that there was
no other suitable host within the different microbiotas used. Also, the microbiotas’ composi�on did
not alter when phage Ace was added. Nevertheless, the a�enuated version of STEC strain did in-
deed create some perturba�on in the microbiota, which led to different func�onal poten�al. This
was corroborated by the differences observed for both gas and short chain fa�y acid acids dynam-
ics. The microbiotas’ individuality was an important factor for the observed perturba�ons. More-
over, phage Ace revealed to be a safe phage when intended to be used as a biocontrol agent for
food products. Also, we concluded that the in vitro fermenta�on model is a reliable, easy, and non-
expensive safety screening methodology for phages.
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Developing modern phage commercial product requires selec�on of appropriate cocktail compo-
nents and format of the product that supports effec�ve delivery of ac�ve phages to targeted site.
Equally important is precise defini�on of product characteris�cs directly related to bacteriophages’
biology as well as informa�on on the product in the final form delivered to the market. Proteon
Pharmaceu�cals created the technology pla�orm that allows to successfully develop phage-based
products and implement new strategies of control of pathogenic bacteria affec�ng animal produc-
�on industry. The pla�orm developed by Proteon Pharmaceu�cals allows to design highly effec�ve
products consis�ng of a mixture of carefully selected and genotypically characterized virulent
phages that eliminate pathogenic bacteria, without causing side effects, while suppor�ng  be�er
performance outcomes. Proteon’s flagship product BAFASAL is a feed addi�ve for use in industrial
poultry sector protec�ng birds against Salmonella. The prepara�on was examined in accordance
with the EFSA guidelines proving its high safety for human, birds, and environment, and high effec-
�veness in reducing the number of Salmonella in birds and in environment of poultry produc�on
sites in mul�ple studies. While phages have excellent safety profile employing phage products on
large scale in food produc�on sector is perceived as novel technological approach. Broad accep-
tance of phage technology might require addi�onal effort to be�er understand poten�al effects of
their introduc�on into food chain or work environment. Proteon, together with MedBiome Inc., ap-
plied in vitro assay called RapidAIM to inves�gate the effect of BAFASAL on human gut microbiome.
Mul�-omics analyses, including 16S rRNA gene sequencing and metaproteomic, revealed that ex
vivo human gut microbiota composi�on and func�on were unaffected by BAFASAL treatment, pro-
viding an addi�onal measure for its safety.
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Asymptoma�c Salmonella-infected pigs act as major sources of infec�on to humans. Reduc�on in
Salmonella-related infec�ons at the farm level can mi�gate Salmonella transmission from pigs to
humans. Microencapsulated ly�c bacteriophages have the ability to control Salmonella in pigs and
poten�ally be used as an�bio�c alterna�ves. Wide acceptance at the farm level would require the
encapsulated phages to be economical, mass-producible, shelf-stable, easily mixable with conven-
�onal feed, and most importantly control the pathogen. We have conducted this animal trial to
evaluate the ability of a pH-responsive microencapsulated spray-dried an�-Salmonella phage cock-
tail to control Salmonella in pigs. Newly weaned pigs (n=18) were randomly selected and designat-
ed as Nega�ve, Salmonella and Phage groups. Pigs in Phage groups received microencapsulated
phage orally for 12 days while Nega�ve group received placebo. On days 6 and 7, pigs in Salmonella
group and Phage group were challenged with 2 mL of 5.5x10  CFU/mL Salmonella Typhimurium
DT104Nal . Fecal samples were collected on 5 , 7 , 8  and 10  days of the experiment.
Salmonella was detected in 83% pigs in Salmonella group, whereas only 66.6% pigs received Phage
treatment were Salmonella posi�ve. Salmonella shedding was significantly reduced in Phage group
(3.37 log cfu/g; (P<0.05)) on 10  day compared to Salmonella group (5.57 log cfu/g). All pigs were
euthanized on the 12  day, and intes�nal contents from jejunum, ileum, caeca and colon were col-
lected for analysis. Salmonella count (2.22 log cfu/g) in the jejunum of the Phage group was signifi-
cantly lower than that in Salmonella group (4.08 log cfu/g; P<0.05). Salmonella count in the colon in
Phage group was significantly lower (3.75 log cfu/g) than the pigs in the Salmonella group (4.11 log
cfu/g; p<0.05). In conclusion, spray-dried microencapsulated bacteriophage cocktail is an economi-
cal an�bio�c alterna�ve to reduce Salmonella in weaned pigs.
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Infection mechanism of haloarchaeal viruses
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Archaea are ubiquitous microorganisms that are found in numerous surroundings ranging from ex-
treme environments such as hot springs, to mesophilic ones such as the ocean and the human gut.
Archaea are infected by unusual viruses that are structurally very diverse and include those with
unique capsid shapes such as a bo�le, and viruses with cosmopolitan morphologies, such as tailed
dsDNA viruses.

As the archaeal cell envelope is fundamentally different from that of bacteria and archaea, archaeal
viruses face different challenges when traversing the cell envelope on their way in and out of the
cell. We use haloarchaea and their viruses to study viral infec�on mechanisms, such as viral entry
and egress. In contrast to other Haloferax strains, Haloferax gibbonsii LR2-5 is very suscep�ble to
viral infec�on and serves as a host for a dozen of viruses. In my talk I will present infec�on mecha-
nisms of viruses infec�ng this strain that serves as a model to study virus-host interac�on in
haloarchaea.

1*

mailto:t.e.f.quax@rug.nl


93

July 21 |  Session 11: Virus-host interac�ons | Talk Code: IT23

biofilm Lipopolysaccharide Salmonella

A sweet key to bacteriophage infection: Polysaccharide interactions at Gram-
negative bacterial surfaces and in extracellular glycan matrices
Nina K. Bröker , Mareike Stephan , Tim Kollenkirchen , Yve�e Roske , Tobias Irmscher ,
Valen�n Dunsing , Salvatore Chian�a , Stefanie Barbirz 

1. Department of Medicine, Science Faculty, HMU Health and Medical University, Potsdam,
Germany.
2. Department of Colloid Chemistry, Max Planck Ins�tute of Colloids and Interfaces, Potsdam,
Germany.
3. Department of Medicine, Science Faculty, MSB Medical School Berlin, Germany.
4. Physical Biochemistry, University of Potsdam, Potsdam, Germany.
5. Structural Biology of Membrane-associated processes, Max-Delbrück-Center for Molecular
Medicine, Berlin, Germany.

Correspondence: stefanie.barbirz@medicalschool-berlin.de

The encounter with a cellular boundary is a central step in a viral life cycle to start transfer of ge-
ne�c material into a host cell. Bacteriophages meet a plethora of bacterial surface structures, most
of them highly diverse envelope glycans, but also glycan-based biofilms. Phage-host co-existence in
these glycan matrices is �ghtly balanced, as they play dual roles both as protec�ve shields and as
phage receptors. This talk will give an overview on how bacteriophages interact with polysaccha-
rides as part of the bacterial envelope or of biofilms. We have analyzed bacteriophage mobility in
polysaccharide-based biofilms by defining microviscosity parameters of the glycan matrix. We show
which strategies phages have developed to remain mobile in highly viscous biofilms. Tailed bacterio-
phages infec�ng Gram-nega�ve bacteria can use the outer O-an�gen polysaccharide layer for infec-
�on. The interac�on with this major outer membrane component has high regulatory impact on
bacteriophages. In intact cells, the O-an�gen serves as infec�on control point, whereas in outer
membrane vesicles, the O-an�gen mediates extracellular phage concentra�ons. In addi�on, isolat-
ed lipopolysaccharide (LPS) fragments form membrane-like assemblies exposing O-an�gen to inac�-
vate phages. Using a set of Salmonella model phages of different tail architectures we show that
phage par�cles work as molecular machines that can be triggered to release their DNA by O-an�gen
containing membranes. We show how the interplay of bacteriophage enzyma�c ac�vity, OM prop-
er�es and phage tail architecture leads to opening of the phage par�cle, illustra�ng the high regula-
tory power of the Gram-nega�ve OM glycan environment on bacteriophage infec�on.
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Veronique Ongenae , Adam Sidi Mabrouk , Marjolein Crooijmans , Daniel Rozen , Ariane
Briegel , Dennis Claessen 

1. Molecular Biotechnology, Ins�tute of Biology, Leiden University; P.O. Box 9505, 2300 RA Leiden,
The Netherlands.
2. Centre for Microbial Cell Biology, Leiden University, Leiden, The Netherlands.

Correspondence: 
v.m.a.ongenae@biology.leidenuniv.nl *Corresponding authors. Email: a.briegel@biology.leidenuni-
v.nl or d.claessen@biology.leidenuniv.nl

The cell wall plays a central role in protec�ng bacteria from some environmental stresses, but not
against all. In fact, an elaborate cell envelope may even render the cell more vulnerable, since it
contains molecules and structures that bacteriophages recognize as the first step of host invasion.
Bacteriophages are highly abundant in the environment and a major threat for bacteria. Therefore,
bacteria have evolved sophis�cated defense systems to withstand phage a�acks, like CRISPR/Cas,
restric�on-modifica�on or abor�ve infec�on. However, some bacteria are known to be able to shed
the bacterial cell wall in response to several environmental stressors. We hypothesized that wall-
deficient bacteria may be temporarily protected against phages, since they lack the essen�al en�-
�es that are necessary for phage binding and infec�on. To test this hypothesis, three model organ-
isms (Streptomyces, E. coli and B. sub�lis) were inoculated in osmoprotec�ve medium and infected
with bacteriophages at MOI=1. Cryo-electron tomography was to give a detailed overview of the in-
terac�on between phages and wall-deficient bacteria. We have uncovered a previously unknown
mechanism by which mono- and diderm bacteria survive infec�on with diverse ly�c phages. Phage
exposure leads to a rapid and near complete conversion of walled cells to a cell wall-deficient state,
which remain viable in osmoprotec�ve condi�ons and can revert to the walled state. While shed-
ding the cell wall drama�cally reduces the number of progeny phages produced by the host, it does
not always preclude phage infec�on. Altogether, these results show that the forma�on of cell wall-
deficient cells prevents complete eradica�on of the bacterial popula�on and suggest that cell wall-
deficiency may limit the efficacy of phage therapy, especially in highly osmo�c environments or
when used together with an�bio�cs that target the cell wall.

1,2 1,2 1,2 1
1,2* 1,2*

mailto:v.m.a.ongenae@biology.leidenuniv.nl
mailto:a.briegel@biology.leidenuniv.nl
mailto:d.claessen@biology.leidenuniv.nl


95

July 21 |  Session 11: Virus-host interac�ons | Talk Code: ST38

Giant Viruses an�-viral defence systems host-defence

Abortive infection and defensive symbiosis - novel defense strategies against giant
viruses
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The discovery of giant viruses in amoeba changed our percep�on of the viral world. With genome
and par�cle sizes comparable to those of bacteria and a number of cellular features, giant viruses
sparked a controversy about their evolu�onary origin. Frequent host-switches, and compe��on
with other viruses and bacterial symbionts were proposed as drivers of giant virus evolu�on. While
virophages have been shown to facilitate amoeba host survival during giant virus infec�on, very lit-
tle is known about other defense mechanisms. Here, we report on two new defense strategies ob-
served with two different giant viruses. First, we studied the role of bacterial symbionts of free-liv-
ing amoebae in the establishment of giant virus infec�ons. To inves�gate these interac�ons in a sys-
tem that would be relevant in nature, we isolated a giant virus (Marseilleviridae) and poten�al
Acanthamoeba hosts infected with a bacterial symbiont, iden�fied as Parachlamydia acanthamoe-
bae, from the same environmental sample. Systema�c co-infec�on experiments showed that the
bacterial symbiont represses the replica�on of the sympatric giant virus as well as other giant virus-
es (Mimiviridae) in both environmental isolates as well as Acanthamoeba lab strains. Second, we
studied  a new giant virus isolate (Mimiviridae) infec�ng members of the amoeboflagellate genus
Naegleria. We describe how infec�on of Naegleria  may lead to abor�ve infec�on, in which viral
replica�on and dissemina�on is blocked by premature host cell death, ensuring the survival of the
amoeba host popula�on. Together, we show that amoebae employ diverse and as yet underex-
plored strategies to cope with omnipresent giant viruses.
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Unraveling bacterial determinants of tolerance to endolysin lytic action
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WHO recognizes an�bio�c resistance as one of the major current threats to global health and econ-
omy. To tackle the decreasing therapeu�c efficiency of conven�onal an�bio�cs, alterna�ve an�mi-
crobials are needed, preferen�ally with new modes of ac�on that minimize resistance develop-
ment. Among such promising alterna�ves are bacteriophage ly�c enzymes, such as endolysins [1].

Endolysins are enzymes (enzybio�cs) that cleave the bacterial cell wall (CW) pep�doglycan [1].
Phages employ them to lyse host bacteria at the end of infec�on for virion progeny release. En-
dolysins’ ability to cause cell lysis when added exogenously to bacteria set the basis for their explo-
ra�on as an�microbials.

It is usually considered that Gram-posi�ve (G+) bacteria are “easy” targets to endolysins, since
these bacteria lack an outer membrane protec�ng the CW. However, it has been observed that in
nutrient rich environments, G+ bacteria can present some tolerance to endolysins. Li�le is known
about the mechanisms of tolerance, except that they depend on the presence of certain CW sec-
ondary polymers and that they are abolished by agents that dissipate the membrane proton-mo�ve
force (PMF) [2,3].

We have used the endolysin Lys11 that targets the high priority pathogen Staphylococcus aureus to
gain insight on the determinants of tolerance. By employing selec�ve membrane drugs, S. aureus
mutants affected in CW polymers, and different endolysin constructs, we show that: i) the PMF
component most preponderant in tolerance is the pH gradient across the membrane; ii) selec�ve
membrane drugs affect endolysin binding to cells; iii) wall teichoic acids are the key CW-associated
polymers contribu�ng to tolerance; iv) the two cataly�c domains of the endolysin respond differ-
ently to PMF dissipa�on.

[1] Dams and Briers, 2019. doi: 10.1007/978-981-13-7709-9_11

[2] Fernandes and São-José, 2016. doi: 10.1111/mmi.13448

[3] Gouveia et al., 2022. doi: 10.1038/s41598-022-05361-1
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Workshop on Viral Genomics and Taxonomy - from isolate to GenBank and beyond
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How many of us have isolated and sequenced a phage, go�en reads back from the sequencing facil-
ity and thought “What now?” How can I assemble the data, and should I use an automated pipeline
(DFAST, RASTtk, PHANOTATE) to annotate the genome, or shall I do what my scien�fic ancestors in
the laboratory did before me and manually scan for ORFs, Shine-Dalgarno sequences, promoters
and terminators? What if there is no reference phage closely related to mine? What if there is?
What is a phage species and what about all those new families?

In this workshop, we will try to guide you through the whole process, from deciding on the se-
quencing technology, to assembly, annota�on and classifica�on. For the most part, we will use In-
ternet resources and freely available so�ware that can be run on a laptop computer. We’ll teach
you how to hunt for missing coding sequences and false start codons, show best prac�ces in func-
�onal annota�on and drill down the mantra “if you cannot convince your grandmother (Avó) of a
protein’s func�on, call it hypothe�cal protein”.

In the second part of the workshop, we’ll introduce the par�cipants into the wonderful – if some-
what baffling – world of official virus taxonomy. We’ll highlight some of the new tools that are avail-
able and guide you through the decision-making process.

At the end of this workshop, you will have all the knowledge and tools to go from a sequence file to
a finished annotated phage genome that can be submi�ed to an INSDC database and can be offi-
cialised through a Taxonomy Proposal to ICTV (the Interna�onal Commi�ee on Taxonomy of
Viruses).

The workshop coordinators are Chair, Vice Chair and former Chair of ICTV’s Bacterial Viruses Sub-
commi�ee and members of NCBI’s Viral Advisory Commi�ee.  In these capaci�es they are commit-
ted to assure that phage genomes submi�ed to NCBI are complete, accurate, properly annotated,
and accurately classified.  
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Discovery, dynamics, engineering, and the therapeutic opportunities for phage
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Mycobacteriophages are phages infec�ng Mycobacterium hosts. A large collec�on of over 10,000
individual phages have been isolated on a single host strain – Mycobacterium smegma�s mc 155 –
and over 2,000 have been sequenced and annotated. These provide a high-resolu�on view of the
genomes, their overall diversity, the ways they differ from each other, the evolu�onary mechanisms
that give rise to pervasive genomic mosaicism, and their origins. Many if not most of these phages
are temperate and use a variety of intriguing mechanisms for establishing lysogeny and maintaining
their prophages during bacterial growth. These phage genomes have provided a rich source of tools
for developing gene�c systems for the mycobacteria – including Mycobacterium tuberculosis – such
as integra�on-proficient plasmids, recombineering systems, non-an�bio�c selectable markers, and
phage-mediated delivery systems. We have also explored the poten�al therapeu�c use of mycobac-
teriophages for the treatment of Mycobacterium infec�ons, including those caused by
Mycobacterium abscessus, Mycobacterium chelonae, Mycobacterium avium, and BCG. Through ex-
tensive screening, forward gene�cs, and genome engineering, we have iden�fied, prepared, and
provided phage prepara�ons for treatment of 20 pa�ents with an�bio�c resistant and refractory in-
fec�ons, for which all extant treatments had been exhausted.  Most of these received intravenous
administra�ons, twice daily, for at least three months and o�en substan�ally longer. No serious ad-
verse reac�ons were observed, and favorable microbiological or clinical outcomes were reported in
many but not all pa�ents. Interes�ngly, phage resistance was not observed and did not contribute
to treatment failure, even for the eleven pa�ents for which only a single phage was administered.
Phage neutralizing an�bodies were observed in several pa�ents but did not consistently prevent fa-
vorable outcomes. 
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Fundamentally applied phage biology
Jeremy J. Barr

1. Monash University

Correspondence: jeremy.barr@monash.edu

In this talk, I will discuss the necessity of fundamental phage research within clinically-relevant bac-
terial pathogens. Specifically, I will detail our recent work on phage receptors, the emergence of
phage resistance, the development of phage cocktails and pre-clinical transla�on in two emerging
bacterial pathogens. Building this knowledge base within each relevant bacterial pathogen is cri�cal
if we are to successfully and consistently apply this for therapeu�c interven�ons.
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An�microbial resistance (AMR) is a growing threat for human health. Phage therapy (PT) could be
part of the solu�on.In 2008, the Queen Astrid Military Hospital (QAMH) reini�ated PT in selec�ve
cases.

We retrospec�vely analyzed the PT requests and treatments facilitated by the QAMH between
01/01/2008 and 31/12/2021 to get an idea of their safety and efficacy.

In the above-men�oned �me period, 989 PT requests and 100 phage treatments were registered,
and retrospec�vely analyzed. These treatments took place in 12 countries: Belgium (n=68), UK,
France, The Netherlands, Germany, Spain, Portugal, Switzerland, Austria, Italy, Tunisia and Latvia
(n=32). In total, 15 bacterial species were targeted for which we used 17 individual phages and 6
phage cocktails. The clinical indica�ons were: low respiratory tract infec�ons (LRTI, 33%), bone and
prosthe�c joint infec�ons (BPJI, 23%), skin and so� �ssue infec�ons (SSTI, 22%), ear nose throat in-
fec�ons (ENTI, 11%), abdominal infec�ons (AbdI, 5%), blood stream infec�ons (BSI, 5%), and others
(5%). 78 pa�ents were treated in hospitals, 22 ambulatory. No allergic reac�ons or major adverse
events were observed. However, 6 pa�ents reported mild adverse reac�ons, possibly linked to the
phage treatment. The principal modes of phage administra�on were local administra�on, for BPJI
and SSTI infec�ons, and nebulisa�on for LRTIs. In 18 pa�ents, phages were administered intra-
venously, without any adverse reac�on. The overall clinical outcome was posi�ve in 72% of the cas-
es with microbiological eradica�on observed in 52% of the pa�ents. Phages were used complemen-
tary to an�bio�c treatment in 62 pa�ents. 2 pa�ents were treated with phages alone intravenously.

The interest and use of PT have increased considerably. Even though no conclusion can be drawn on
the therapeu�c efficacy of phage therapy, our results indicate that it is more than likely safe, and
possibly efficient.
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The human gut is a complex ecosystem, consis�ng of eukaryo�c cells, bacteria and viruses and al-
tera�on of this intes�nal microbiota is associated with an increasing number of human diseases.
Bacteriophages and viruses of Archea are important effectors and indicators of human health and
disease by managing specific bacterial popula�on structures and by interac�ng with the mucosal
immune system.

To obtain func�onal insights into the gastrointes�nal microbiome and its func�on in health and dis-
ease, we aim to establish a model to inves�gate the interac�on of bacteriophages and cognate host
bacteria in the mammalian gut. Therefore, we isolated specific phages from environmental samples
for members of a minimal bacterial consor�um, the Oligo-MM , which consists of 14 well-charac-
terized bacterial strains that colonize gnotobio�c mice in a stable and reproducible manner and pro-
vides coloniza�on resistance against Salmonella. These phages are used to analyze their effect on
the stable community in the murine gut with respect to composi�onal and func�onal altera�ons as
well as phage-host bacterial interac�on over �me.

We show, that phages lead to ini�al deple�on of the target popula�on and therea�er coexist with
the bacteria over long periods of �me. Furthermore, the addi�on of phages led to a significant de-
crease of the coloniza�on resistance against Salmonella, indica�ng that community func�ons can
be targeted by phages.

In summary, our work yields insights into phage-bacterial interac�ons in the gut and the effect of
phages on fundamental microbiome func�ons, which will be important for evalua�ng the future
use of phages for targeted microbiome manipula�on.
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Photodynamic therapy (PDT) represents a promising therapeu�c modality for cancer. Here we used
an orthogonal approach (gene�c/chemical) to engineer M13 bacteriophages as targeted vectors for
efficient photodynamic killing of cancer cells. M13 was gene�cally refactored to display on the
phage �p a pep�de ligand (CPDIERPMC) recognizing the a5b1 integrin fibronec�n receptor, a thera-
peu�c target expressed by tumoral neovessels and tumoral cells whose overexpression is associated
with a poor prognosis for pa�ents. The refactored M13a5b1 phages demonstrated targeted tropism
to HT29 and DLD1 colon cancer cells, which overexpress a5b1. Using an orthogonal approach to the
gene�c display, M13a5b1 phages were then chemically modified, conjuga�ng hundreds of Rose
Bengal (RB) photosensi�zers on the capsid surface, without affec�ng the selec�ve targe�ng provid-
ed by the CPDIERPMC pep�de. Upon internaliza�on, the M13a5b1-RB deriva�ves generated intra-
cellular reac�ve oxygen species, ac�vated by an ultralow intensity white light irradia�on. The retar-
geted phages were then tested in PDT on both 2D and 3D (spheroids) cell cultures. Promisingly, a
photodynamic killing ac�vity on colon cancer cell lines was observed at picomolar concentra�ons of
the phage vector. Moreover, the M13a5b1-RB deriva�ves were able to penetrate into the spheroid
core and promote selec�ve cytotoxicity and disaggrega�on of the spheroid upon light irradia�on.
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Though medically important as therapeu�c agents and ubiquitous in human and animal microbio-
mes, li�le is known about how phages interact with the mammalian immune system. The consen-
sus is that phages are harmless; however, as viruses, we hypothesized that the host immune system
can detect and respond to phages. Here, we inves�gate phage-immune interac�ons by determining
their influence on macrophages, heterogeneous and highly plas�c cells that are specialized in sens-
ing and responding to microorganisms, including viruses. We show that macrophages exposed to
phages of Pseudomonas aeruginosa transcrip�onally upregulate 279 genes and downregulate 100
genes. Gene Ontology and KEGG pathway analyses suggest that this response was driven by Toll-like
receptor 2 (TLR2) and TLR9 signalling pathways that induced the transcrip�on factor NF-κB, pro-
mo�ng expression of predominantly proinflammatory and an�viral genes. Moreover, we demon-
strate that the response was independent of TLR4 s�mula�on. Transcriptomic changes correlated
with increased secre�on of proinflammatory cytokines, including tumor necrosis factor (TNF), inter-
leukin 1β (IL-1β), IL-6, CC chemokine ligand 5 (CCL5/RANTES), monocyte-chemotac�c protein 3
(MCP3/CCL7), and interferon-β (IFNβ). These data suggest that phages promote macrophage polar-
iza�on towards inflammatory M1 phenotypes via mechanisms similar to those of eukaryo�c virus-
es. Thus, phages may play a role in host defense and cell-mediated inflammatory diseases.
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Bacteria encode sophis�cated an�-phage systems carried on defence islands, which are diverse,
versa�le and display high gene�c mobility. How this variability and mobility occurs remains un-
known. Here we demonstrate that a widespread family of pathogenicity islands, the phage-in-
ducible chromosomal islands (PICIs), carry an impressive arsenal of defence mechanisms, which are
disseminated intra- and inter-generically by helper phages. These defence systems provide broad
immunity, blocking not only phage reproduc�on, but also plasmid and non-cognate PICI transfer.
Remarkably, our results demonstrate that phages mobilise PICI-encoded immunity systems to use
against other mobile gene�c elements, which compete with the phages for the same bacterial
hosts. Therefore, the cost of mobilising PICIs is essen�al for phage (and bacterial) survival in nature.
Our results highlight PICIs as key players controlling horizontal gene transfer in nature and demon-
strate that PICIs and phages establish mutually beneficial interac�ons which drive bacterial ecology
and evolu�on.
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Temperate phages can enter a ly�c or lysogenic cycle, the la�er akin to dormancy. These phages are
responsible for over 10  infec�ons per second, and most bacteria already contain within their
genomes at least one dormant phage awai�ng the right signal to wake and lyse its host. The deci-
sion between lysis and lysogeny is arguably the most important in all of biology. We inves�gate how
to bias this decision to be�er manipulate bacterial popula�ons. Using the model E. coli phage HK97,
we demonstrated that ciprofloxacin, a DNA-damaging an�bio�c that induces the bacterial SOS re-
sponse, canonically an inducer of temperate phages, results in a potent 450 000-fold synergy de-
pendent on the lysis/lysogeny decision. We termed this effect temperate Phage-An�bio�c Synergy
(tPAS). We found that this synergy holds true across many SOS-inducing an�bio�cs but, curiously,
observed a comparable synergy with protein synthesis inhibitors completely independently of the
SOS response. Notably, synergy here was not due to induc�on of the phage as it was with SOS-in-
ducers, but rather due to the an�bio�cs blocking entry into lysogeny. This is the first report of a
means of chemically blocking entry into lysogeny, providing a new means for manipula�ng the key
lysis/lysogeny decision point in temperate phages. Armed with these appropriate controls for tools
to block entry to, or force exit from, lysogeny, we are now embarking on high-throughput screens to
iden�fy new compounds capable of biasing this behaviour.
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Regulation of prophage induction and lysogenization by phage communication
systems and the SOS response
John B Bruce , Sébas�en Lion , Sylvain Gandon , Edze R Westra 

1. University of Exeter, Penryn, UK
2. CNRS, Montpellier, France

Correspondence: Edze Westra: E.R.Westra@exeter.ac.uk

Many phages cause both ly�c infec�ons, where they release viral par�cles, and dormant infec�ons,
where they await future opportuni�es to reac�vate. The benefits of each transmission mode de-
pend on the density of suscep�ble hosts in the environment. Many phages that infect Bacillus
species use molecular signalling to respond plas�cally to changes in host availability. These phages
produce a signal during ly�c infec�on and regulate, based on the signal concentra�on in the envi-
ronment, the probability with which they switch to causing dormant infec�ons. I will discuss the
adap�ve significance of plas�city in phage life-history traits in fluctua�ng environments. Using a
combina�on of theory and experiments, we show that host density fluctua�ons selects for plas�city
in entering lysogeny as well as virus reac�va�on once signal concentra�ons decline. We also find
that conflict over the responses of lysogeniza�on and reac�va�on to signal is resolved through the
evolu�on of different response thresholds for each trait. Finally, we demonstrate that lysis/lysogeny
decisions are further modified by intracellular cues that indicate the viability of the host. Specifical-
ly, ac�va�on of the host SOS stress response alters the responsiveness of phage to its signals, en-
abling the phage to integrate informa�on about the intracellular and extracellular environment to
op�mize its transmission. Collec�vely, these findings deepen our understanding of the ways phage
regulate their infec�on strategies, which can be leveraged to manipulate host and phage popula�on
dynamics in natural environments.
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Compartmentalization of bacteriophage SPP1 replication and assembly in the
Gram-positive bacterium Bacillus subtilis.
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Viral infec�on affects host cell homeostasis and draws extensive cellular biosynthe�c resources. Cell
machineries are also hijacked for op�mal viruses mul�plica�on. Here, we inves�gated the impact of
these processes in the spa�al organiza�on of the bacterial cell. We show that infec�on by bacterio-
phage SPP1 leads to the forma�on of two types of membrane-less compartments in the cytoplasm
of the Gram-posi�ve bacterium Bacillus sub�lis.

Phage DNA localizes in a single DNA compartment in mono-infected cells. More than 300 copies of
the SPP1 viral genome are synthesized in the first 25 minutes of infec�on, doubling the cell DNA
content. This process requires fast recruitment of the bacterial replisome proteins orchestrated by
the SPP1 helicase gp40 that binds to the DnaG primase and to DnaX, a subunit of DNA polymerase
III. Hybrid phage-bacterial replisomes accumulate in discrete genome replica�on factories within
the phage DNA compartment. Collec�vely, our data reveal that the host replisome machinery is
massively redirected and dedicated for op�mal SPP1 DNA replica�on.

Later in infec�on, procapsids localize at the periphery of the DNA compartment for genome packag-
ing whereas DNA-filled capsids fully segregate to spa�ally dis�nct warehouse compartments where
viral par�cles accumulate. Warehouses are found mostly side by side from the viral DNA replica�on
foci.

The dynamics of the SPP1 replica�on factory and virions warehouses were visualized during the
complete SPP1 infec�on cycle using microfluidics. The spa�al and temporal distribu�on in the bac-
terial cytoplasm highlights a sequen�al program of molecular interac�ons. It leads to an extensive
re-organiza�on of the crowded cytoplasm to achieve assembly of about 150 infec�ve par�cles with-
in 25 minutes of infec�on. Structura�on of viral factories to confine phage DNA enzyma�c reac�ons
appear as a very efficient strategy for SPP1 to exploit the bacterial resources for its own profit.
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Diversity Generating Retroelements: From phage host-range evolution to targeted
mutagenesis tools
Raphael Laurenceau , Paul Roche�e , Elena Lopez-Rodriguez , Amandine maire , Thea Chrysos-
tomou , David Bikard 
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Diversity Genera�ng Retroelements (DGRs) are fascina�ng gene�c systems used by some bacterio-
phages to diversify protein domains involved in host cell recogni�on. These systems perform a local-
ized and controlled mutagenesis that preserves the overall protein structure while genera�ng up to
10  variants, allowing bacteriophages to reach out to infect new strains. By refactoring the DGR
components onto an E. coli plasmid system, we have for the first �me harnessed a bacteriophage
DGR turning it into a flexible and innova�ve tool for genera�ng targeted mutagenesis.

I will present our ongoing work on redirec�ng this system towards engineering the phage λ host
range by mutagenizing the phage tail fibers and its bacterial receptor conjointly. We were able to
generate bacterial receptor escape mutant resistant to the phage a�achment, and then phage tail
fiber mutant able to re-infect these escape mutants, essen�ally re-crea�ng an accelerated version
of the co-evolu�onary dynamics happening between phages and bacteria at the cell surface. This
dataset informs us on the structural details of the phage/host binding interface.
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Dual Pathogenicity Island Transfer by a Novel Form of Lateral Transduction
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The Staphylococcus aureus pathogenicity islands (SaPIs) are highly mobile gene�c elements that
carry genes for superan�gens and toxins. They are prototypical members of the phage-inducible
chromosomal islands that parasi�ze bacteriophages (phages) for their reproduc�on and dissemina-
�on. Here we have discovered that the SaPIs follow an atypical life cycle a�er induc�on, which al-
lows them to engage in lateral transduc�on (LT) to mobilize large sec�ons of the bacterial chromo-
some at high frequencies, and a second more sophis�cated form of LT that produces transducing
par�cles capable of delivering an intact SaPI element with host DNA. As a result of this second
mechanism, that we term lateral cotransduc�on (LcT), SaPIbov1 can piggyback its own LT of staphy-
lococcal pathogenicity island vSa  so that both islands can be mobilised in a single infec�ve par�cle
and transferred to the same host cell, all in parallel to the normal SaPI life cycle. Moreover, unlike
phage-mediated LT that is limited to prophage induc�on, we found that SaPI-mediated LT and LcT
occur during lysogenic induc�on, infec�on of SaPI-containing strains, and even infec�on of strains
that do not carry a SaPI. Therefore, our results show SaPIs mediate dynamic forms of gene transfer
and they are one of the most important drivers of pathogen evolu�on.
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Phages and their satellites encode hotspots of antiviral systems
Francois Rousset , Florence Depardieu , Solange Miele , Julien Dowding , Anne-Laure Laval ,
Erica Lieberman , Daniel Garry , Eduardo P.C. Rocha , Aude Bernheim , David Bikard 
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Bacteria carry diverse gene�c systems to defend against viral infec�on, some of which are found
within prophages where they inhibit compe�ng viruses. Phage satellites pose addi�onal pressures
on phages by hijacking key viral elements to their own benefit. Here, we show that E. coli P2-like
phages and their parasi�c P4-like satellites carry hotspots of gene�c varia�on containing reservoirs
of an�-phage systems. We validate the ac�vity of diverse systems and describe PARIS, an abor�ve
infec�on system triggered by a phage-encoded an�-restric�on protein. An�viral hotspots par�ci-
pate in inter-viral compe��on and shape dynamics between the bacterial host, P2-like phages, and
P4-like satellites. Notably, the an�-phage ac�vity of satellites can benefit the helper phage during
compe��on with virulent phages, turning a parasi�c rela�onship into a mutualis�c one. An�-phage
hotspots are present across distant species and cons�tute a substan�al source of systems that par-
�cipate in the compe��on between mobile gene�c elements.
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Type III CRISPR-Cas provides resistance against nucleus-forming jumbo phages via
abortive infection
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Many prokaryotes encode CRISPR-Cas systems as immune protec�on against bacteriophages. Dur-
ing infec�on, jumbo phages evade DNA-targe�ng CRISPR–Cas immunity by physically protec�ng
their DNA inside a viral nucleus-like structure. However, phage mRNA remains vulnerable to RNA-
targe�ng CRISPR–Cas systems (e.g. type III) when exi�ng the nucleus for transla�on. In Serra�a the
type III-A accessory nuclease is required for defence against the jumbo phage PCH45; however, the
mechanism of protec�on is unclear. Here we solved the structure of the accessory nuclease, which
revealed it is a member of the NucC family. We show that NucC, upon binding cA , becomes an ac-
�ve endonuclease that promotes dsDNA cleavage. We demonstrate that NucC is ac�vated upon the
targe�ng of jumbo phage RNA, which results in destruc�on of the bacterial chromosome. Conse-
quently, type III immunity against the jumbo phage results in cell death, thus providing bacterial
popula�on protec�on by suppressing the phage epidemic. Overall, we show that type III CRISPR-Cas
systems overcome the inaccessible nature of jumbo phage DNA via abor�ve infec�on. Our bioinfor-
ma�c and experimental data showed that type III jumbo phage immunity is widespread and can be
elicited by accessory DNases as well as RNases.
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On the occurrence and multimerization of two-polypeptide phage endolysins
encoded in single genes
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Bacteriophages employ endolysins to promote host cell lysis for release of the virion progeny. En-
dolysins are enzymes that cleave pep�doglycan, the major cons�tuent of the bacterial cell wall bar-
rier. Because endolysins can cause bacteriolysis when added exogenously to bacteria, they are cur-
rently viewed as promising alterna�ve an�microbials to fight an�bio�c resistant bacteria.

Most endolysins are thought to correspond to single polypep�de, monomeric enzymes. However, a
few endolysins were shown to act as two-polypep�de isoforms [1,2], with some forming het-
eromeric complexes [3-5]. The two isoforms are produced thanks to the presence of an in frame,
internal transla�on start site within the endolysin gene (iTSS). One isoform corresponds to the full-
length polypep�de (FLP) deduced from the gene sequence, whereas the other corresponds to a C-
terminal product (CTP) ini�ated at the iTSS.

Surprisingly, in a recent bioinforma�cs study we found evidence that two-polypep�de endolysins
may be rather common in phages infec�ng Gram-posi�ve bacteria. We have experimentally validat-
ed the produc�on of two protein isoforms for four dis�nct endolysins. In addi�on, by studying in
detail one of the endolysins, we observed that the two isolated isoforms were inac�ve, and only
when they assembled as a heteromul�mer the ac�ve endolysin was generated. Moreover, by em-
ploying biophysical methods (chromatography, na�ve MS and SAXS), we have uncovered a
1FLP:5CTP stoichiometry for the complex, which has never been described before for endolysins.
These results challenge the established view of endolysins being mostly formed by single,
monomeric polypep�de chains.

1. Catalão et al. 2011, doi: 10.1371/journal.pone.0020515

2. Abaev et al. 2013, doi: 10.1007/s00253-012-4252-4

3. Proença et al. 2015, doi: 10.1111/mmi.12857

4. Dunne et al. 2016, doi: 10.1074/jbc.M115.671172

5. Zhou et al. 202, doi: 10.1371/journal.ppat.1008394
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Enhancing bacteriophage therapeutics through in situ production and release of
heterologous antimicrobial effectors
Jiemin Du , Susanne Meile , Jasmin Baggenstos , Tobias Jaeggi , Pietro Piffare� , Laura Hunold

, Cassandra I. Ma�er , Lorenz Leitner , Thomas M. Kessler , Mar�n J. Loessner , Ma�hew
Dunne , Samuel Kilcher 
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Bacteriophages operate via pathogen-specific mechanisms of ac�on dis�nct from conven�onal,
broad-spectrum an�bio�cs and are emerging as promising alterna�ves. However, phage-mediated
killing is o�en limited by bacterial resistance development. Here, we engineer phages for target-
specific effector gene delivery and host-dependent produc�on of colicin-like bacteriocins and cell
wall hydrolases. Using urinary tract infec�on (UTI) as a model, we show how heterologous effector
phage therapeu�cs (HEPTs) suppress resistance and improve uropathogen killing by dual phage- and
effector-mediated targe�ng. Moreover, we designed HEPTs to control polymicrobial uropathogen
communi�es through produc�on of effectors with cross-genus ac�vity. Using a phage-based com-
panion diagnos�c, we iden�fied poten�al HEPT responder pa�ents and treated their urine ex vivo.
Compared to wildtype phage, a colicin E7-producing HEPT demonstrated superior control of pa�ent
E. coli bacteriuria. Arming phages with heterologous effectors paves the way for successful UTI
treatment and represents a versa�le tool to enhance and adapt phage-based precision
an�microbials.
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RNA modifica�ons T4 phage infec�on mechanism

How to connect RNAs with proteins? -RNAylation of proteins
Maik Wolfram-Schauerte , Nadiia Pozhydaieva , Katharina Höfer 
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The mechanisms by which viruses hijack their host’s gene�c machinery are of enormous current in-
terest. One mechanism is adenosine diphosphate (ADP) ribosyla�on, where ADP-ribosyltransferases
(ARTs) transfer an ADP-ribose fragment from the ubiquitous coenzyme nico�namide adenine dinu-
cleo�de (NAD) to acceptor proteins. Here, we report that bacteriophage T4 ARTs surprisingly accept
not only NAD, but also NAD-capped-RNA (1) as substrate, thereby covalently linking en�re RNA
chains to acceptor proteins in vitro and in vivo (2). We term this reac�on an “RNAyla�on”.

This new post-transla�onal protein modifica�on (PTM) changes the proper�es of the target protein
such as charge and size. In in vitro experiments we were able to show that the RNAyla�on of the ri-
bosomal protein S1 by ModB using radiolabeled NAD-capped RNA drama�cally increases the pro-
tein size. Western blot experiments showed that the RNAyla�on also occurs in vivo – in E. coli dur-
ing T4 phage infec�on. Removal of ADP-ribosyla�on and RNAyla�on, during T4 phage infec�on dra-
ma�cally decelerates lysis thereby underlining the significance of these PTMs for T4 phage
infec�on.

Our findings challenge the established views of phage infec�on and exemplify that the structural
and func�onal boundaries between different classes of biopolymers become increasingly blurry. We
suggest that RNAyla�on by ARTs could play so far undetected roles in the interac�on of phages and
bacteria or even in higher organisms.

References

 1.    Schauerte, M., Pozhydaieva, N., Höfer, K. Shaping the Bacterial Epitranscriptome—5ʹ-Terminal
and Internal RNA Modifica�ons. Adv. Biology. 2021, 2100834.

 2.    Höfer, K.*+, Schauerte, M.*, Grawenhoff, J., Wulf, A., Welp, L. M., Billau, F. A., Urlaub, H.,
Jäschke, A.+ Viral ADP-ribosyltransferases a�ach RNA chains to host proteins. bioRxiv 2021
2021.06.04.446905. + corresponding author, *These authors contributed equally to this work.
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Structural Insight into Giant Virus Infection of Marine Picoplankton
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Marine viruses are key drivers of nutrient and biogeochemical cycling in oceans by termina�ng algal
blooms. The marine picoalga Ostreococcus tauri is among the smallest free-living eukaryotes known
to date. O. tauri is frequently infected by giant, species-specific viruses belonging to the nucleocyto-
plasmic large double-stranded DNA virus (NCLDV) family. To visualize and characterize the virus in-
fec�on of this highly simplified unicellular green alga, we employ an integra�ve approach by com-
bining biochemical and biophysical techniques with state-of-the-art cryo-electron microscopy and -
tomography (cryo-EM and -ET). We found that Ostreococcus tauri virus 5 (OtV-5) possesses a quasi-
icosahedral capsid with a diameter of 150 nm and triangula�on number 127 formed by major cap-
sid proteins with the double jelly roll fold. Applying cryo-EM and -ET on late stage-infected O. tauri
cells, we observed that the number of virions produced by an infected cell is limited by its small size
to about 25, which is consistent with the previously reported burst size [1]. During the early stage of
infec�on, OtV-5 a�aches to the algal cell via one of its capsid ver�ces. The virus possesses an inner
lipid bilayer, which fuses with the algal cell membrane and forms a tunnel through which the viral
genome is transferred into the host cell. We furthermore iden�fied various virus assembly interme-
diates inside the infected cell, ranging from inner membrane precursors serving as nuclea�on sites
for par�ally assembled angular capsid segments, over complete empty capsids, to genome-filled
virions. Our results provide further understanding of the diversity of virus structure and func�on,
and provide insight into the processes by which viruses shape the marine community structure.
Controlling biomass and primary produc�on of phytoplankton communi�es might be a relevant
measure to mi�gate the effects of global climate change.

[1] Derelle E. et al., PLoS ONE 3(5), e2250 (2008)
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Genomic characterization of a lysogenic bacteriophage of Pseudomonas sp.
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The Geological Society of India (GSI) has reported seven geothermal provinces covering nearly 400
thermal springs based on the tectonic elements and geothermal gradients across India. Despite the
widespread distribu�on of geothermal springs in India, Indian hot springs are least explored in
terms of viruses compared to their host bacteria. Vashisht hot spring is located in the Himalayan
geothermal province, in the Manali region of Kullu district, Himachal Pradesh. The hot spring is situ-
ated on the other side of the Beas River. The healing benefits of the hot spring make it one of Man-
ali's most renowned tourist a�rac�ons. Here we report, the isola�on and genomic characteriza�on
of a lysogenic bacteriophage of the host Pseudomonas sp. strain VB3 from Vashisht hot spring, Hi-
machal Pradesh, India. A lysogenic bacteriophage, vB_Psp_VB3 was isolated by mitomycin-C induc-
�on from Pseudomonas sp. strain VB3. Host range analysis with other strains of Pseudomonas
species appeared to be limited. Genomic DNA of the phage was isolated a�er mitomycin-C treat-
ment and subsequently sequenced on the Illumina HiSeq pla�orm. In these extreme environments,
the phage enters the lysogeny state, facilita�ng long-term co-evolu�on with the bacterial host, and
thereby establishing a mutually beneficial interac�on for their survival. The study suggested that
lysogeny may be a viable lifestyle in hot springs.
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Brackish sea surface slicks harbour distinctive communities of bacteriophages with
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Sea-surface slicks dampen small-scale waves at the water surface, can cover up to 30% of surface
area in coastal regions, and harbor a dis�nc�ve bacterial community composi�on. So far nothing is
known about the viral communi�es of brackish sea-surface slicks. Here, we sampled the sea-surface
microlayer (SML), the <1 mm thin skin of the water column within a surface slick and compared its
virome to non-slick SML, and to corresponding subsurface water from 1 m depth (SSW) in the
Kalmar Sound, Sweden. Samples underwent size-frac�onated filtra�on to sequence metagenomes
of the >5 µm, 5-0.2 µm and <0.2 µm (virome) frac�ons. The slick SML was highly enriched in surfac-
tants and dissolved organic carbon compared to non-slick SML and SSW. Metagenomic analysis re-
covered 429 viral scaffolds >10 kb, and the viral community in the slick SML was dis�nct compared
to the other samples across all filtered frac�ons. Three viruses of the same genus that were present
in all samples, reached very high abundances (read coverage=14403) in the slick SML compared to
non-slick SML and SSW, and shared protein similari�es with Cellulophaga and Flavobacteria phages
as well as k-mer frequency pa�erns with metagenome-assembled genomes (MAGs) from these
hosts. Based on read mapping, eight viral genomes between 27 and 106 kb length were unique to
the slick SML. These phages carried metabolic genes, related to e.g., folate, cobalamin, and nu-
cleo�de synthesis. Among 82 dereplicated MAGs, a complete genome of the polysaccharide-de-
grader Paraglaciecola sp. (family Alteromonadaceae) carried adap�ve immunity in form of a CRISPR
system. One CRISPR spacer targeted a 106-kb viral scaffold unique to the slick SML and other known
Gammaproteobacteria phage isolates from Bal�c Sea. Our data show that brackish surface slicks
harbor dis�nc�ve bacteriophage communi�es providing auxiliary metabolic genes to their hosts.
Abundant ly�c phages likely influence carbon turnover at the air-sea boundary.
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Diverse viruses of marine archaea discovered using metagenomics
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During the past decade, metagenomics became a method of choice for discovery of novel viruses.
However, host assignment for uncultured viruses remains challenging, especially for archaeal virus-
es, which are grossly undersampled compared to viruses of bacteria and eukaryotes. Here, we as-
sessed the u�lity of CRISPR spacer targe�ng, tRNA gene matching and homology searches for viral
signature proteins, namely, major capsid proteins, for assignment of archaeal hosts and validate
these approaches on a metavirome from Yangshan Harbor (YSH). We report 35 new genomes of
viruses which could be confidently assigned to hosts represen�ng diverse lineages of marine ar-
chaea. We show that the archaeal YSH virome is highly diverse, with some viruses enriching the pre-
viously described virus groups, including Magroviruses of Marine Group II Archaea, and others rep-
resen�ng novel groups of marine archaeal viruses. We propose four new families within the class
Caudoviricetes for classifica�on of viruses predicted to infect Nitrososphaeria (formerly Thaumar-
chaeota), a class of environmentally important and widespread ammonia-oxidizing archaea, and
highlight the rela�onship between the soil and marine thaumarchaeal viruses. Collec�vely, our re-
sults illustrate the u�lity of viral metagenomics in exploring the archaeal virome and provide new
insights into the diversity and evolu�on of marine archaeal viruses.
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Recent discoveries have shown that endogenous giant viruses are widespread in pro�sts, especially
green algae, and that they may play important roles in host genome evolu�on (Moniruzzaman et
al., Nature, 2020). Here we examined genomes of Chlamydomonas reinhard�i to see if endogenous
giant viruses could be detected in field isolates of this model green alga. In six strains we discovered
sequences belonging to endogenous giant viruses that reach up to several hundred kilobases in
length. In addi�on, we have also discovered the en�re genome of a closely related giant virus that is
endogenized within the genome of Chlamydomonas incerta, the closest sequenced phylogene�c
rela�ves of C. reinhard�i. Most endogenous giant viruses belonged to the Imitervirales, but one be-
longs to the Algavirales, demonstra�ng that mul�ple dis�nct lineages of viruses endogenize into this
host. Endogenous giant viruses add hundreds of new gene families to the host strains, highligh�ng
their contribu�on to the pangenome dynamics and inter-strain genomic variability of C. reinhard�i.
The presence of endogenous giant viruses in C. reinhard�i opens up important avenues of future
work that can leverage this model system to determine the molecular underpinnings of these in-
triguing elements. Moreover, although viruses of C. reinhard�i have not been detected in the past,
our results indicate that they are common in nature.
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The recovery of DNA from viromes is a major obstacle in the use of long-read sequencing to study
their genomes. In this sense, the use of cellular metagenomes (>0.2) emerges as an interes�ng
complementary tool since they contain large amounts of naturally amplified viral genomes from
pre-ly�c replica�on. We have applied second (Illumina Nextseq; short-reads) and third (PacBio Se-
quel II; long-reads) genera�on sequencing to compare the diversity and features of the viral com-
munity in a marine sample obtained from offshore waters of the western Mediterranean. We have
found a major wedge of the expected marine viral diversity directly recovered by the raw PacBio
CCS reads. More than 30,000 sequences were detected only in this dataset with no homologous in
the long- and short-read assembly and ca. 26,000 in the comparison to the large dataset of the
Global Ocean Virome 2 (GOV2), highligh�ng the informa�on gap created by the assembly bias. At
the level of complete viral genomes, the performance was similar in both approaches. However, the
longest average length of the sequences was provided by the hybrid long-and short-read assembly
which also improved the host assignment. Although no novel major clades of viruses were found,
there was a significant increase of the intra-clade genomic diversity recovered by long-reads that
produced an enriched assessment of the real diversity and allowed the discovery of novel genes
with biotechnological poten�al (e. g. endolysins).
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Recent years have demonstrated the dangers that viral diseases pose to public health. If an out-
break happens in a space habitat, the consequences would be more devasta�ng for astronaut
health than on Earth. Addi�onally, bacteriophages pose a real threat in spaceflight biotechnology.
Considering that biotechnology plays and will play an important role in deep space explora�on like
oxygen/food produc�on by cyanobacteria and synthesis of drugs/proteins by gene�cally engineered
bacteria. Therefore, bacteriophages have the capacity to destroy bacterial cultures, hal�ng biotech-
nological processes on space sta�ons. Since astronauts will depend on those processes, bacterio-
phage contamina�on will be a significant threat. It is relevant to understand the bacteriophage in-
fec�vity and distribu�on in spaceflight environments, which differ significantly from the environ-
ments on Earth.

In this research, virions of bacteriophage MS2 have been exposed to some of the physical condi-
�ons of deep space: temperatures of -80 °C, and up to 80 °C, lunar dust simulant, near-vacuum
pressure, high X-ray doses, and dispersion in cold droplets under presence of UV. Results show that
most tested condi�ons of space rapidly inac�vate bacteriophage MS2. However, to some of those
condi�ons like extremely low temperatures, near-vacuum, or X-rays, viruses showed a higher de-
gree of resistance than expected. Also, lunar dust simulant showed some degree of protec�on for
viruses at high temperatures but aids their inac�va�on at low temperatures. Addi�onally, MS2 has
been shown to be transmissible in air droplets and aerosols, even under UV light, aiding the idea of
viral stability in water plumes of solar system’s icy moons like Europa or Enceladus.

Taken together, this study shows that physical condi�ons of deep space inac�vate bacteriophage
MS2 to some extent. This paves the way for the future research of spaceflight virology.
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Bacteriophages (phages) hold the promise of being the perfect hunters of pathogenic bacteria in a
wide range of applica�ons, from medicine to industry or agriculture. As a consequence of the ex-
treme specificity of most phages, a broad host range is the main criterion of phage selec�on in ther-
apeu�c cocktails. Considering evolu�onary trade-offs among phage characteris�cs such as phage
efficacy and host range, could refine the selec�on of candidate phages and will help the durability
of many phage applica�ons.

Bacterial wilt caused by the Ralstonia solanacearum species complex (RSSC) is among the most im-
portant plant diseases worldwide, severely affec�ng a high number of crops. Our aim was to isolate
and study new phages capable of infec�ng the RSSC, to be used as biocontrol tools in the South
West Indian Ocean. A high gene�c diversity was found in 23 phages infec�ng RSSC isolated in Mau-
ri�us and Reunion islands, with 7 new genera and 13 new species. In an innova�ve approach to as-
sess the host range of phages, phylogene�c data of the targeted bacteria was integrated in the
analysis, crea�ng a phage phylogene�c host range index (PHI). We demonstrate that all phages pref-
eren�ally a�ack the most abundant RSSC variant in both islands, but harbour a high host range vari-
ability. The 23 phages also show differences in their virulence, i.e. their efficiency at decreasing bac-
terial growth in vitro. We demonstrate a posi�ve correla�on among the phage PHI and their viru-
lence for Mauri�an phages, but no pa�ern for Reunion ones. Our results point out that phages with
a wide host range are op�mal candidates for biocontrol in complex epidemiological situa�ons, such
as in Mauri�us island, but that this pa�ern is not extensive to every phage-bacteria interac�on. We
also show that different phages from the same species are able to target very different RSSC strains,
sugges�ng that phage genomes and host range can rapidly evolve.
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Phages evolve rapidly due to high muta�on rates and frequent horizontal gene transfer. Gene trans-
fer can occur among phage genomes, from bacteria to phages, or vice versa. Both the infec�on with
temperate or virulent phages might lead to gene transfer with different regions of the bacterial
genome and here we inves�gated both routes.

Temperate lambdoid phages have highly mosaic genomes and here we analyzed genes that are
transferred together between distantly related phages and integrated prophages. We found that
the genomes of all lambdoid phages could be grouped based on gene content. Nevertheless, some
groups shared highly similar proteins, indica�ng the transfer of those genes across groups. We ob-
served that gene transfer affects all regions to a similar extent; however, co-transfer of genes occurs
more frequently in the immunity and late operon. This suggests that condi�onal co-transfer, where
the func�oning of one protein depends on the presence of another, may lead to genome
mosaicism.

Next, we studied gene transfer in virulent phages by analyzing the evolu�on of auxiliary metabolic
genes (AMGs), which have a func�on within the host’s metabolism. We inves�gated whether AMGs
evolve solely in phages a�er their transfer from bacteria or whether they might be transferred back
into bacterial genomes. Due to restric�ons on phage genome length, AMGs evolving solely in
phages are expected to evolve into shorter versions compared to bacterial homologs. However, by
analyzing 1886 virulent phage genomes with AMGs, we did not find a consistent trend towards
gene shortening with only 34% of the AMGs showing a decrease in gene length. Addi�onally, phylo-
gene�c reconstruc�ons of some AMG families support mul�ple transfers between phages and bac-
teria. We conclude that AMGs might be transferred into bacterial genomes a�er accelerated evolu-
�on in phage genomes, contribu�ng to bacterial diversifica�on.
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Viruses of microbes are major players in various ecosystems, typically affec�ng the structura�on
and dynamics of microbial communi�es. They nevertheless remain poorly explored in anaerobic di-
ges�on (AD) plants, where biowaste is valorised into methane-rich biogas. The AD process ecosys-
tems are very sensi�ve to disturbance, leading to inhibi�on and loss of methane produc�on. We
were therefore interested in be�er understanding the interplay between abio�c disturbance, micro-
bial community composi�on, including the viromes, and process performance.

The varia�ons of both viral and prokaryo�c popula�ons were followed in batch AD microcosms un-
der abio�c stress. Four types of abio�c disturbances were tested in triplicates. During incuba�on,
either NaCl, NH4Cl or phenol was injected into the reactors, as inhibitors previously reported in full-
scale plants. Mitomycin C was also tested, since it can ac�vate the ly�c cycle of proviruses.

We first confirmed a significant impact of the tested stresses on biogas produc�on. We performed
16S rDNA metabarcoding targe�ng archaea and bacteria, and shotgun metagenomic sequencing of
30 selected metaviromes.

Metavirome coassembly showed a N50 of 3,886 bases, and yielded more than 10  con�gs longer
than 1000 bp. Among them, 34,947 were predicted as puta�ve viral con�gs using VIBRANT (includ-
ing 823 of high quality). There was a good agreement between the prokarotyic community compo-
si�on and the predicted hosts of the viral con�gs, with the dominance of Clostridiales, in both cas-
es. We also detected auxiliary metabolic genes related to carbohydrate metabolism and the sulphur
relay system, which seems relevant to this specific ecosystem. In the near future, we will iden�fy
the viral con�gs that are differen�ally abundant according to the applied disturbance, and interpret
the observed community dynamics. We also plan to apply the epicPCR technique to confirm specific
virus-host pairs.
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Unlike most eukaryotes, bacteria reproduce by binary fission, which is devoid of recombina�on. Re-
combina�on is known to be able to speed up adapta�on by bringing beneficial alleles arising in dif-
ferent individuals together. In a purely clonal bacterial popula�on, however, the beneficial alleles
compete with each other in a process called clonal interference, which slows down adapta�on. Al-
though bacteria lack recombina�on as it occurs in eukaryotes, they can occasionally exchange ge-
ne�c informa�on directly between individuals in a process called horizontal gene transfer (HGT).
How much HGT affects evolu�onary dynamics within bacterial popula�ons, however, remains large-
ly unclear. We experimentally determined that in bacterial popula�ons of Eschierichia coli a combi-
na�on of CRISPR-Cas9-based herd immunity and HGT mediated by a general transducing phage P1
can lead to coexistence of CRISPR+ and CRISPR– strains and the phage in the popula�on. As a result,
it allows for a con�nuous gene flow from the suscep�ble frac�on of the popula�on to the resistant
one. This gene flow then leads to bacterial adapta�on by recombina�on, which exceeds adapta�on
by de novo muta�ons by one to two orders of magnitude and circumvents clonal interference. We
show that the combina�on of CRISPR, herd immunity and transduc�on can lead to popula�on-wide
recombina�on, which is frequent enough to subs�tute the evolu�onary advantage of sexual (i.e.,
meio�c) recombina�on described by a so-called Hill-Robertson effect.
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Batch anaerobic diges�on experiments were established covering different substrate types (swine
manure, chicken manure and sewage sludge). The role of substrate types on the fate of an�bio�c
resistance genes (ARGs) were compared through the qPCR and metagenomics analysis. The effects
of substrate microbial community were also revealed though the comparison between with and
without autoclave sterilizer. The virome was iden�fied from 59 metagenomic samples in the anaer-
obic diges�on system, and 13,895 virus clusters were collected, where Siphoviridae and Podoviridae
were the dominant phages. The virus-host predic�on indicated that most of the virus cannot infect
across the genus. Only 22 of 13,895 virus clusters were found to carry the ARGs, 3 of 22 virus clus-
ters carried high risk rank ARGs (rank I and II), and all of them have limited host range. It was gener-
ally considered that the horizontal gene transfer (HGT) of ARGs iden�fied between two distantly re-
lated genomes (less than 97% of 16S rRNA sequence similarity, genus level) could make more sense.
The limited ARGs carrying virus clusters and corresponding limited host range indicated the limited
role of virome on the spread of ARGs in the anaerobic diges�on system through the transduc�on.
The host range of ARGs was also deciphered at the con�gs level, and the ARGs located together
with integra�ve and conjuga�ve elements (ICEs) accounted for above 60.0%, although the ra�o var-
ied from the substrate types in the anaerobic diges�on. Compared to the transduc�on, the conjuga-
�on could have contributed more to the spread of ARGs.
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Several terrestrial subsurface aquifers are dominated by the members of the carbon fixing, biofilm
forming genus Candidatus Al�archaeum (1, 2). Yet li�le is known about the microdiversity of associ-
ated viruses, although it can be important to counteract viral defense by, e.g., escape the archaeal
clustered regularly interspaced short palindromic repeat (CRISPR) system. Successful countermea-
sures of ly�c viruses could lead to increased cell lysis and thus influence the bioavailable carbon
within the terrestrial subsurface. We studied the microdiversity of a published 8.9 kb circular virus
(3) within the sulfuric spring ‘Mühlbacher Schwefelquelle’ (Regensburg, Germany) across assembled
metagenomes spanning six years. By mapping metagenomic reads to the viral genome we iden�fied
various single nucleo�de polymorphisms (SNPs) within coding sequences of uncharacterized pro-
teins and within intergenic regions of the virus. A small set of SNPs was located within gene coding
regions that are targeted by low abundant CRISPR spacers within the popula�on. Our results
demonstrate that the microdiversity of a ly�c virus infec�ng a dominant archaeon in the subsurface
results in altered protein sequences and can cause adapta�on pressure within the CRISPR system of
the host.

 

1.         A. J. Probst, C. Moissl-Eichinger, Life Basel. 5, 1381–95 (2015).

2.         A. J. Probst et al., Nat. Commun. 5, 5497 (2014).

3.         J. Rahlff et al., Nat. Commun. 12, 4642 (2021).
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Microbes, as well as their viruses, can be found in most environments on our planet, including some
presen�ng very harsh condi�ons for life. In the same way as the formers are able to get adapted to
adverse condi�ons, viruses have developed strategies to op�mize the infec�on of their hosts. These
strategies include improvement of the virus adsorp�on to the cell and of the genome transloca�on,
an increased permanence within the host, or unusual burst sizes, just to men�on some examples.

Tracking the pathways of evolu�on along history is a difficult task, due to the frequent interac�on
among selec�ve pressures and our lack of knowledge of how they have varied over �me. Experi-
mental evolu�on under controlled condi�ons in the lab may be very useful to iden�fy and charac-
terize the muta�ons that arise under par�cular selec�ve pressures, making it possible to establish
interac�ons between genotype and phenotype.

In this work, we have used Qβ bacteriophage, a -ssRNA phage that replicates op�mally at 37 °C, to
carry out evolu�on experiments that combine two selec�ve pressures: low host density and a non-
op�mal temperature (43 °C). These condi�ons had been previously studied separately. Qβ adapta-
�on to low host density at op�mal temperature takes place through a muta�on in the minor capsid
protein. The phenotypic effect of this change is displayed as an enhancement of virus entry. Howev-
er, Qβ adapta�on to low host density at 43 ºC takes place through a different muta�on, located in
the virus protein involved in the processes of virus adsorp�on to the bacterial receptor and viral
progeny releasing. This muta�on affects viral entry in the same way as the former does. However,
whereas at op�mal temperature the phage latent period is not modified, at 43 ºC it is significantly
longer. Consequently, the virus spends less �me in the external medium. This behavior is similar to
that shown by viruses that infect thermophilic microorganisms in nature.
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Methanogenic archaea are a phylogene�cally ancient and diverse group of strict anaerobes that
produce methane, a potent green-house gas, as a metabolic by-product. Methanogens are found in
a wide range of environments such as wetlands, marine sediments, and the gastrointes�nal tract of
animals, including humans. Despite their broad distribu�on and cri�cal ecological role, only a hand-
ful of viruses infec�ng methanogenic archaea have been characterized to date. Here, we present
the first experimental study on the interac�ons between a temperate virus, Msmi-Pro1, and its host
Methanobrevibacter smithii,  the dominant methanogenic archaeon in the human gut. Our results
show that Msmi-Pro1 is ac�ve and transmission electron microscopy analysis has shown that it has
a siphovirus-like morphology, with an icosahedral head of ~65 nm in diameter and a long non-con-
trac�le tail of ~220 nm in length. Various forms of stress, including mitomycin C treatment, expo-
sure to oxygen as well as nutrient limita�on, were tested in an a�empt to induce the replica�on of
the provirus. Preliminary data suggests that none of the treatments tested induced the provirus
replica�on. Instead, Msmi-Pro1 seems to be chronically produced in the liquid culture without dra-
ma�cally affec�ng the growth of M. smithii, sugges�ng that only a small frac�on of cells is lysed.
These results imply that, similar to CrAssphage, the dominant phage in the human gut, viruses in-
fec�ng gut methanogenic archaea co-exist with their hosts at certain equilibrium that could be ad-
vantageous for both par�es.
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Polar regions are undergoing global warming-induced changes expected to result in profound alter-
a�ons in produc�vity and microbial community composi�on. Although viruses are known to be key
modulators of their host popula�ons, to date, there are only a few studies that targeted the viral di-
versity in Antarc�c waters, let alone on a temporal scale. Here we present the results of a �me-re-
solved metagenomics survey targe�ng the DNA virus community composi�on (and the poten�al mi-
crobial host community) in the coastal waters of the Western Antarc�c Peninsula for two subse-
quent produc�ve seasons. We examined the dynamics of viruses predicted to infect key phyto-
plankton (unicellular algae) and bacterial taxa, including their rela�on to environmental factors. We
iden�fied 6072 viral sequences, mostly belonging to the class Caudoviricetes (>75%), followed by
NCLDVs (5%). Some of the most prolific phages were predicted to infect some of the most abundant
bacterial taxa belonging to Oceanospirillales and Flavobacteriales. For example, viruses predicted to
infect Oceanospirillales increased in abundance during the bacterial bloom. At the same �me, the
puta�ve host was also highly abundant, sugges�ng significant viral-induced mortality for these taxa
during this period. We also observed an increase in the abundance of temperate phages in the free
virus frac�on and cellular frac�on during the bacterial bloom. Moreover, we detected NCLDVs pre-
dicted to infect phytoplankton, including viruses infec�ng Phaeocys�s, an ecologically important
phytoplankton group. These peaked during the late stage of the Phaeocys�s antarc�ca bloom while
virus abundances of the V4 flow cytometry group peaked. Temperature and salinity best explained
the changes in viral community composi�on, highligh�ng the impact of viruses on the microbial
community and the need to study these communi�es in the face of climate change.
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Viruses are globally abundant and widespread through ecosystems. Viral processes have extensive
influence on the health/disease of higher organisms, evolu�on of cellular life and func�oning of
Earth’s ecosystems.

As most viruses remain uncul�vated, metagenomics is currently the main method for virus discov-
ery. Detec�ng viruses in metagenomic data is not trivial and in the past few years, many bioinfor-
ma�c tools have been developed for this task. The abundance of virus discovery tools makes it hard
for researchers to choose the right tools, parameters, and cutoffs. As all these tools measure differ-
ent biological signals, and use different algorithms and reference databases/training datasets, inde-
pendent benchmarking is urgent to give users objec�ve guidance.

We compared performance of eleven state-of-the-art virus discovery tools in fourteen modes using
metagenomic datasets from viral and microbial size frac�ons of three different biomes, including
marine seawater, tomato soil and human gut. We used real instead of simulated metagenomic data
to benchmark the tools as the real metagenomic data is more complexed and less biased than the
simulated metagenomic data.

 

Most tools are specific (average specificity ranges from 0.90 to 1.00) while only few tools are sensi-
�ve (average sensi�vity ranges from 0.00 to 0.83). PPR-Meta is the most robust tool among all the
tested tools with average specific, sensi�vity, precision, and f score of 0.91, 0.83, 0.93 and 0.88, re-
spec�vely. Default parameter cutoff se�ngs were not always op�mal for all tools and for all biomes,
indica�ng that adjustment of parameter cutoffs for individual experiments should be considered.

Together, our independent benchmarking of bioinforma�c virus discovery tools provides guidance
on choices of virus discovery tools and sugges�ons on parameter adjustments for researchers who
study virus metagenomic data across different biomes.
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Phages and their bacterial hosts are typically engaged in an arms race, which selects bacteria for re-
sistance and phages for an increased ability to infect their hosts. Curiously, a dynamic yet stable co-
existence between the two is observed in natural communi�es. The ecological and evolu�onary
mechanisms behind coexistence are underexplored, as well as the impact of the arms race in bacte-
rial communi�es.

In the mammalian gut, a number of plausible mechanisms are hypothesized to contribute for these
dynamics. One such mechanism regards the presence of haplotypes carrying phage resistance mu-
ta�ons, in which phage driven selec�on and the fitness cost of carrying such muta�ons lead to a dy-
namic equilibrium between phage and both resistant and sensi�ve bacterial popula�ons. We intend
to study this mechanism and evaluate its contribu�ons to gut phage-bacterium stability and their
impact on Oligo-Mouse-Microbiota (OMM ), a widely used synthe�c bacterial community model.
Using the mouse na�ve strain Escherichia coli Mt1B1 as a host and recently isolated, targeted E. coli
phages P3, P10 and P17, we have performed experimental evolu�on in vitro and in vivo to generate
and select resistant haplotypes. Through genome sequencing of phage resistant isolates, we detect-
ed puta�ve phage resistance muta�ons. We have generated single gene dele�on mutants, and used
phage infec�on assays to pinpoint the role of these genes in phage resistance. Our future prospect
includes in vitro and in vivo compe��ons in the presence of OMM , between phage resistant and
phage sensi�ve strains, in the presence and absence of the corresponding phage, to pinpoint fitness
costs and test the equilibrium hypothesis. We will also monitor the abundance of each of the
OMM  member and inves�gate phenotypic changes at the community level. This project will con-
tribute to enlighten the role of resistance muta�ons in phage-host stability and to evaluate its im-
pact in a community se�ng.
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In most environments phages outnumber their bacterial hosts by approximately 10 fold. Consider-
ing their high abundance and their dependence on host invasion to mul�ply, Phages are sta�s�cally
pressured to share their host and to coexist in the virocell. The simultaneous coinfec�on of the host
gives the rise to the “hybrid virocell” concept, in which the invading phages are interac�ng with
each other in the cytoplasmic milieu. Inves�ga�ng such phenomenon is of great importance, as it
impacts the gene�c diversity of both phages and bacteria, and thereby maintaining a con�nuous
state of coevolu�on.

However, in the recent years only couple studies were successful to iden�fy and describe coinfec-
�on modules, in which hybrid virocells are formed using experimental methods. In this study I de-
scribed the simultaneous coinfec�on of a Sulfitobacter sp. Strain by two wild phage isolates
(Sulfiviruses) at the single cell level. By combining innova�ve and classical techniques such as Phage
targe�ng direct-geneFISH and epifluorescence microscopy, I gave visual evidence of the existence of
hybrid virocells carrying the progenies of two ac�ve ly�c sulfiviruses. Furthermore, I inves�gated
the impact of the ac�ve coinfec�on on the replica�on cycles of the individual phages by monitoring
the change in their genome copies in both single infec�on and coinfec�on condi�ons. I also tracked
the evolu�on of the host total cell counts under the different infec�on condi�ons with Flow cytom-
etry analysis. Surprisingly, despite the higher viral charge in the coinfec�on setup, the host total cell
counts did not differ from the single infec�on counts. Moreover, the quan�fica�on of the infected
cell frac�on has shown an increase of infected cells for both phages at different stages of infec�on
in the coinfec�on condi�on. Which provided evidence of a coopera�ve coinfec�on of the host by
two Sulfiviruses related at the species level.
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Outnumbering their hosts by ten-fold, bacteriophages (phages) are cri�cal components of marine
ecosystems, shaping microbial community composi�on and modula�ng their bacterial hosts that
drive biogeochemical cycles. Despite their significance, the evolu�on and drivers of phage diversity
remain open ques�ons. The contras�ng tropical ecosystems on the coasts of Panama present a
unique opportunity to unravel both global and local factors shaping phage communi�es. The Isth-
mus of Panama gradually formed and closed just millions of years ago, dras�cally altering marine
species migra�on pa�erns by disconnec�ng two oceans. Addi�onally, the Western Atlan�c ocean
became nutrient-poor, while the Eastern Pacific ocean remained nutrient-rich. Though the impacts
of the isthmus forma�on has been explored for macroorganisms, like shrimp, the impacts on ma-
rine viruses have yet to be inves�gated. In this study, we examine pa�erns in phage diversity be-
tween parallel, yet contras�ng ecosystems on the Eastern Pacific (EP) and Western Atlan�c (WA)
coasts of Panama. We use metagenomes of seawater collected in mangrove and coral reef habitats
on both coasts, enabling the addi�onal comparison of local communi�es. Our analyses have re-
vealed striking differences between the oceans, with less than 2.3% of phage con�gs detected in
both oceans. Despite these differences, phylogenies of two phage hallmark genes have revealed
close rela�onships between phages found in different oceans, implica�ng poten�al shared evolu-
�onary histories. Locally, phage communi�es were more similar between mangroves and reefs in
the WA than in the EP, which poten�ally reflects their close proximity in the WA versus their dis-
tance in the EP and salinity differences in EP mangroves. Taken together, our work provides a foun-
da�onal account of phage communi�es along Panama's coasts, revealing candidate factors underly-
ing these differences to test directly in future studies.
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Bacteriophages (phages) shape the composi�on and gene�c diversity of microbial communi�es,
and it is thus important to understand the ecological and evolu�onary factors that modulate the co-
existence between phage and host. One of these factors are parasites of phages, which are them-
selves parasites of bacteria. These mobile elements, called phage satellites, are small elements that
lack components of the viral par�cle for autonomous transfer. Instead, they encode diverse and so-
phis�cated mechanisms to hijack the par�cles of helper phages and transfer between cells. Phage
satellites can have an impact in their bacterial hosts at different levels: by transducing chromosomal
DNA or by encoding virulence factors or an�-phage defense systems. Some phage satellites are also
costly for their helper phages, and thus impact their propaga�on and stability in a bacterial popula-
�on. Three main types of phage satellites have been described: P4 in Enterobacterales, phage in-
ducible chromosomal islands (PICIs) in Enterobacterales and Firmicutes, and phage-inducible chro-
mosomal island like-elements in Vibrio spp. However, the diversity of these families of phage satel-
lites is mostly unknown, since only a few elements of each family are described. We developed an
approach to discover and characterize phage satellites integrated in bacterial genomes, by design-
ing prototypical models that are suited to iden�fy the major families of phage satellites. Searching
for phage satellites in bacterial genomes, we unearthed and characterized the abundance and di-
versity of these elements across bacterial phyla. Our approach allowed us to iden�fy thousands of
puta�ve phage satellites, including novel ones, and we characterized the phage satellites’ hosts, ge-
nomic diversity and gene�c relatedness within and between families. These results sheds light in
the evolu�on of phage satellites, as well as their role as an important member in the cosmos of mo-
bile gene�c elements.
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Microbial community assemblages and their diversity are dominated by species interac�ons and co-
evolu�on, which respond to changes in the interplay of ecological and evolu�onary processes. Eco-
evolu�onary processes can be altered by chemical exposure, consequently changing the diversity
and species coexistence of microbial communi�es.  Here, we use a marine microbial community
consis�ng of a heterotrophic flagellate, a giant virus and a virophage to test if and how Predicted No
Effect Concentra�ons (PNEC) of an�viral exposures impact the microbial community at both ecolog-
ical and evolu�onary levels. Communi�es were established in chemostats for 50 days (~100 host
genera�ons) under three an�viral treatments: control, no exposure; pulse, a single pulse of 0.1
mg/L; and, disturbed, one pulse of 0.1 mg/L every day. We monitored popula�on dynamics and as-
sessed host and virus trait changes. Host, virus and virophage popula�on dynamics and ra�os
changed depending on an�viral exposure. Host popula�on traits diversified from ancestor popula-
�ons used to start the experiments, sugges�ng that they evolved during the experiment. Specifical-
ly, clonal popula�ons of the host isolated from the end of the experiment survived virus infec�ons.
This was most pronounced for those isolated from the disturbed treatments where virus pressure
was expected to be lower due to an�viral exposure despite of the virus selec�on pressure being
similar as in the pulse treatment based on virus densi�es from both communi�es. Virus and vi-
rophage trait changes are s�ll under study.
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Giant viruses have extraordinarily large genomes reaching up to over 2 Mbp and virions up to 1.5
µm. Majority of the viruses are thought to be pathogens of pro�sts, such as algae and amoebae.
Since the first discovery of Mimivirus in 2003, diverse giant viruses have been isolated from various
environments. Large-scale metagenomic studies also support their vast diversity and ubiquity. Cur-
rently, isola�on of giant viruses is largely dependent on co-culture method using several free-living
amoebae, such as Acanthamoeba polyphaga, A. castellanii, and Vermamoeba vermiformis. This
method recovered a large number of giant viruses. In contrast, their genomic diversity is not fully
characterized due to the �me and cost of whole-genome assembly. Here, we present a rapid whole-
genome analysis of giant viruses using nanopore sequencing, which enables fast and low-cost
genome sequencing. Accuracy of the sequencing method was assessed using a prototype of mar-
seillevirus, Marseillevirus marseillevirus. In total, 2.3 Gb reads were obtained from a run, which
were subsampled with different propor�on and assembled by four assemblers, Flye, Raven, Wtd-
bg2, and Miniasm. We found that Flye assembler provides high-quality genomes with over 99.995%
of iden�ty to the reference genome without short-read correc�on at ×100 coverage. As proof-of-
concept, the method was applied to newly isolated viruses from lake sediment and water. Two mar-
seilleviruses, two mimiviruses, and a pithovirus were recovered. The marseillviruses and pithovirus
were assembled into a single circular con�g. Annota�on of predicted proteins suggested chimeric
features of these viruses. Par�cularly, in pithovirus, puta�ve horizontal gene transfer events be-
tween other giant viruses were detected. Taken together, the present results demonstrated that our
method is useful to rapidly inves�gate the genomic diversity of isolated viruses with lower cost.
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Phages and plasmids are major drivers of bacteria evolu�on and are clearly dis�nguished in the lit-
erature. Temperate phages tend to integrate the chromosome whereas plasmids are episomal, au-
tonomously replica�ng DNA elements. Phage-plasmids infect bacterial cell as phages and replicate
in host cells as plasmids, challenging the classical dis�nc�ons between these types of elements.

In our study, we set up a pipeline to detect phage-plasmids in prokaryo�c genomes and found them
to be numerous and widespread (5%/7% of all phages/plasmids). We used their gene repertoire re-
latedness to group them into different types. Whereas some are related to each other, most groups
show very li�le similarity. The fact that these large, unrelated groups have phage and plasmid func-
�ons in common suggests that phage-plasmids are ancient. Some encode interes�ng traits such as
virulence factors, which are o�en found in both plasmids and phages. In contrast, an�bio�c resis-
tance genes (ARGs) are o�en found in plasmids, but are very rare in phages. We thus wondered if
phage-plasmids can spread ARGs as phages. We conducted experiments on phage-plasmids which
we isolated from resistant strains coming from the hospital, and confirmed that bacteria can be-
come resistant lysogens by acquiring ARG-encoding phage-plasmids.

Overall these results show that phage-plasmids are abundant and may transfer accessory genes typ-
ical of phages and of plasmids. They may thus have a remarkable impact on bacterial evolu�on.
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Dele�on or mobiliza�on of various genes during DNA replica�on is a major force in evolu�on. We
isolated an Escherichia coli phage MK1 that forms a turbid plaque with a halo and observed that
about 0.01% of the MK1 plaques became clear even a�er several rounds of a single plaque purifica-
�on step. The phage forming a clear plaque (MK1C) was isolated and its genome was compared
with that of MK1. The whole genome sequencing of MK1 and MK1C revealed that MK1C lost 4.5 kb
DNA including 3’ part of MK1_020 (annotated as a phage tail fiber), MK1_021 (annotated as a
phage tail spike), MK1_022 (annotated as a hypothe�cal protein), and 5’ part of MK1_023 (annotat-
ed as a phage tail fiber). The remaining regions of MK1_020 (130-bps) and MK1_023 (144-bps) en-
code a new open reading frame (ORF) homologous to a phage tail fiber protein in MK1C, however,
the receptor, the host ranges, the adsorp�on rates, and the burst sizes were same for both MK1 and
MK1C. Dele�on of the 4.5 kb DNA from MK1 by u�lizing CRISPR Cas9 system made plaques clear,
indica�ng that the genes in the 4.5 kb DNA region affect plaque morphology. The 14-bps direct re-
peat DNA sequences were found at both ends of the deleted 4.5 kb DNA, sugges�ng that MK1C
may be derived from MK1 by spontaneous dele�on of the 4.5 kb DNA from MK1 through homolo-
gous recombina�on. The MK1C appeared even when MK1 infected recA mutant strain of E. coli, in-
dica�ng that the dele�on is recA-independent. The phage-resistant E. coli appeared faster upon
MK1C infec�on compared with MK1 although the bactericidal effect was not much different. The
reason for differences in phage-resistance development and host inhibi�on between MK1 and
MK1C should be studied further.
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Phages regulate bacterial communi�es in various ecosystems through the phage-mediated preda-
�on or through effects mediated by lysogeny. To study the influence of phages on different forms of
bacterial communi�es we isolated phages infec�ng our model organism Shewanella oneidensis MR-
1. By this, we iden�fied and characterized a novel phage, Shewanella phage Phonos. Phonos is a
member of the family Myoviridae and a ly�c phage, which reproduces successfully in a chronic way
without a phage-dependent decrease of the bacterial popula�on. Phonos slows bacterial growth
only slightly, which we could explain by the used adsorp�on receptor, the major pilin subunit of the
mannose-sensi�ve hemagglu�nine (MSHA) type 4 pilus. The pilus ac�vity depends on the second
messenger c-di-GMP, which varies in amount between different growth phases and bacterial
lifestyles. Accordingly, by inser�on of targeted muta�ons into the pilus extension/retrac�on ATPases
we could demonstrate that the ac�vity of the pilus affects phage infec�vity. Notably, the ac�vity of
the MSHA pilus is crucial for the ini�al cell a�achment on surfaces during biofilm forma�on. We ob-
serve enhanced biofilm forma�on upon early exposure of cells to Phonos, likely through release of
biofilm-promo�ng factors, such as extracellular DNA. However, mature biofilms were resistant to
phage preda�on through Phonos, likely through inac�vity of the pili leading to limited access to the
host. Taken together, we show how a ly�c phage can stablish itself successfully in a community with
only small interference with planktonic culture growth by using an a�achment structure, which is
heterologous within the popula�on.
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The genus Helicobacter comprises species that colonize either the gastric mucosa (gastric
Helicobacter), or the liver/intes�nal tracts (enterohepa�c Helicobacter) of dis�nct classes of the
subphylum Vertebrata, including mammals, birds and rep�les. Helicobacter pylori is the type
species and was the first described species in the early eigh�es of last century. H. pylori colonizes
the stomach of the human host, causing gastri�s, pep�c ulcer and gastric cancer. Previously, we
have described the first complete H. pylori prophage and showed that prophage genes tend to be-
long to the same phylogeographic group as H. pylori, reinforcing co-evolu�on and phage-host inter-
ac�ons persistence. Prophage sequences found in H. acynonichis and H. felis share homology with
H. pylori prophages, but the co-evolu�onary scenario between prophages and their Helicobacter
hosts remains undetermined. To address this ques�on we have retrieved 343 Helicobacter genomes
from the Pathosystems Resource Integra�on Center, comprising 43 different species.  These
genomes were mined for the presence of prophages using the so�ware PHASTER, and BLAST search
using reference prophages as query. PHASTER iden�fied 483 incomplete, 29 ques�onable and 6 in-
tact prophages, resul�ng in 1.5 (± 1.0) prophages present per genome, with a minimum of zero and
maximum of five; while BLAST search iden�fied 40 prophages. This result shows that most
prophages of Helicobacter genus are in a massive decay process, which usually involve loss of
prophage DNA segments, genome rearrangement, among other inac�va�on mechanisms. Currently
we are analyzing the prophage sequences of Helicobacter genus and we intend to present a congru-
ence analysis between the phylogene�c trees of the host genome and prophage genome to evalu-
ate the dependency and agreement between the phylogenies, as well as searching for specific
events, such as duplica�on, host jumps, tropism of prophage integra�on, and integra�on site.
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In 1998, our team isolated one of the rare filamentous phages ac�ve and culturable on Gram-posi-
�ve Bacteria. The phage infected Propionibacterium freudenreichii and was isolated from Swiss-type
cheese. It is a single-stranded DNA phage, that was named B5. Un�l now, no related phage was
found and li�le is known about B5-like phages diversity.

The aim of this research is to isolate new filamentous phages from Swiss-type cheese to study their
diversity and discuss, by comparison with phage B5, a possible evolu�on in recent years.

This study was carried out using 30 pasteurized and raw milk cheese samples from different manu-
factures. A�er enrichment, each cheese sample was inoculated with mid-log phase culture of
P.freudenreichii. Then, the phages plaques were detected using the so� agar layer method. The
phages were subsequently isolated and studied using host range assay, transmission electron mi-
croscopy, S1 Nuclease hydrolysis, SDS page, and NGS sequencing.

Seven filamentous phages that infect P.freudenreichii were isolated from raw milk cheese. Genome
sequencing analysis confirmed that these phages were dis�nct but related. They indeed displayed a
similar genome structure, and sequence iden�ty ranged from a hundred muta�ons to a 9% iden�ty
difference. Did all the newly isolated phages evolve from B5? At which step of cheese making do
they occur? The diversity of these filamentous phages isolated from cheeses of different geographi-
cal origins shows that B5-related phages have been able to evolve over the last few years. More, the
fact that nearly ten filamentous phages were found in rela�vely few cheeses suggests a large
diversity.

To our knowledge, these 7 phages are the first filamentous phages ac�ve on Gram-posi�ve bacteria
found since the first in 1998. It would be interes�ng to con�nue this study by more precisely the
newly isolated phages, by scanning a larger number of cheeses, and by inves�ga�ng the origin of
these filamentous phages.
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Shiga toxin-producing Escherichia coli (STEC) are major foodborne pathogens causing human dis-
eases ranging from diarrhea to life-threatening complica�ons such as hemoly�c–uremic syndrome
(HUS). Virulence of STEC strains and their ability to cause severe diseases are linked to the ac�vity
of prophage-encoded Shiga toxins (Stxs). Stx phage acquisi�on and stability studies are crucial in
terms of public health. The first objec�ve of this work was to isolate and characterize the Stx2d
phage from STEC O80:H2, an emerging serotype in humans and calves, and then study the transfer
of this phage in non-STEC strains. The second objec�ve was to assess the survival of Galleria mel-
lonella larvae inoculated with these convertant strains. Three temperate phages were induced and
isolated from a bovine STEC E. coli O80:H2 under UV radia�on. One of them was used to infect five
non-STEC strains and its genome was analyzed. The three successfully converted strains (K12-
MG1655, K12-DH5a and O80:H26) were confirmed by stx2d PCR and whole genome sequencing. A
stability study was performed and showed that this phage was stable in the new STEC strains a�er
three successive subculturing steps. This phage presents resistance to high temperature (60°C) and
low pH (2). Galleria mellonella experiments showed that convertant strains caused significantly
higher mortality rates than the corresponding non-STEC strains. In conclusion, this study showed
that Stx2d phage can be transferred to non-STEC strains raising the ques�on: “do O80 EPEC strains
derive from O80 STEC strains a�er loss of Stx phages or are they precursors of STEC that will acquire
Stx phages”? The comparison of the genome of all Stx2d phages will allow a be�er understanding of
their epidemiology in the different serotypes of STEC strains.

This research was funded by the University of Liège (project HYBRID_COLI_O80)
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Friend or enemy: The story of a frenemy relationship between a virus and its host
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Haptophytes are a dominant and diverse group of microalgae that play fundamental roles in both
marine ecosystems and in global biogeochemical processes . Despite being primarily known for
bloom forma�on, most members of this group are present in low densi�es throughout the year,
forming diverse communi�es together with other microalgae . The knowledge of host–virus dy-
namics for these non bloom-formers is scarce. Our data indicate that the infec�on pa�erns are di-
verse and that this diversity is essen�al to ensure a stable and long-term co-existence between
these viruses and their low-density hosts . We will present experimental data from the infec�on cy-
cles of a selec�on of host–virus pairs that exemplify unique infec�on strategies and virus traits. For
instance, all tested cultures quickly developed resistance between 5-10 days post-infec�on, but
these resistant strains presented differences in their host-virus co-existence dynamics. We also ob-
served a high produc�on of viruses, which did not seem to affect either growth or density of the
host cultures.
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Tuberculosis (TB), is one of the leading causes of death due to infec�ous diseases worldwide.
COVID19 has overturned many years of progress in reducing the TB burden. Hence, there is an ur-
gent need for exploring bacteriophages and encoded lysins as non-an�bio�c strategies to treat
drug-resistant TB & NTM infec�ons, which could poten�ally shorten the treatment regimen of TB
when given in combina�on with drugs.

Endolysins are enzymes used by bacteriophages to release their progeny from the host. Mycobacte-
riophages encode Lysins (A&B), which target the pep�doglycan & ester bonds in the cell wall,
respec�vely.

We isolate mycobacteriophages using M. smegma�s mc 155 as the host and derive endolysin gene
sequences from the novel phages & from prophages by PCR amplifica�on or chemical synthesis fol-
lowed by their purifica�on as recombinant proteins. In this study func�onal characteriza�on of a F
cluster mycobacteriophage RitSun and the encoded lysins (A&B) are presented. The F2 sub cluster
has only six phages so far.

The analysis of domain organiza�on of RitSun endolysins shows mul�ple modules in lysinA: chi�-
nase domain embedded in lysozyme-like domain & amidase domain embedded in PGRP & in lysinB,
a C-terminal linker domain besides the characteris�c a/b hydrolase fold. The mycobacterial growth
inhibi�on studies with endolysins were done using plate lysis method, micro�tre assay & colony
count method. The biochemical ac�vity was es�mated using in vitro assays: lysozyme & amidase for
LysinA & esterase assay for LysinB.

There are limited studies on LysinA from mycobacteriophages. RitSun LysinA data in this study is en-
couraging, especially its lysozyme ac�vity & ‘lysis from without’ effect on M. smegma�s. Further ex-
ploring the effec�veness of RitSun lysins on the pathogenic mycobacterial spp. can expand their
scope as therapeu�cally relevant protein biopharmaceu�cals, alone or in combina�on with
an�bio�cs.
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In silico characterization of viruses of archaeal methanogens
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Methanogens are a phylogene�cally diverse group of archaea that produce methane as a metabolic
by-product. Methanogens are found in anaerobic environments, including fresh and hypersaline
water and sediments, hydrothermal vents, and intes�nal microbiomes of animals and humans. De-
spite the ecological importance and diversity of methanogens, their viruses are virtually unknown.
Using sequence-based approaches, we aimed at iden�fying and characterizing viruses of
methanogens including host-associated lineages.

We found that all major lineages of methanogenic archaea are associated with viruses or provirus-
es. In total ~250 complete viral genomes (3 – 85 kbp in length) were iden�fied. Most viral genomes
encode proteins for head-tailed virions except for tailless icosahedral viruses of Methanococcus and
Methanomicrobiales, pleolipoviruses infec�ng Methanohalarcheum, and ssDNA smacoviruses as-
signed to Methanomassiliicoccus. Head-tailed viruses of methanogens are unique and not related
to other archaeal viruses and follow the taxonomy of their hosts. In addi�on to viral sequences, we
also found that methanogens are associated with diverse integrated elements, conjuga�ve and
cryp�c plasmids.

The analysis of gene content revealed the presence of auxiliary metabolic genes (PAPS reductases,
glutamate synthases, flavin reductase, etc.), which may be involved in the modula�on of host
metabolism.
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Understanding the transmission of an�bio�c resistance genes (ARGs) is essen�al as they have im-
portant human health implica�ons. It is necessary to iden�fy the animal biotopes where ARGs are
present, and if they might be transmi�ed via mobile gene�c elements and then spread into human
pathogens. Previous research suggests that ARGs, which can be found in abundance in pig feces,
may be encoded by bacteriophages. However, defini�ve proof of the presence of phage-encoded
ARGs in pig viromes is s�ll lacking, because viral sequences are difficult to dis�nguish from those of
contamina�ng bacterial DNA. Using improved methods, we collected 14 pig fecal samples from vari-
ous farms and performed shotgun-based deep sequencing on both total microbiota and highly puri-
fied viral frac�ons in order to inves�gate phage-encoded ARGs. We showed that ARGs were absent
from the genomes of ac�ve, virion-forming phages (below 0.02% of viral con�gs from viromes), but
present in three prophages, represen�ng 0.02% of the viral con�gs iden�fied in the microbial
dataset. However, the genomes of these prophages were not detected in the viromes, and their
genome map suggests they might be defec�ve. Furthermore, our comprehensive virome assemblies
allowed for the discovery of two new and prevailing viral taxa infec�ng mostly Clostridiales:  fila-
mentous Tubulavirales phages (272 species) and phages related to the Faecalibacterium phage Oen-
gus (94 species). Interes�ngly, our analysis also suggests a way to study both phages and bacteria
within total microbiota samples.
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Discovered in 1820, Antarc�ca, one of the most desolated and roughest places on planet Earth, was
thought to be a rela�vely sterile environment for decades. However, con�nuous mul�disciplinary
research up to this date has unveiled that the con�nent is far from sterile, with the majority of
Antarc�c lifeform variety hidden in the micro-world. First microbes in Antarc�ca were found circa
1900, but not un�l several decades later a�empts to not only isolate but also characterize them
have been successfully made. Even though most of the exis�ng bacteria cannot be cultured using
tradi�onal microbiological techniques, recent advancements in culture-independent microbial re-
search approaches have allowed to partly overcome this exis�ng limita�on and revealed even
greater microbial diversity in various extreme environments, including Antarc�c soils.

Bacteria presence in any given environment a priori indicates the presence of phages, and genomes
of phages have already proven themselves to be a “treasury” of novel genes. Needless to say that
many of these genes encode products for which various prac�cal applica�ons, most notably in the
field of molecular biology, have been found. Whereas the metaviromics approach might be the
fastest way to mine such genes from the environmental samples, it substan�ally limits study oppor-
tuni�es on the individual phage characteris�cs, which is of u�er importance to expand the global
phage diversity knowledge.

Herein we would like to report our progress on the process of culture-based isola�on and genomic
characteriza�on of novel bacteriophages isolated from samples of ice-free soils collected near Ras-
mussen Hut, Antarc�ca. These phages, to our knowledge, are the first phages capable of infec�ng
Psychrobacillus sp. and Sporosarcina sp. that had their complete annotated genomes made publicly
available (Psychrobacillus phages Perkons and Spoks and Sporosarcina phage Lietuvens).
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Identifying active host-virus interactions in soil by following transfer of assimilated
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While we have substan�al knowledge of the complexity of prokaryo�c communi�es and their con-
tribu�on to func�onal processes in soil, we are currently ignorant on the role of viruses in influenc-
ing their ecology. In par�cular, difficul�es remain in iden�fying the frequency of ac�ve interac�ons
between host and virus popula�ons in situ, largely due to a lack of tools to study interac�ons within
this highly diverse and heterogeneous environment. To examine discrete, ac�ve interac�ons be-
tween individual host and virus popula�ons in situ, this study focused on the transfer of assimilated
carbon from autotrophic hosts to viruses. Microcosms containing pH 4.5 or 7.5 soil were amended
with C methane or carbon dioxide and subjected to short-term incuba�ons. Using DNA stable-iso-
tope probing combined with metagenomic analyses, microbial networks were characterised, with
primary and secondary u�lisers of carbon iden�fied, together with the transfer of host-fixed carbon
to viruses.  In methane incubated soils, 63% of 13C-enriched viral con�gs were associated to methy-
lotrophic bacteria with non-methanotrophic methylotroph viruses and predator bacteria also iden-
�fied. Ac�ve interac�ons and history of virus interac�ons with individual hosts were also charac-
terised via analysis of 13C-enriched virus protospacer sequences in host CRISPR arrays. In soils incu-
bated with carbon dioxide under nitrifying condi�ons, ac�ve viruses of ammonia oxidising archaea
and nitrite oxidising bacteria were iden�fied. Puta�ve viruses of both methane oxidisers and ammo-
nia oxidising archaea contained auxiliary metabolic genes involved in central metabolic pathways,
and analysis of viral genes (e.g. integrases, tail and capsid proteins) revealed that they were dis�nct
from previously cul�vated viruses. These results demonstrate that following carbon flow facilitates
iden�fica�on of discrete host-virus interac�ons within the complex soil environment.
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Necro�sing enterocoli�s is a major cause of death in preterm neonates. As such, gut microbial com-
muni�es have been widely studied in this popula�on. Links between microbial community structure
and disease however remain poorly understood.

We collected stool samples from very preterm infants admi�ed to the neonatal intensive care unit
over the first 60 days of life. Using DNA sequencing technologies we profiled bacterial, free and
chemically induced viral popula�ons in preterm infant stool. Community structures were compared,
along with clinical metadata to interrogate links between features of the microbiota health or dis-
ease states.

Large degrees of overlap were observed in communi�es of free and chemically induced viruses.
Viruses with host specificity for previously observed bacterial community members were also
found. Individual pa�ents harboured dis�nct community structures although twin pairs shared
more similar communi�es than non-related infants. We found li�le discrimina�ve power between
health & disease states, however. Future work will explore func�onal gene features of bacterial and
viral communi�es in these cohorts.

We here demonstrate the poten�al importance of combining bacterial and bacteriophage commu-
nity analysis when monitoring polymicrobial infec�on and community structure.
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The gut microbiota houses a complex and diverse microbial community composed mainly of bacte-
ria and their viruses, bacteriophages (phages). It has been shown that some human diseases or dis-
orders are associated to varia�ons of bacteria and or phage popula�ons, calling for combined
studies.

Here we apply Chromosome Conforma�on Capture (3C) and virome (ssDNA and dsDNA viruses)
techniques to characterise the bacterial and viral community of a consor�um of 12 bacteria coloniz-
ing the gut of mice (OMM12 mice). Similar analysis performed on in vitro samples of isolated cul-
tures allowed the comparison between the gut and in vitro condi�ons. This innova�ve approach re-
vealed informa�on on both bacterial and viral popula�ons as well as their interac�ons through DNA
collisions.

The 3C data, beyond improving the assembly of the 12 bacterial genomes, revealed specific 3D
structures of bacterial chromosomes providing key informa�on on the architecture of non-model
bacterial chromosomes as well as the metabolic ac�vi�es of these bacteria in the gut compared to
in vitro condi�ons. We also uncovered par�cular 3D signatures on some of the chromosomal re-
gions annotated as prophages unravelling prophages ac�vity. This informa�on was cross validated
with virome sequences from mice fecal pellets in order to iden�fy the viral frac�on of the OMM12
microbiome. Virome data confirmed the induc�on of 10 and 11 prophages among in vivo and in vit-
ro condi�ons, respec�vely. Furthermore, this data revealed the absence of other viruses than in-
duced prophages demonstra�ng that these mice are eukaryo�c viruses-free.

This study shows that the dynamic interac�ons between phages and bacteria can be assessed in
situ by associa�ng 3C with virome data. Applied to the OMM12 mice this approach revealed that
some prophages are exclusively induced in the gut, poin�ng towards specific induc�on signals pos-
sibly origina�ng from the intes�nal cells.
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Back into the future: phage-bacterium coevolution in the pear tree phyllosphere
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Microbial communi�es play key roles in plant development, growth, produc�vity and health. They
are indispensable in nutrient acquisi�on, metabolism, stress-relief and disease development. In re-
cent years, we are star�ng to understand the role of bacteriophages, viruses infec�ng and ac�vely
killing members of these communi�es, as puppet masters in these essen�al and intricate interac-
�ons. Because of their nature, phages exert high evolu�onary pressure on members of the bacterial
community, resul�ng in co-evolu�on dynamics between the phage and its bacterial host. A large
body of theory and experimental work discuss phage-host co-evolu�on dynamics in vitro, outside of
the natural context. This raises the cri�cal ques�on how coevolu�on dynamics are shaping commu-
ni�es in a natural context. To this end, we use the pear phyllosphere as a study system and collected
samples monthly over a �me span of three years to isolate bacteriophages infec�ng different mem-
bers of the microbial community, with the emphasis on Pseudomonas and Erwinia. This sampling
allows us to perform �me shi� assays to quan�fy coevolu�onary change. By combining wet-lab
phage infec�on characteriza�ons and compara�ve genomics, we track viral evolu�on dynamics and
the associated trade-offs. As such, we assess trade-offs in evolu�on dynamics in natural
environments.
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Environmental stress can promote temperate phages to switch from lysogenic to ly�c life-cycles.
Highly trained athletes par�cipate in dietary periodisa�on and high intensity endurance exercise to
improve endurance performance. These interven�ons can cause substan�al stress in the gut
mucosa.

We inves�gated the impact of high protein and high carbohydrate dietary interven�ons on en-
durance performance and associated gut microbiota in a cohort of well-matched, highly trained en-
durance athletes. In a double-blind, repeated measures RCT we measured performance outcomes
along with free virus, inducible virus and bacterial microbial communi�es in stool.

High carbohydrate diets significantly improved performance outcomes by 6.5% from baseline
(p=0.03) and were associated with expansions in Ruminococcus and Colinsella bacterial spp. Im-
proved performance was also associated with greater propor�ons of genes associated with energy
u�lisa�on. Conversely, endurance performance was reduced by 23.3% from baseline (p=0.001), dur-
ing high protein diets. These changes were associated with lower inducible virus diversity (p = 0.04)
and altered free and inducible viral community composi�on (p = 0.02). Par�cipants who experi-
enced the greatest shi�s in community composi�on performed worse than those who did not.

In this well-matched, highly controlled RCT we iden�fied greatest endurance performance was asso-
ciated with gut microbial stability in a cohort of highly trained athletes. We also observed bacterio-
phage popula�ons to be a greater marker of gut stress than bacterial popula�ons. Athletes and
those suppor�ng them during dietary periodisa�on and training would benefit from being mindful
of these results.
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Resistance mechanisms

An evolutionary arms race between nitrogen fixing cyanobacteria and their viruses
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Cyanobacteria perform a substan�al part of photosynthesis and nitrogen fixa�on in nature, and
thus their role in various ecosystems is central. Despite their ecological benefits, under certain con-
di�ons, some of the strains proliferate and form blooms that cons�tute an environmental hazard.
One of the main factors that control the popula�on dynamics of cyanobacteria in nature, are virus-
es that infect cyanobacteria (cyanophages). Cyanobacteria and their phages keep long-term coexis-
tence in nature. To gain insight into this coexistence, we isolated and characterized (phenotypically
and genotypically) cyanobacteria substrains resistant to these phages, as well as phage substrains
that coevolved with these resistant strains.

Resistance conferring muta�ons were found in various genes related to cell surface molecules,
which may serve as receptors for phage a�achment. Indeed, resistance was due to a reduced ability
of the phage to adsorb to its host. Moreover, muta�ons that might affect gene regula�on have also
been iden�fied. Resistance came with an adap�ve cost, manifested as lower ability to fix atmos-
pheric nitrogen, which may reduce the ability of resistant strains to survive and form blooms under
nitrogen starva�on condi�ons. Some of the coevolved phage strains displayed muta�ons in genes
related to the phage tail structure that are crucial for the recogni�on of the host and for the a�ach-
ment to its cell surface. These modifica�ons in tail structure may compensate for the modifica�ons
in the host receptors. The evolved phages had a greater ability to suppress the host popula�ons.

Our results suggest that cyanophages can poten�ally affect the cyanobacterial popula�ons both by
killing them and by selec�ng for resistant strains with a substan�al reduced ability to survive under
condi�ons in which the suscep�ble strains proliferate and bloom, which may drama�cally affect the
cyanobacterial popula�on dynamics and diversity.
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Do phages of Pseudomonas syringae communities reflect the ecology and diversity
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The distribu�on and diversity of phages in the biosphere places them in key roles within their
ecosystems. Phages influence their bacterial host popula�ons in many ways, from their popula�on
size to driving their gene�c diversity and pathogenic poten�al. Unlike the aqua�c or intes�nal envi-
ronments, the dynamics governing the interac�ons between phages and bacteria in agriculture are
poorly inves�gated. Pseudomonas syringae is a species complex harboring a great gene�c diversity
of strains that are widely distributed in many environments. In the context of an apricot orchard, a
mul�tude of gene�cally dis�nct strains of P. syringae can be present depending on the substrate
and the season, with some strains inducing the devasta�ng apricot bacterial blight disease. This
study aims to iden�fy the phage popula�ons of P. syringae strains associated with the different apri-
cot trees substrates (soil, branches, buds, leaves and water) and to test their rela�onship with the
bacterial diversity and the disease incidence. In a first step of the study, we collected more than 200
P. syringae phages from soil samples in apricot orchards in the south of France, sugges�ng a preva-
lence of phages in this substrate. We are currently iden�fying them by sequencing their genomes
and we plan to analyze some phenotypic traits such as host range. Using this phage genomic refer-
ence data base, we will then perform metagenomic analysis of phages and bacteria in the different
ecological niches. This approach will allow the iden�fica�on of the prevalence and diversity of
phages of P. syringae and how it interacts with its bacterial host popula�on in different
microhabitats.
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Latent period variability impacts microbe-virus dynamics
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Microbial popula�ons can be shaped by viral infec�on. Our understanding of virus-microbe dynam-
ics largely depends on the study of viral traits, e.g., the latent period. The latent period in ly�c virus-
host systems is the �me from viral adsorp�on to viral progeny release. The latent period of a virus-
microbe pair is o�en es�mated using one-step experiments in which free virus is measured over
�me in a popula�on of infected cells. These measurements do not consider latent period variability,
which can affect virus-microbe dynamics.  At the cellular level, the latent period is a single value for
a virus-cell pair. In a popula�on, there is cell-to-cell variability in the latent period; hence, a be�er
descrip�on of the trait is a distribu�on of �mes.

Here, we use nonlinear dynamical models with latent period variability to understand how popula-
�on varia�on of this trait impacts virus-host dynamics. Our modeling approach showed that latent
period variability in a popula�on can have a profound impact on virus-microbes dynamics. More-
over, latent period es�mates typically used in one-step experiments can deviate substan�ally from
the mean latent period in a popula�on and are highly sensi�ve to latent period variability. Hence,
we developed a computa�onal framework to es�mate latent period variability from free-virus one-
step experiments data. We tested the framework by producing in silico data genera�ng virus and
host dynamics. Our es�mates of the mean latent period and its variance were able to recover those
of the underlying in silico datasets. Although some studies have characterized the mean latent peri-
od across microbial realms, there may s�ll be considerable uncertainty in these es�mates, since
variance is not considered. Even less is known about the variance of the latent period across diverse
taxa. Reframing the latent period as a distribu�on will allow us to be�er study the trait itself and its
role in shaping microbial popula�ons.  
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Characterising the core bacteriophage community in low volume breast milk using
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Bacteriophages (or phages) can be found alongside beneficial bacteria, growth factors and immune
proteins in human breast milk (BM). In premise in this BM matrix that the core phage community
could be transmi�ed to infants during feeding and may prevent overgrowth of pathobionts in the
gastrointes�nal tract (GIT) of infants. We propose that the core community of phages in BM of
preterm mothers may play a beneficial role in GIT and development of sequalae such as Necro�sing
enterocoli�s (NEC) and late onset sepsis (LOS) that can be fatal in extremely low birth weight
preterm infants. We have designed a robust phage isola�on protocol that has successfully iden�fied
a diverse community of phages in as li�le as 0.1 mL donor milk. We then applied this op�mised pro-
tocol in a larger cohort study of 74 preterm mothers, illustra�ng a core phage community in the BM
iden�fied across the colostrum, transi�onal and mature stages of lacta�on. Our op�mised protocol
also enables isola�on of phages from maternally expressed milk that can be used to infect bacterial
community structure in paired- or unpaired preterm infant stool samples. The obtained results will
serve as baseline informa�on for our on-going and future research on the transmission of phages in
both stored and fresh human milk and their interac�ons with the GIT microbiota of preterm infants.
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The abundance and diversity of phages in nature is an indica�on of the evolu�onary success of
these microorganisms. Random illegi�mate recombina�on generates novel phage genomes over
�me and HGT plays a key role in phage evolu�on. Here we have iden�fied the new Alteromonas
podovirus A5, with unexpected similarity in its host recogni�on module with others found in
Alteromonas phages with different morphologies and belonging to distant viral families. The ge-
nomic comparison among these phages revealed a conserved module including a homologous re-
ceptor binding protein (RBP) and tail fiber chaperone. In contrast, the rest of the genome was com-
pletely different. Binding assays with A5 demonstrated that gp8 is the RBP in this podovirus and is
required for host recogni�on, but gp9, iden�fied as a tail fiber chaperone, is not essen�al for host
binding. In contrast, in the case of the Alteromonas myovirus V22, which contains the same recogni-
�on module, the tail fiber chaperone is required for RBP matura�on and thus for proper host recog-
ni�on. The results obtained here suggest that recombina�on of host recogni�on modules among
unrelated phages may be more frequent among the en�re community of tailed phages than previ-
ously thought and a major mechanism of adapta�on to host evasion by target import by horizontal
gene transfer. To our knowledge, this is the first �me that this level of conserva�on in phage-host
recogni�on proteins has been detected at the same �me in marine phages belonging to the
Myoviridae, Podoviridae, and Siphoviridae families, with no other closely related gene in the rest of
the genome.  
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 Phages are constantly present in human bodies; body regions are ecological niches- some expected
for phage propaga�on and presence like gut, some normally free of microbes, like blood. Bacterio-
phages may translocate from one niche to another.

We have inves�gated transloca�on from gut to blood in humans (whole phageome) and in mouse
model (defined phages). In 12 human pa�ents, bioptates of large intes�ne mucosa collected by en-
doscopy and serum samples were processed to isolate VLP frac�ons and sequenced (Illumina sys-
tems). In mice, defined phages A3R (Kayvirus) or T4 (T4virus) were administered orally and detected
by microbial cultures of gut content, mucus, and serum.

Most represented bacteriophages in human gut were Kayviruses (12 pa�ents), T4viruses (11 pa-
�ents), and Pbunaviruses (7 pa�ents). It the serum samples of the same pa�ents’ they were detect-
ed in 11, 4, and 5 pa�ents, respec�vely. Other types of phages were less abundant. Thus, viruses
commonly present in gut were also detected in serum, but the transloca�on rates for specific group
of viruses differed: 92% for Kayvirus, 71% for Pbunavirus, and only 36% for T4virus. In mice, translo-
ca�on of ac�ve phages from gut to blood was poor, but similar for T4 and A3R phage.

Differences between phages in their frequency of effec�ve transloca�on from gut to blood corre-
lates to the frequency of phage-specific an�bodies that we observed in human popula�on in previ-
ous studies. The most frequent (above 80%) were an�bodies specific to T4 phage, with lower fre-
quency of those specific to A3R phage (30%) or DP1 phage (40%, Pbunavirus). We propose that
phages can translocate from gut to blood, but with low efficiency, and depending on gut concentra-
�ons of phage. Further, specific immune response to phage, when present, may decrease the
amount of phage that reach circula�on.

This work was supported Na�onal Science Centre, Poland, grant UMO-2018/31/N/NZ6/02584 and
UMO-2019/35/B/NZ7/01824.
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Microbiota comprises bacteria, archaea, microkaryotes, and viruses/phages in the body of humans
and other species. These microorganisms func�on in a commensal, symbio�c or pathogenic rela-
�onship. The bacterial microbiome is based on 16S rRNA genes, while the virome is more difficult to
characterize. The human microbiome comprises 160 species per individual and 1100 prevalent
species, with a total of 1014 microbial cells. It varies with diet, age, the loca�on within the GI tract
and depth, infec�ons and disease. However, we and others evidenced that in spite of the diversity
there is a conserved core microbiome involved in essen�al metabolism. It has been demonstrated
in a "Zurich Pa�ent" who recovered from Clostridium difficile a�er fecal microbiota transfer (FMT).
Corona and other viruses can have strong effects, also Intes�nal Bowel Disease (IB), neurological
disorders, obesity, bacteria, and cancer. The response to immunotherapy against cancer is extreme-
ly effec�ve in 25% of cancer pa�ents. This is mul�factorial, yet the gut microbiota of responders
versus non-responders and a poten�al FMT as therapy is under intense inves�ga�on and will be
discussed.

Success of FMT is associated with Bacteroides, Firmicutes, Bifido- and Lactobacteria and low levels
of Proteobacteria. The role of phages in diversity and richness of the gut microbiome is not fully elu-
cidated. Phages can replace FMT. Characteriza�on of the virome is s�ll challenging and will be dis-
cussed. Especially phages as therapy of mul�drug-resistant bacteria has gained momentum recently
- a�er almost 100 years of applica�on. Novel approaches with gene-modified phages with AI sup-
port by AlphaFold or RoseTTAFold may help to counteract an an�bio�c crisis and will be reviewed. A
German Governmental approach will be discussed.

Ref: Moelling K: Viruses to kill Bacteria - a way out of the an�bio�c crisis with phages. Dr. Friedrich
Pfeil Press, Munich (2022).
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Prokaryo�c viruses are the most diverse and abundant biological en��es on Earth. The research on
bacteriophages (virus infec�ng bacteria) and their mechanisms has led to major advances in mul�-
ple domains especially in molecular biology and biotechnology. The recent increase in an�bio�c re-
sistances highlights the need to intensify phage research. Within the DFG priority programme SPP
2330 which focuses on “New concepts in prokaryo�c virus-host interac�ons – from single cells to
microbial communi�es”, our project provides essen�al service func�ons and access to state-of-the-
art methodologies for studying all relevant aspects of the biology of prokaryo�c viruses and is in
charge of the long-term conserva�on, quality control and distribu�on of the isolated bioresources
and their data. While the amount of data on viruses is currently growing exponen�ally, mainly due
to the increasing applica�on of metagenomics techniques, the data generated with different experi-
mental approaches and molecular techniques are insufficiently linked. As a result, the full set of ex-
is�ng data set for a given bacteriophage is not accessible so far. This observa�on led us to develop a
specific database for bacteriophages and archaeal viruses named PhageDive. Using the results gen-
erated in the SPP, data will be linked to exis�ng informa�on distributed across scien�fic publica-
�ons, specific databases and other sources which will generate and guarantee an easy and compre-
hensive access for the scien�fic community. PhageDive provides fields for various experimental data
(lifestyle, lysis kine�cs, adsorp�on kine�cs, host range, genomic data, etc.) and the available meta-
data (e.g., geographical origin, isola�on source). Data are standardized employing controlled vocab-
ulary and ontologies. An important feature is to link experimental data to the culture collec�on
number and the repository of the corresponding physical bioresource (virus and prokaryo�c host
strains).
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Water-miscible metalworking fluids (MWFs) have three main func�ons: reducing fric�on, cooling
work piece and tool, as well as removing metal chips in various metalworking opera�ons; and they
are easily populated by bacteria.

MWFs are either solu�ons or oil in water emulsions with a typical water content of around 95%,
typically designed to work at an alkaline pH of 8.5 or higher. This creates a suitable environment for
some bacteria that reach densi�es of up to 10  CFU/mL. It is thus important for developers and end
users to manage these bacterial popula�ons in order to avoid degrada�on of the MWF, loss of func-
�on, integrity and performance, as well as adverse health effects. To achieve this, biocides are o�en
applied with ambiguous success, whereas “bio-concept” MWFs exert, through their cons�tuents, a
selec�on pressure mainly allowing the growth of Pseudomonas oleovorans.

As bacteriophages are the most abundant organisms on earth and are assumed to exist in every
habitat that is populated by bacteria, we endeavored to establish the prevalence of phages in
MWFs, elucidate their influence on bacterial popula�on dynamics at different pH ranges and to test
whether they might be a useful tool for ac�ve control.

Results indicate that phages can have a strong decreasing effect on bacterial popula�ons of up to 6
logs at pH 8 but no decrease at pH 9.5. Besides we encountered only short-term effects presumably
due to growth of resistant bacteria. We suppose that a drop of the pH in a MWF can lead to a phage
a�ack against the dominant bacterial species (“kill the winner”) which results in a drama�c change
of the bacterial species composi�on.
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Some phage proteins are known to be complex and mul�-domain. Since these proteins may be un-
derrepresented in public domain databases like Pfam, we designed the following bioinforma�c
pipeline: First, we collected a representa�ve subset of phage genomes from those deposited in the
NCBI RefSeq database and clustered all protein sequences using mmseqs2. Then, from each cluster,
a representa�ve protein was selected and used to build an HMM profile with HHsuite using the Uni-
clust database. Finally, we performed all-vs-all profile-profile searches to iden�fy evolu�onarily con-
served fragments (ECFs), i.e., alignable sequence regions shared between distantly related clusters.
Analyses of the obtained ECFs showed that they frequently overlap with known domains defined in
Pfam.  However, we also found cases where ECFs were localized in regions that were not annotated
by any Pfam domain, for example in receptor-binding proteins, sugges�ng that these could repre-
sent novel, previously uniden�fied protein domains. Overall, our approach highlights the need for a
more systema�c characteriza�on of phage protein domains, par�cularly in more complex and mul�-
domain func�onal classes.
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We demonstrate for the first �me the possible link between microplas�c pollu�on and the number
of ac�ve bacteriophages, i.e., viruses of bacteria, in aqueous environments. Bacteriophages
(phages) are essen�al in homeostasis, as it is es�mated they cause the death of up to 40% of all
bacteria every day. Any factor affec�ng phage ac�vity is vital for the whole food chain and the ecol-
ogy of numerous niches. We show that microplas�c can decrease the number of ac�ve phages by
releasing leachables (up to around 70% decrease) or because of adsorp�on of virions on solid par�-
cles (up to about 90% decrease) depending on the phage (MS2, M13, and T4 were studied) and
polymer type (12 polymers were tested).
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While viruses have ability to infect a range of hosts in highly diverse prokaryo�c soil communi�es,
co-evolu�onary processes may �ghtly control the suscep�bility of hosts through virus-bacterial in-
terac�ons and local adapta�on within dis�nct ecological niches. This work tested the hypotheses
that i) soil virus community structure changes as a func�on of pH at local and global scales as ob-
served for prokaryote community structure, and ii) soil pH restricts distribu�on of viruses capable of
infec�ng individual popula�ons of bacteria. Prokaryo�c and viral communi�es were characterized in
soils at a local scale using a long-term pH-manipulated soil gradient (pH 4.5 to 7.5), and viral com-
muni�es subsequently compared at global scale. Viral communi�es were influenced by pH at local
scale with 99% of viral opera�onal taxonomic units restricted to pH 4.5 or 7.5 soil only. Analysis of
viromes from other soil systems demonstrated that a selec�on of viral clusters from acidic and neu-
tral pH soils were more associated with those from the local gradient pH 4.5 or 7.5 soils, respec�ve-
ly. To examine virus-host interac�ons, Bacillus strains were isolated from pH 7.5 soil, and virus en-
richments obtained from gradient pH soil were applied to the host bacteria with infec�vity quan�-
fied using a plaque assay approach coupled with metagenomic analysis. Suscep�bility of individual
hosts to infec�on changed across the pH gradient. Intriguingly, the composi�on and diversity of
viruses infec�ng individual hosts varied, being greater in pH 4.5 compared to those in pH 7.5 soil
that were co-localised. While direct pH effects on virion integrity and indirect selec�on via host
composi�on were not dis�nguished, results reveal that soil pH is a factor in structuring viral com-
muni�es. However, at a local scale, differences in virus community structure across a gradient does
not necessarily reflect varia�on in ability of virus popula�ons to infect an individual host.

1 1 1*

mailto:christina.hazard@ec-lyon.fr


172

Poster ID: EcoE.051(PS3-R1.07)

prophages bacteriophage ecology Next genera�on sequencing

plant pathogenic bacteria

Hot and cold: prophage warfare in the wheat phyllosphere
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Living in the shadow of their ly�c cousins, the sheer ubiquity of prophages is some�mes over-
looked. O�en outnumbering bacteria in their own genomes, many prophages encode auxiliary
metabolic genes, virulence factors, and mediate protec�on from similar phages. Prophages can also
act as potent bioweapons when induced, capable of infec�ng and killing a suscep�ble rival bacterial
popula�on. Although many prophages are well-characterized in the context of pathogenicity, the
ecological importance of prophages is understudied in many environments.   

Here, we inves�gate the prophages of 200 bacterial strains isolated from the wheat phyllosphere
with pseudomonas-specific agar. Using hybrid genome assemblies generated using Illumina and Ox-
ford Nanopore sequencing, we predicted ac�ve prophages in silico. These predicted prophages
were annotated and analyzed with compara�ve genomics. Next, by spot-tes�ng bacterial culture
supernatants on overlay agar, we inves�gated the host range of prophages induced under different
treatments and relate this to the distribu�on of predicted prophages in host bacteria.
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Nitrate-dependent benzene mineraliza�on was monitored by the addi�on of C-labelled benzene
and subsequent analysis of generated CO . We collected solid (sand) and liquid samples at five-
�me points (3 replicates per �me point) for DNA extrac�on and whole-genome sequencing. A total
of 24 metagenomes (2x125 bp, 25 Mio reads) were analyzed.

Using MetaWrap we recovered almost 2000 prokaryo�c metagenome-assembled genomes (MAGs).
These MAGs were separated into 193 prokaryo�c Opera�onal Taxonomic Units (pOTUs) based on
average nucleo�de iden�ty with a 0.95 cutoff (a proxy for species level). Taxonomic assignment by
GTDB-tk revealed Gammaproteobacteria, Ignavibacteria, and an unclassified class of Zixibacteria as
the most dominant phyla.

VirSorter, VirFinder, and VIBRANT were used to recover a total of 605 complete and 365 high-quality
Uncul�vated Viral Genomes (UViGs) as defined by CheckV. A�er dereplica�on (Stampede-
ClusterGenomes), we defined a total of 222 viral Opera�onal Taxonomic Units (vOTUs). Taxonomic
analysis with vConTACT2 suggested that all vOTUs belong to novel viral groups. Analysis using WisH
indicated that 72 pOTUs (37.35%) were infected with phages (p < 0.05).

Func�onal annota�on of the 222 vOTUs iden�fied 91 genes encoding 13 proteins relevant to ben-
zene mineraliza�on coupled to nitrate reduc�on. Regarding carbon cycling, we found genes related
to anaerobic degrada�on of benzoyl-CoA, and CO2 fixa�on using the Wood-Ljungdahl pathway in
our vOTUs. Similarly, genes related to nitrate reduc�on to nitrite, nitrite reduc�on to N , and nitrite
reduc�on to ammonium indicate the viruses' poten�al contribu�on to the nitrogen cycle. Prelimi-
nary analysis suggested that 160 vOTUs (72.1%) have a ly�c life cycle.

Our data demonstrate the poten�al relevance of viruses in anaerobic benzene degrada�on and
open new doors for studying viruses in anaerobic ecosystems contaminated with hydrocarbons.

1 1 2 1 2
1

13
13 2

2

mailto:ulisses.rocha@ufz.de


174

Poster ID: EcoE.053(PS3-R1.09)

Thermophilic bacteriophages Geobacillus siphovirus

Characterization of thermophilic bacteriophages from compost heaps
Eugenijus Šimoliūnas , Monika Šimoliūnienė , Gintarė Laskevičiūtė , Martynas Skapas , Rolan-
das Meškys , Nomeda Kuisienė 

1. Department of Molecular Microbiology and Biotechnology, Ins�tute of Biochemistry, Life
Sciences Center, Vilnius University, Lithuania
2. Center for Physical Sciences and Technology, Vilnius, Lithuania
3. Department of Microbiology and Biotechnology, Ins�tute of Bioscence, Life Sciences Center,
Vilnius University, Lithuania

Correspondence:
dr. E. Šimoliūnas: eugenijus.simoliunas@bchi.vu.lt

Bacteriophages are the most abundant en��es on Earth. Despite this, there is s�ll a lack of informa-
�on about extremophilic phages including high-temperature adapted bacterial viruses which are
a�rac�ve objects for thermophilicity determinants and for prac�cal aspects in industrial biotechnol-
ogy and other areas employing high temperatures. Thermophilic bacteriophages have been isolated
from a variety of sources including environments where temperatures are increased by either nat-
ural processes or human ac�vity.

Here, we present characteriza�on of twelve thermophilic bacteriophages which have been isolated
from soil samples collected from compost heaps at Vilnius University Botanical Garden, Vilnius, Li-
thuania. Also, 40 thermophilic bacteria strains, which were used for phage propaga�on, have been
isolated from the same environmental samples. Phage host range determina�on assay revealed
that all phages were ac�ve against Geobacillus thermodenitrificans strains. In addi�on, five phages
also infected bacteria from genus Parageobacillus. Efficiency of pla�ng experiments revealed that
phages were able to form plagues at 55–80⁰C temperatures tested. The vast majority of plaques
were clear, ranging in diameter from 1 to 6 mm. Furthermore, most of the bacteriophages (8 out of
12) formed plagues surrounded by halo zone indica�ng the presence of phage-encoded bacterial
exopolysaccharide (EPS)-degrading depolymerases. TEM analysis revealed that all phages were
siphoviruses characterized by an isometric head (from ~53 nm to ~71 nm in diameter) and appar-
ently non-contrac�le flexible tail (from ~122 nm to ~218 nm in length).

The results of this study not only improve our knowledge about poorly explored thermophilic bacte-
riophages but also give new insights for further inves�ga�on of poten�al thermoac�ve and/or ther-
mostable enzymes of bacterial viruses.

This research was funded by grant (No. 09.3.3-LMT-K-712-19-0102) from the Research Council of
Lithuania.
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The efficacy of phage therapy depends not only on the ability of bacteriophages to infect path-
ogenic bacteria but also to limit the emergence of new resistant bacterial genotypes nor to select
rare resident resistant genotypes. We performed in vitro evolu�onary training of one isolated and
purified bacteriophages (four independent lineages) by performing 6 to 7 consecu�ve passages
against 8 not co-evolving bacterial genotypes of Salmonella enterica serotype Tenessee. While the
ancestral bacteriophage was able to infect 3 out of 8 bacterial genotypes, evolved popula�ons ex-
panded their host range (8/8 infected bacterial genotypes). Moreover, bacterial growth inhibi�on of
adapted bacteriophage popula�ons was maintained without appearance of resistant bacteria for
more than 20 hours despite a 3-4 log dilu�on of the bacteriophages. We will present comparison of
the popula�on sequencing of both ancestral & adapted bacteriophages. For the sake of successful
phage therapy, our results demonstrate the importance of in vitro evolu�onary training taking into
account the diversity of bacteria isolated in situ prior to the use of therapeu�cal bacteriophages.
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Understanding complex phage-host communities using Lotka-Volterra modelling
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Phages play a vital role in shaping microbial communi�es by influencing their abundance, diversity
and composi�on via 'kill the winner' or 'arms race' strategies. Bacterial immune systems and the so-
phis�cated viral counter-measures are a testament to this interplay. In our work, we use Lotka-
Volterra equa�ons to model the ecology and co-evolu�on of complex host-phage systems. Such ide-
alized models can explain when bacterial strains evolve phage resistance at a fitness cost, when
phages become more generalis�c and whether diversity can be maintained. For example, the
bistable regime of either domina�on or co-existence of suscep�ble and resistant bacteria emerges
as a bifurca�on mainly determined by bacterial carrying capacity, phage virulence and fitness cost
associated with resistance. We explore co-evolu�on by considering fitness trade-offs in both the
bacteria (e.g., growth rate vs resistance) and the phages (e.g., infec�vity vs burst size). We explore
how mo�lity and spa�al structure influence bacteria-phage rela�ons by crea�ng connected niches,
modelled using graphs. Such models can shed light on the fundamental aspects of host-phage
ecosystems, e.g., why bacteria evolve to be more suscep�ble to phages in natural systems. In addi-
�on, such models are directly valuable for guiding microbiome engineering and implemen�ng effec-
�ve phage therapy strategies.
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Phage-bacterial ecosystems o�en display transient dynamics: sudden shi�s in their dynamics
caused by rapid ex�nc�ons, migra�ons, or explosive blooms. Here, we present a computa�onal
method to predict shi�s in dynamical systems using per capita rates. We apply this method to a
phage-bacterial ecosystem using a predator-prey model with four terms: bacterial growth, phage
preda�on, phage growth rate, and phage decay. We also show how this method can be used to sim-
plify the model by removing negligible terms.

Per capita rates show how the system changes on an individual scale. In our case, this means how
bacterial and phage concentra�ons change per unit of �me and per unit of bacteria and phage. For-
mally, per capita rates are obtained by normalizing the predator-prey equa�ons by the total concen-
tra�on of bacteria and phage. This individualis�c approach is insigh�ul because the rates are refer-
enced to the total popula�ons, and they reflect how changes in the dynamics impact the popula-
�ons themselves. More specifically, we look at the per capita contribu�ons of the four terms to the
overall dynamics and their effect on the popula�ons. That is, how per capita bacterial and phage
growth, preda�on and decay can predict shi�s in the dynamics. In par�cular, we set a threshold ϵ
for the per capita terms. This threshold implies that there should be an impact of 100% per unit of
bacteria or phage. Any per capita term below this threshold will be inac�vated from the model, be-
cause it will be effec�vely negligible.

Our results show that large shi�s in the dynamics correlate with a single term being significantly in-
ac�ve than all other three. In addi�on, we observe that the simplified model without inac�ve terms
gives similar results as the original model if ϵ<1
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Ac�ve gypsum karst lake phenomenon occurs as a result of the leaching of gypsum and dolomite
rocks leading to the forma�on of gap holes, which are then transformed into small water bodies
dominated by Ca  and SO  ions. However, the microbial diversity of gypsum karst lakes remains
underinves�gated, especially li�le is known about bacteriophages of such ecosystems.

The aim of this study was to inves�gate the diversity of bacteria and bacteriophages from sulfate-
type gypsum karst lake Kirkilai located near Biržai (Northern Lithuania). In total, 82 bacterial strains
and 8 bacteriophages were isolated from water samples taken from different depths of Lake Kirkilai.
Host range determina�on assay demonstrated that phages were ac�ve against bacteria from genera
Aeromonas, Bacillus, Paracoccus and Pseudomonas, as well as Pseudaeromonas and
Pararheinheimera for which no viruses have been reported to date. TEM analysis showed all three
morphotypes of tailed phages. Efficiency of pla�ng tests revealed ambient temperature-adapted
viruses, which, with an excep�on of Bacillus phages, were able to form plaques even at 4°C. In addi-
�on, with an excep�on of Bacillus phage KLEB30-3S, all phages formed plagues surrounded by halo
zone indica�ng the presence of phage-encoded bacterial EPS-degrading depolymerases. Genome
sequencing resulted in genomes sized from ~37 to ~216 kb. Bioinforma�cs and phylogene�c analy-
sis revealed that most phages have no or only few similari�es to other bacterial viruses. With an ex-
cep�on of KLEB30-3S, none of newly isolated phages can be assigned to any genera currently recog-
nized by ICTV, and may represent seven new ones within the order Caudovirales. Thus, the data
presented here not only expand our knowledge on bacteriophages from unexplored environments,
but also offer novel insights into the diversity and evolu�on of bacterial viruses.

This research was funded by Research Council of Lithuania (Grant No. S-MIP-20-38).
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Although bacteriophages are promising alterna�ves to an�bio�cs, their narrow ac�vity spectra
greatly hinders their therapeu�c applicability. One poten�al solu�on to this issue is to ra�onally di-
rect the host specificity of a bacteriophage against a specific target bacterium by exchanging its tail
fiber genes. However, our knowledge on how to find a tail fiber with (i) the desired compa�bility
with the phage body and (ii) specificity toward the target cell is very limited. Our project aim is to
systema�cally map phage tail compa�bili�es and specifici�es by comparing thousands of bacterio-
phage genomes. Our method first iden�fies the N-terminal adaptor regions of the phage tail fiber
genes that connect the tail fiber to the phage body. Opening the possibility of altering host specifici-
ty requires defining tails with likely interchangeable adaptor regions. To achieve this, we used posi-
�onal conserva�on data between fibers, as well as metrics of iden�ty and length as clustering in-
puts. Next, we annotate the depolymerase regions which largely define the range of bacteria that
the phage can infect. Predic�ng the enzyma�c domains of tail fibers is another important aspect of
our work. We employ a variety of bioinforma�cs tools, calibrated by analyzing sequences of anno-
tated fibers, available structure predic�ons and experimentally verified ac�vity. Finally, we experi-
mentally test our predic�ons by genera�ng hybrid bacteriophages with altered host specificity.
Overall, our global map of phage tail compa�bility and specificity guides the ra�onal exchange of
tails between phage par�cles which may lead to intelligent design of therapeu�c bacteriophages.
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Dimethylsulfoniopropionate (DMSP) is a key molecule in the global sulfur cycle. This compound can
be degraded and catabolized biologically to produce dimethylsulfide (DMS), a gas that may affect
global climate. DMSP has been proposed to serve as osmoprotectant, an�oxidant, signal molecule
or sulfur (and carbon) source for marine microorganisms. Several studies have shown that DMSP
and DMS can mediate on prey-predator interac�ons in algae. However, although there are a few
studies on how DMS/DMSP may influence viral infec�on in Emiliania huxelyi, the possible role in
phage-bacteria interac�ons remains unexplored.

The current study presents several effects of DMSP in two model bacteria and their phages;
Salinibacter ruber, a hyperhalophile, and the coral pathogen Vibrio mediterranei. Both microbes live
in systems where DMSP can reach a very high concentra�on. In both cases we detected a change in
the burst size when the phage-bacteria pairs were incubated with DMSP. We also assessed the in-
fec�vity of several viral stocks that had been exposed to different concentra�ons of DMSP. Further-
more, we explored whether DMSP could affect to viral aggrega�on or viral adsorp�on to the cells.
For this purpose, we incubated S. ruber and their viruses with/without DMSP with a MOI of 0.1. Af-
ter 30 minutes, we detected a lower number of PFUs in the supernatant of the DMSP treatment,
suppor�ng the idea that DMSP increased the adsorp�on rate. Similar results were obtained with V.
mediterranei. Finally, we tested if there is a change in protein expression when V. mediterranei is in-
cubated with DMSP, finding that several membrane proteins are overexpressed in the presence of
DMSP. We hypothesized that these proteins could act as viral receptors, enhancing the viral adsorp-
�on. Therefore, DMSP produc�on in heat stressed corals, which is one of the major drivers of the V.
mediterranei pathogenic behavior, could also play a key role in Vibrio-phage regulatory interac�ons.
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There are far more phage genome sequences available as prophages within bacterial genomes than
have been submi�ed to public databases as free-standing phage genomes. To exploit these and oth-
er mobilome elements, our published so�ware TIGER precisely maps the coordinates of mobile
DNAs within archaeal and bacterial genome sequences. We have now improved TIGER’s yield,
through cross-scaffold search, and execu�on speed, through careful selec�on of reference genome
databases. Our "Phage Factory" pla�orm iden�fies an appropriate prophage set against any bacteri-
al target and develops the set into a phage cocktail, for use in therapy or microbial genome edi�ng.
Each precisely defined genomic island also maps an integrase to its integra�on site (a�) sequences,
with biotechnological and evolu�onary implica�ons. Precise prophage mapping has yielded discov-
eries of site-specific and site-promiscuous integrase clades, regula�on of bacterial gene integrity,
and a new class of satellites that integrate within their helper prophage genomes.

Supported by the Laboratory Directed Research and Development (LDRD) program of Sandia Na-
�onal Laboratories, a mul�mission laboratory managed and operated by Na�onal Technology & En-
gineering Solu�ons of Sandia, LLC, a wholly owned subsidiary of Honeywell Interna�onal Inc., for
the U.S. Department of Energy’s Na�onal Nuclear Security Administra�on under contract DE-
NA0003525, and by the U.S. Department of Energy, Office of Science, Office of Biological and Envi-
ronmental Research under the Secure Biosystems Design Ini�a�ve.
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The human mouth harbors complex and diverse microbial biofilms. Oral microorganisms cause the
most prevalent polymicrobial pathologies that affect mankind, such as dental caries and periodontal
disease, as well as contribute to pathologies outside oral cavity, e.g., in gastrointes�nal tract or in air
ways. Consequently, oral bacteriophages cons�tute a growing area of interest, but research on
these phages is s�ll in its infancy.

Here, we discuss the diversity of the selected oral phages across clades and niches. Metagenomic
profiling has yielded many new phage genomic sequences that s�ll remain to be characterized. Pro-
filing of the conserved protein domains, offer a ra�onal level at which the phage phylogeny and
func�onality can be studied and used to complement other approaches. Understanding of phage
roles in oral ecology is con�ngent upon availability of well-characterized oral phages. Only a few
oral phage isolates have been thoroughly studied to date, because the isola�on of oral phages pos-
es a significant research challenge. Detec�on of phage nucleic acids in clinical samples using PCR or
RNAseq, and extensive isola�on of propaga�on strains using culturomics facilitate phage isola�on.
Phages have a considerable impact on the ecology and dynamics of dental biofilms. We highlight
the u�lity of phages in sensi�zing oral biofilms towards an�bio�c therapy by specific removal of key
pathogens.

To sum up, den�stry is at the very beginning of understanding oral phages. Phage isola�ons and in-
sights into the phage-microbiome molecular interac�on seem essen�al to decipher the role of oral
phages in health and disease and for producing therapeu�c phages.
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The aim of this study was to isolate and func�onally inves�gate novel phage-host systems originat-
ing from the same sampling loca�on i.e. unusual ecological niche – the ancient gold and arsenic
mine Zloty Stok (Poland). This ecosystem is inhabited by unique groups of microorganisms physio-
logically adapted to its harsh condi�ons (e.g. contamina�on with heavy metals, stable low tempera-
ture), which form structurally organized communi�es – microbial mats in the bo�om sediments and
biofilms on the mine walls. We obtained several phage-bacterium pairs. In each case the host range
of phages was very narrow and restricted to individual bacterial strains. These were Serra�a sp.
OS31 – temperate myovirus vB_SspM_BZS1, Shewanella sp. M16 – virulent siphovirus vB_SspS_KA-
SIA, Aeromonas strains MR7, MR19, MR16 – virulent autographiviruses vB_AspA_Bolek, vB_Asp-
A_Lolek, and vB_AspA_Tola, respec�vely. The common features of these novel host-parasite sys-
tems were cold-ac�vity of phages and cold tolerance of bacteria, although we demonstrated that
studied viruses were able to propagate in a narrow range of external factors (e.g. temperature), as
compared to the greater flexibility of their host. All newly discovered phages were thoroughly char-
acterized in terms of morphology, infec�on kine�cs and also genomics. The analysis of their
genomes allowed among others, the iden�fica�on of proteins presumably associated with host
recogni�on and DNA modifica�on enzymes which mimic the specificity of DNA methyltransferases
of their hosts. Compara�ve genomic analyses of studied phages showed li�le or no similarity to
other viruses in public databases sugges�ng to considered them the first of novel species.

Moreover, protein-based similarity networks received in the course of the compara�ve analysis,
provided an updated view of the viruses infec�ng Serra�a, Shewanella and Aeromonas species, pro-
viding insights into their diversity.
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Viruses are the most under-explored frac�on of the global biosphere. Metagenomics has brought
major advancements to our understanding of the genomic diversity of viruses, but these findings
have mostly focused on two ecosystems: the human gut and the pho�c tropical and subtropical
oceans. An enormous diversity of viruses in other ecosystems remains to be discovered. For exam-
ple, li�le is known regarding viruses from deep and dark aqua�c environments such as the
mesopelagic and bathypelagic zones of oceans or viruses in porlar regions. Through the analysis of
metagenomes derived from polar and deep marine ecosystems we discovered thousands of viral
genomic sequences, the majority of which are novel. Taxonomic classifica�on assigned most of
these viral sequences to families of tailed viruses from the order Caudovirales, namely Myoviridae,
Siphoviridae, Podoviridae. Using state-of-the-art in silico host predic�on approaches these viruses
could be linked to their puta�ve hosts, which led to the discovery that many of these viruses infect
abundant and ecologically important taxa of aqua�c ecosystems, including Proteobacteria,
Cyanobacteria, Bacteroidetes, Ac�nobacteria and Crenarchaeota. Analysis of the gene content of
these viral genomes allowed us to describe novel auxiliary metabolic genes. Among these, were in-
cluded one of the first bacteriophage genomes with the poten�al to modulate host vitamin and
porphyrin metabolisms. Together, these findings demonstrate that the viral poten�al to alter hosts
metabolism during infec�on is much more diverse than previously described and covers ecological
processes in which the role of viruses has historically been neglected. Thus demonstra�ng that the
contribu�on of viruses to biogeochemical cycles is greater than previously an�cipated.
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Transposable phages (proposed family Saltoviridae) are dsDNA phages capable of generalized trans-
duc�on, the transfer of bacterial DNA by phages from an infected bacterium to another bacterium.
Examples include the Mu and B3 phages, whose mode of ac�on has been described in detail at the
molecular level. Despite their poten�al role in media�ng horizontal gene transfer between micro-
biota, their known genomic diversity is limited to a small number of phages infec�ng a few mem-
bers of Proteobacteria and Firmicutes.

Here we expanded the known diversity of transposable phages. First, we iden�fied transposable
phage genomes in the NCBI nucleo�de database. Next, we dereplicated the genomes at the species
level and searched for prevalent orthologous groups among their proteins. We iden�fied 16 or-
thologs related to 10 proteins. Using HMM profiles of those orthologs, we searched for transpos-
able phages in the database of uncul�vated viral genomes IMG/VR and in the Gut Phage Database.
A�er dereplica�on at the species level, we established a set of 635 puta�ve transposable phages,
explored their genomic diversity, reconstructed their phylogeny based on the portal protein, and ex-
plored the pangenome of par�cular genera associated with the human gut microbiome.

The established set of puta�ve transposable phages greatly expands the proposed Saltoviridae fam-
ily from four to seven phylogene�c clades. Furthermore, the expanded diversity includes phages in-
fec�ng bacteria belonging to at least four phyla (Proteobacteria, Firmicutes, Deinococcus-Thermus,
and Spirochaetes) and 47 different genera. Transposable phages were assembled from viromes de-
rived from various environments, such as water, soil, and living hosts. This work significantly the
known diversity and host range of transposable phages and sets the stage for further func�onal
characteriza�on of this enigma�c group of phages.
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The fitness of viruses is largely determined by their transmission mode. Temperate phages, bacterial
viruses which can upon infec�on either lyse the cell or integrate into the genome of the cell, are a
clinically and ecologically important component of microbial popula�on dynamics. However, the
evolu�onary and ecological pressures that shape transmission mode in temperate viruses are poor-
ly understood and have poten�al consequences in the context of human chronic infec�ons, which
contain co-evolving phage-host pairs. Chronic infec�ons have a high degree of spa�al structure and
low strain diversity, which may mean low local numbers of cells suscep�ble to bacteriophage infec-
�on. In this study, we sought to explore the impact of absence of suscep�ble cells on the evolu�on
of temperate viruses. To inves�gate this, we passaged a Pseudomonas aeruginosa lysogen
PA14(DMS3) without suscep�ble cells for 12 days and measured different viral transmission para-
meters. We predicted that traits associated with horizontal transmission (burst size and latent peri-
od) would decrease and traits associated with ver�cal transmission (spontaneous induc�on) would
be favored by the evolved viruses. Instead, we found horizontal transmission parameters to be un-
changed in the evolved free viruses, while spontaneous induc�on is significantly decreased in the
evolved viruses. We propose that spontaneous induc�on is an evolvable part of transmission mode
that increases lysogen stability when no suscep�ble cells are present.
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and its relevance in marine holobionts
Mark Li�le , Maria Isabel Rojas , Ty Roach , Linda Wegley Kelly , Forest Rohwer 

1. San Diego State University
2. Scripps Ins�tute of Oceanography

Correspondence:
markli�le1989@gmail.com

Bacteriophages are the most abundant biological en�ty on the planet, the most numerous mem-
bers of any given food web, and key players in carbon and nutrient cycling. Temperate bacterio-
phages can incorporate into the genome of their bacterial host and remain there in a mutualis�c
fashion. These prophages typically encode func�ons that determine the ecology of their bacterial
host, o�en in beneficial ways such as protec�on against pro�st preda�on, nutrient acquisi�on, car-
bohydrate u�liza�on, and superinfec�on immunity from other phages. Here we surveyed
prophages and their func�onal genomic content in a large database of host-associated bacteria
from marine environments around the globe. Strikingly, we observed that host-associated bacteria
characterized as pathogens contained significantly higher abundances of prophages in their assem-
bled genomes than non-pathogenic host-associated marine bacteria. This specific trend has been
observed in human systems, in the context of human bacterial pathogens and non-pathogenic hu-
man associated bacteria. Our data suggests that this trend is prevalent in marine environments
across a variety of ecosystems and animals. We are now extending these bioinforma�c approaches
to understand the abundance and func�onal profiles of prophages in metagenomic profiles of ma-
rine holobionts to understand their role in coral reef benthic communi�es.
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Bacteriophages are currently developed for therapeu�c purposes ‘independently’ for each disease
type and geographical loca�on.  For example, if phages are needed to remove Salmonella found in
UK chicken strains, large phage sets are isolated and tested on relevant host bacteria.  Fairly lengthy
processes are then followed where phages are characterised according to their phenotypes to se-
lect phages with the broadest host ranges within that species, maximum virulence and other de-
sired required downstream proper�es.  Genomes are checked to ensure phages don’t encode inte-
grases, toxins or other undesirable proper�es and phages are tested as pairs, or larger
combina�ons.

 

Currently each �me phages are developed for a specific bacterial species; this en�re discovery and
formula�on process is be repeated as there is no established way to apply knowledge between
phages that target different bacterial species. To capitalise on many discrete observa�ons, we are
developing ecological approaches to allow the iden�fica�on of features common to therapeu�cally
useful phages regardless of their host or geographical region.

 

We have been iden�fying signatures of good clinical efficacy in phage genomes, transcriptomes,
proteomes and metabolomes and determining how these signatures map to bacteriophage ecologi-
cal strategies that are suited to therapy. To be�er understand these features, we are establishing a
‘cloud-based’ framework to integrate all known phages for a given bacterial pathogen.  We then
compare the phages in a graph-based fashion to each other in order iden�fy how key phenotypes
map to genotypes within specific groups, and how those proper�es that make the phages success-
ful.  Thus, future phages could be more easily selected or eliminated by searching within key
‘clouds’ or groups.  We share how we have successfully used this approach to delve into the
genomes of specific host systems, in par�cular with Salmonella. 
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Evolution of the T4 phage virion is driven by selection pressure from the
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Objec�ves: As important components of the gut microbiota of animals and humans, bacterio-
phages are constantly exposed to the gastrointes�nal (GI) tract environment. Therefore, the selec-
�on pressure exerted by the specific condi�ons in GI tract may have directed the evolu�on of phage
capsids to improve their survival in this par�cular niche. The study aims to elucidate how individual
T4 phage head proteins contribute to its survival.

Methods: Site-directed mutagenesis of T4 phage and T4ΔHoc was applied to construct gp24 bypass
mutants and Soc-deficient phages. The panel of T4 phage variants lacking one or more head pro-
teins was then tested for their suscep�bility to the factors specific for mammalian GI tract environ-
ment: body temperature, acidic and alkaline pH, bile and proteoly�c diges�ve enzymes.

Results: Gp24-deficient phages showed impaired survival in acidic pH (pH 3) and at 37 °C, par�cu-
larly when lacking also Soc protein. While none of the phages were suscep�ble to bile extract or
trypsin, all were sensi�ve to a-chymotrypsin, with gp24-deficient variants being significantly more
affected. T4∆24byp24 mutants were also more prone to pepsin diges�on, even more so when Soc
protein was also missing from their capsids.

Conclusions: Presented data demonstrate the key role of T4-like phage capsid composi�on in phage
resistance to environmental condi�ons, par�cularly those characterizing GI tracts of animals and
humans. Gp24 appears to play the key role in resis�ng the GI tract environment as gp24-deficient
mutants, represen�ng more ‘primi�ve’ capsid structure, are less stable at warm body temperature
and low pH, and more sensi�ve to inac�va�on by diges�ve enzymes. Therefore, we postulate that
specific condi�ons inside the GI tract are the major source of evolu�onary pressure on T4-like
phages, shaping the structure of phage virion.

This work was supported by the Na�onal Science Centre in Poland grant UMO-
2017/25/N/NZ6/02372.
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CRISPR-Cas are adap�ve immune systems that protect their hosts against viruses and other parasi�c
mobile gene�c elements. Consequently, selec�on from viruses and other gene�c parasites is o�en
assumed to drive the acquisi�on and maintenance of these immune systems in nature, but this re-
mains untested. Here, we analyse the abundance of CRISPR arrays in natural environments using
metagenomic datasets from 332 terrestrial, aqua�c and host-associated ecosystems. For each
metagenome we quan�fied viral abundance and levels of viral community diversity to test whether
these variables can explain varia�on in CRISPR-Cas abundance across ecosystems. We find a strong
posi�ve correla�on between CRISPR-Cas abundance and viral abundance. In addi�on, when con-
trolling for differences in viral abundance, we found that the CRISPR-Cas systems are more abun-
dant when viral diversity is low. We also found differences in rela�ve CRISPR-Cas abundance among
environments, with environmental classifica�on explaining ~24% of varia�on in CRISPR-Cas abun-
dance. However, the correla�ons with viral abundance and diversity are broadly consistent across
diverse natural environments. These results indicate that viral abundance and diversity are major
ecological factors that drive the selec�on and maintenance of CRISPR-Cas in microbial ecosystems.
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Viruses play fundamental roles in ocean biogeochemical cycles, par�cularly in the transfer of carbon
and nutrients between microorganisms through the viral shunt. Most studies of marine viruses have
focused on those that infect Bacteria and Archaea. Thus, viruses that infect microeukaryotes have
o�en been neglected, despite the fact that their hosts are important primary producers and graz-
ers. Understanding the underlying mechanisms and the specificity of the interac�ons between eu-
karyo�c viruses and their hosts, and the ecological impact of these dynamics, is fundamental to ob-
tain accurate projec�ons of ocean ecosystems under climate change scenarios. This can only be
achieved through a comprehensive understanding of marine viral diversity and associated informa-
�on on their infected hosts. Mining viral genomes in eukaryo�c single amplified genomes (SAG) ob-
tained by single-cell genomics has proven to be an efficient method to unravel novel viral diversity.
We applied this approach to obtain a total of 81 SAGs derived from single eukaryo�c cells isolated
by flow cytometry from a surface marine community sampled at the Blanes Bay Microbial Observa-
tory (Spain). SAGs were classified in different taxonomic supergroups based on the V4 hypervariable
region of the 18S ribosomal gene, such as the SAR group (Stramenopiles, 40.7%; Alveolates, 11.1%;
Rhizaria, 7.4%), Archaeplas�da (12.3%), Hacrobia (16.1%), Opisthokonta (6.2%), and unclassified eu-
karyotes (6.2%). Within these SAGs, 98 genomic fragments of eukaryo�c viruses of the NCLDV su-
pergroup were iden�fied, as well as 159 genomic fragments of virophages of the Lavidaviridae fami-
ly. These results expand our understanding of marine viral diversity, which is of special relevance for
groups such as Phycodnaviridiae for which li�le to no viruses are currently known.
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Bacteriophages are likely to play a role in horizontal gene transfer (HGT) in the human gut microbio-
ta, poten�ally boos�ng the func�onal capacity of the microbiome and facilita�ng transfer of impor-
tant gene�c traits (an�bio�c resistance, virulence, metabolic func�ons) within and between micro-
bial species. As of now, we have no clear understanding of the extent or importance of any such
transduc�on events. In support of widespread HGT within the gut, we have observed the consistent
presence of bacterial DNA within metagenomics reads generated from purified gut virus-like par�-
cles (VLP). This could result from bacterial DNA packaged within phage par�cles (HGT) or could be
due to contamina�on as a result of imperfect VLP extrac�on. We set out to examine this
phenomenon.

We first compared the rela�ve abundances of non-viral con�gs in faecal VLP metagenomes and
compared these to matched total community metagenomes. We iden�fied con�gs with highly
skewed representa�on in the VLP frac�on (elevated ra�o of rela�ve abundance in VLP versus total
community) and analysed their taxonomic origin. We also performed long read sequencing on fae-
cal samples to iden�fy the length of bacterial reads in the VLP frac�on. We looked for read lengths
corresponding to sizes associated with packaged phage genomes that could represent fragments of
host DNA subjected to phage-specific packaging restric�ons on fragment length.

Together these results provide a perspec�ve on the source and nature of bacterial DNA in viral
metagenomes.
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Bacteria and archaea have developed mul�ple an�viral mechanisms, and genomic evidence indi-
cates that several of these an�viral systems co-occur in the same strain. Here, we introduce De-
fenseFinder, a tool that automa�cally detects known an�viral systems in prokaryo�c genomes. We
use DefenseFinder to analyse 21000 fully sequenced prokaryo�c genomes, and find that an�viral
strategies vary dras�cally between phyla, species and strains. Varia�ons in composi�on of an�viral
systems correlate with genome size, viral threat, and lifestyle traits. DefenseFinder will facilitate
large-scale genomic analysis of an�viral defense systems and the study of host-virus interac�ons in
prokaryotes.
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Reac�ve oxygen species (ROS) play a central role in the pathogenesis of inflammatory bowel dis-
eases (IBD). These diseases are characterized by altered abundance and diversity of both bacteria
and bacteriophages (phages) of the intes�nal microbiota but the mechanisms underlying these
changes in composi�on during chronic inflamma�on remain largely unknown. This study aims to
iden�fy the impact of ROS-induced oxida�ve stress on the interac�ons between intes�nal phages
and bacteria.

We set up a reduc�onist in vitro model using a defined microbial community of three Escherichia
coli strains and a virulent phage growing in con�nuous culture in bioreactors. We compared the
evolu�on of this community in the presence and absence of oxida�ve stress, by exposing the cul-
ture to con�nuous addi�on of hydrogen peroxide.

We studied popula�on dynamics and the profiles of resistance and infec�vity and linked these pro-
files to the frequencies of genomic muta�ons of the four popula�ons isolated at different �me
points over 10 days. While hydrogen peroxide did not significantly alter bacterial viability and phage
infec�vity, phage concentra�ons were significantly lower during co-culture under oxida�ve stress,
suppor�ng observa�ons of decreased virulent phages in IBD. Also, our phage popula�ons evolved
to be more specialist to their isola�on strain in the presence of oxida�ve stress compared to the
control condi�on. Finally, genomic analysis highlighted high-frequency muta�ons, signatures of
phage-bacteria arms-race and a compara�ve analysis is currently ongoing.  

These data contribute to the fundamental understanding of how environmental varia�ons may af-
fect bacteria-phage interac�ons and hence the equilibrium of the gut microbiota. Determining the
impact of inflamma�on-driven abio�c factors in altering microbial diversity is a step towards under-
standing the pathophysiology of IBD.
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Pseudomonas aeruginosa (Pa) is an opportunis�c respiratory pathogen of Bronchiectasis (BR) and
similar symptoma�cally to autosomal recessive gene�c disorder Cys�c Fibrosis (CF). Epithelial dys-
regula�on associated with inflamma�on and scarring (CF,BR) and altered ion transfer through muta-
�on of the CF conductance regulator gene (c�r) leads to a thick mucus environment linked to low-
ered lung func�on and poor clinical outcomes. Temperate bacteriophages that integrate into the
genomes of Pa carry genes that aid bacterial selec�on in the lung and drive evolu�on. Our aim is to
characterise the genomes of phages that can mobilise from PAO1 to disseminate gene�c traits and
func�on.

In this study we created 20 lysogens of PAO1 using phages induced from early and late CF and BR Pa
isolates. Lysogeny was confirmed by sequencing and aligning to the naïve PAO1 host.

We show that temperate phages can alter PAO1 suscep�bility to sub inhibitory concentra�ons of
ce�azidime, colis�n, meropenem and piperacillin. The lysogens were also shown to alter Galleria
mellonella survival in an infec�on model reducing virulence, seen by the increase lifespan of the lar-
vae. We finally show that the lysogens of PAO1 have an influence on the metabolomic profiles when
compared to the naïve host. Comparing over 3K metabolites, 146 metabolites and 26 pathways
were shown to be significantly different (p value <0.05) compared to the PAO1 naïve host. Similarity
was seen between ae�ology of infec�on driving metabolomic change. Six pathways were shown to
be impacted the greatest novobiocin and arginine biosynthesis and metabolism of folate,
arginine/proline, glycerophospholipid and bio�n.

This study shows how phages have adapted in the lung and can subvert their host, by using PAO1 as
a host we can infer the effects of temperate phage and begin to look for the gene responsible for
change in bacterial fitness, virulence, and AMR suscep�bility.
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Viruses are the most abundant biological en��es on earth and play a major role in ecosystem func-
�oning. The ever-expanding databases have allowed researchers to exploit metagenomic data and
to achieve major advances in viral genome discovery. Virus genomics is a powerful tool to inves�-
gate virus-host interac�ons, lifestyle, auxiliary metabolic genes, and evolu�on. Despite viral ubiqui-
ty, global ecosystems have not been evenly studied, and understanding the current status of data
availability is key to any meta-study. In this study, we aimed to get an overview of the publicly avail-
able data that can be resolved into virus genomes and inves�gate viral lifestyle. To survey what data
is available, we collected the metadata associated with all uncul�vated virus genomes (UViGs) from
JGI’s IMG-VR and with all metagenomes from EBI’s MGnify pla�orm. We also compared the global
distribu�on of soil and freshwater samples using geospa�al data. Finally, we predicted the lifestyle
of all viral con�gs from IMG-VR per environment using the DeePhage tool. The IMG-VR database is
the largest UViGs resource and contains ~1,9 million viral con�gs. Among the environmental li-
braries, 2,766 (32,5%) are marine, 2,159 (25,4%) are from soil and 1,892 (22,2%) are from freshwa-
ter. Among the environmental metagenomes in MGnify, 4,295 are marine (64,5%), 1,726 are from
soil (25,9%) and 417 (6,3%) are from freshwater. Furthermore, our preliminary results showed that
in aqua�c environments the ra�o between virulent and temperate viruses is the highest (median
>50%), while in other environments the median is below 50%. In summary, by number, environ-
ments are more evenly represented in the IMG-VR than in the MGnify database. Furthermore, by
linking sample geoloca�on with geospa�al data, we uncovered the poten�al blind spots in global
viral genome research. Further analyses are needed to validate the results on viral lifestyles pre-
domina�ng in different environments.

1* 1,2,3



197

Poster ID: EcoE.076(PS3-R2.11)

phage genomics taxonomy Klebsiella
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Klebsiella michiganensis is an emerging pathogen of both humans and animals. Recent reports de-
scribe increasing an�bio�c resistance within the species, including isolates encoding extended spec-
trum B-lactamases and carbapenemases. Therefore, it is important that alterna�ve treatment
modali�es are inves�gated. Bacteriophages (phages) are one such op�on.

Phage Kmi2C (vB_KmiS_Kmi2C) was isolated on a mul�drug-resistant clinical isolate of K. michiga-
nensis (PS_Koxy2). Host range analysis against 79 clinical and veterinary isolates belonging to the
genus Klebsiella revealed a narrow host range (5/47 K. michiganensis lysed, 1/24 K. oxytoca, 0/7 K.
grimon�i, 0/1 K. pneumoniae). Electron microscopy iden�fied a Siphoviridae-like morphology.
Genome sequencing revealed a genome size of 42,234 bp encoding 55 predicted genes. Interes�ng
genomic features include a Sak4-like ssDNA annealing protein with single-strand DNA binding pro-
tein; a Cas4-domain exonuclease; a holin and a Rz-like spanin. Further gene annota�on refinement
via BLASTp iden�fied a possible receptor binding protein (RBP) sharing similarity to RBPs from
Acinetobacter baumannii prophage.

Ini�al BLASTn genomic and ViPTree proteomic tree analysis showed Kmi2C shares li�le similarity
with other deposited phage genomes whilst PhageClouds was unable to iden�fy any related phage
genomes. Network-based analysis using vConTACT suggests Kmi2C shares a viral cluster with 38 oth-
er phages from mul�ple genera and shares a low level of sequence iden�ty (VIRIDIC 18.8%) with
phage vB_Pae-Kakhe�25 iden�fied as its closest sequence rela�ve.  These results suggest Kmi2C is
novel and cons�tutes a new genus or possibly family of phage.

Studies are ongoing to categorically determine the RBP of this novel phage and its ly�c poten�al
against isolates outside the genus Klebsiella.

1 1 2 1,3 1

mailto:david.negus@ntu.ac.uk


198

Poster ID: EcoE.077(PS3-R2.12)

Giant Viruses jumbo phage Virus Life History Entry Mechanism Capsid stability

Allometric Exponent Packaging density Energe�c cost

Scaling relation between genome length and particle size of viruses provides
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Harshali V. Chaudhari , Mandar M. Inamdar , Kiran Kondabagil 

1. Department of Biosciences and Bioengineering, Indian Ins�tute of Technology Bombay, Powai,
Mumbai 400076, India
2. Department of Civil Engineering, Indian Ins�tute of Technology Bombay, Powai, Mumbai 400076,
India

Correspondence:
Dr. Inamdar:minamdar@iitb.ac.in Dr. Kondabagil:kirankondabagil@iitb.ac.in

In terms of genome and par�cle sizes, viruses exhibit great diversity. The interplay between par�cle
and genome sizes of viruses and their life histories is poorly understood. However, with the discov-
ery of several large eukaryo�c DNA viruses and jumbo phages, size has emerged as an important
criterion for understanding virus evolu�on. We use allometric scaling of capsid volume with the
genome length of different groups of viruses to shed light on its rela�onship with virus life history.
We find that the allometric exponent between genome length and capsid volume of icosahedral ds-
DNA bacteriophages and the nucleocytoplasmic large DNA viruses (NCLDVs) infec�ng unicellular eu-
karyotes such as protozoan and algae are approximately 1 and 2, respec�vely. This finding indicates
that with increasing capsid size, DNA packaging density sta�s�cally remains the same in bacterio-
phages but decreases for NCLDVs. We argue that the different exponents of these two groups of
viruses are largely shaped by their entry mechanism and capsid mechanical stability. Thus, in NCLD-
Vs, the poten�al to add more genome and generate higher autonomy from the host appears to be a
consequence of the larger capsid and higher allometric exponent of 2. We further show that these
allometric size parameters are also intricately linked to the rela�ve energy costs of transla�on and
replica�on in viruses and can have further implica�ons on viral life history.
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In the age of increasing sequence data, the demand to understand the biology behind the data is
growing. Thus, we isolated and characterized phage-host pairs from Finnish lakes and rivers to study
the phage diversity and to connect the phage genome sequence to its morphology and host speci-
ficity. We characterized 44 phage-host pairs, of which ten phages had a genome size over 200 kbp.
Seven of these infected Flavobacterium species, and Pseudomonas, Janthinobacterium and
Herbaspirillum all were infected by one jumbophage isolate. Interes�ngly, one of the Flavobacteri-
um phages had a genome size of ~646 kbp.  To our knowledge this is the first cul�vated isolate of a
megaphage (genome size >600 kbp). Virions of the megaphage displayed a myovirus morphology
with a capsid of ~165 nm in diameter and ~180 nm long tail.  From the whole genome sequence,
1001 open reading frames and 68 tRNA genes were predicted. BlastP searches yielded hits to an un-
cultured marine phage with a similar size genome, however many of the ORFs received no results.
We speculate that freshwater bacteria harbor a great diversity of phages that are conveniently cul�-
vated in the laboratory and thus serve as an excellent source for studies on phage diversity.
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Flavobacterium infec�ng, lipid-containing phage (FLiP) is icosahedral bacteriophage with a circular
ssDNA genome and an internal lipid membrane. This combina�on of characteris�cs makes it unique
among published bacteriophages, and for �me being, the only species in virus family
Finnlakeviridae. So far, phage-host interac�ons of FLiP have remained poorly understood. Here, we
addressed this issue by characterizing the life cycle of FLiP under different environmental condi-
�ons, e.g. in host cells in different growth phages, oxygen deple�on, different temperatures and un-
der compe��on. According to our results, FLiP shows some peculiar life cycle characteris�cs. FLiP
prefers to adsorb to and infect cells in sta�onary phase compared to logarithmic growth phase. In
logarithmic phase cultures FLiP only adsorbs onto isola�on host while adsorp�on to two other
known hosts is negligible. However, when sta�onary phase cells are used, FLiP adsorbs more effi-
ciently to all hosts. FLiP only moderately propagates in liquid culture of isola�on host. It does not
propagate in liquid cultures of other known hosts un�l �me scale of several days is reached, i.e.
there is enough �me for biofilm forma�on. FLiP shows delayed lysis when host experiences stressful
condi�ons like anaerobic, cold or compe��ve environment in a mixed culture. In such condi�ons
FLiP plaque size is substan�ally larger and surrounding plaques around clear drop area are common.
To conclude, FLiP life cycle shows plas�city determined by environmental condi�ons. Weakness of
infec�on in liquid-suspended cells, especially during logarithmic growth, could be explained by ex-
pression of phage receptor and / or other infec�on allowing host factors only a�er host cell is old
enough or a�ached to a surface like agar on plates or biofilm in liquid cultures. FLiP might in chal-
lenging condi�ons rely on lysogeny or pseudolysogeny leading to delayed infec�on and lysis. 
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Chronic Obstruc�ve Pulmonary Disease (COPD) is currently the third major cause of mortality in the
United States and the United Kingdom, and encompasses progressive lung condi�ons, including em-
physema and chronic bronchi�s. Un�l recently, the microbiome of the lungs was quite novel for
healthy individuals. As COPD includes several condi�ons and fluctua�ng bacterial infec�ons, li�le
has been studied regarding the bacterial or viral microbiome of these lungs. Using bioinforma�c
techniques on human sputum and DNA extrac�ons from bacterial isolates of COPD pa�ents, we can
begin to map more of the microbiome. From this data, bacteriophages are predicted and iden�fied.
Learning this brief por�on of the viral biome, we can compare viral and bacterial microbiomes with-
in the lungs of COPD individuals.
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The sequencing of genomes of bacteriophages from cultures and from the environment is a key
method to understand the func�on, diversity, abundance and host rela�ons of phages in the bios-
phere. Current metaviromic experiments are producing lots of metagenome assembled viral
genomes or viral fragments out of which most are so far hard to cul�vate or study experimentally.
However, the rapid evolu�on of virus genomes limits the computa�onal analysis of virus genomes,
as o�en no homologs of iden�fied genes can be found in the sequence databases. Methods for de-
tec�ng remote homology, e.g. grouping of genes by orthology, increase the sensi�vity of virus anno-
ta�on workflows substan�ally. Therefore, we developed VOGDB, the database of Virus Orthologous
Groups (VOGs). VOGDB groups viral proteins by their with distant evolu�onary rela�onships. The
database is based on all completely annotated viral genomes (both phages and non-phages) from
NCBI RefSeq. Clustering of viral protein-coding genes is a two-step process where in the first step
phages and non-phages are separated and clusters are calculated based on the pair-wise sequence
similarity and in the second step, Hidden Markov Models of the previously created clusters are com-
pared to each other and grouped into VOGs in order to capture remote evolu�onary rela�onships,
now combining phages and non-phages. VOGs are func�onally annotated based on the annota�on
transfer from UniProt/Swiss-Prot database. VOGDB was used in many projects already. We recently
analyzed and compared the composi�on of metagenomes of five phage cocktails from Eastern Eu-
rope. Cocktails come from different producers and are designed to treat different types of infec�on.
Phage genomes from cocktails were assembled and puta�ve genes were predicted and mapped to
VOGs. Similarity of the cocktails was assessed from the overlaps of the VOG contents and the anno-
ta�ons of the most common VOGs in the cocktails.
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One of the most common metrics for the assessment of a rela�onship between pairs of microbial
genomes is Average Nucleo�de Iden�ty (ANI). While ANI was originally developed with bacterial
genomes in mind, in recent years it has become commonly used to assess rela�onships between
viral genomes, including bacteriophages. There are several methods currently available for system-
a�c calcula�on of ANI between pairs of genomes such as PyANI, fastANI and Mash. However, these
tools have not been systema�cally assessed on viral samples and do not take into account a high
degree of gene�c mosaicism between some viruses. Furthermore, it is unclear how well the current
tools scale to large datasets. Here we present a new approach called ANImm that uses mmseqs2 to
systema�cally calculate ANI and alignment frac�on (AF) values for pairs of genomes by applying the
same approach used by Goris and colleagues. We assessed the accuracy and speed of ANImm using
200 NCBI RefSeq phage sequences and found that it reproduces the accuracy of PyANI (R2=0.999), a
BLAST-based tool, at about 1/100 of running �me. We then further assessed the performance of
ANImm by genera�ng an in-silico dataset of 126 simulated pairs of DNA sequences with a known
ANI and AF values. Our results showed that ANImm, with the right parameteriza�on, was able to
accurately predict ANI values even below the PyANI predic�on threshold of 60% ANI. We were able
to process the en�re NCBI RefSeq (4500 genomes) in 2hours 56minutes, making ANImm applicable
to intermediate-to-large datasets. Altogether, ANImm is a fast, accurate and scalable tool to inves�-
gate gene�c rela�onships between pairs of viral genomes.
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Plasmid-dependent bacteriophages are an under-explored group of bacterial viruses that use plas-
mid-encoded receptors to infect bacteria. Despite their interes�ng biology, there has not been a
systema�c search for them or an efficient strategy for their isola�on. We developed a method that
allows us to efficiently screen for phages that infect bacteria carrying specific conjuga�ve plasmids.
With this method, we were able to isolate an unprecedented collec�on of bacteriophages of the
Tec�viridae family, which are broad host range viruses that depend on IncP-type conjuga�ve plas-
mids. We discovered that these bacteriophages are more common and abundant than previously
thought, and our collec�on expands the known diversity of these phages by an order of magnitude.
We are exploring how this special group of phages is able to infect diverse bacterial hosts containing
IncP plasmids, and how plasmid-dependent phages shape the evolu�on of broad-host plasmids.
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Terrestrial systems are hotspots for unexplored viral diversity and virus-bacteria interac�ons.
Phages (viruses of bacteria) infect bacteria via the ly�c or lysogenic cycle. The lysogenic cycle is
characterized by the integra�on of the phage genome into bacterial chromosome as a prophage.
Prophages are induced by environmental triggers or disturbances, resul�ng in the lysis of bacterial
hosts and the release of new phages into the environment. In this work, we studied if an�bio�cs ap-
plied to livestock farming or agriculture, and which persist in the environment, induce prophage.
Specifically, five veterinary an�bio�cs, i.e. ciprofloxacin, trimethoprim, tetracycline, amoxicillin and
kanamycin, as well as mitomycin C were tested for induc�on of soil bacterial isolates. Induc�on with
MIC and half-MIC concentra�ons showed that ciproflocaxin and tetracycline induced most soil iso-
lates. In addi�on, we compared prophage induc�on in soil microbial communi�es a�er the expo-
sure of soil microcosms to concentra�ons of ciprofloxacin and tetracycline usually found in manure
(5 and 50 µgkg-1), and to mitomycin C. Phage numbers a�er induc�on were quan�fied by an im-
proved flow cytometry protocol, and the microbial community was assessed by 16S rRNA gene am-
plicon sequencing. Both tetracycline concentra�ons resulted in the strongest changes in community
composi�on, while only 5 µg kg-1 tetracycline resulted in significantly higher numbers of released
phages, indica�ng induc�on of prophages.
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Vibrios are one of the most abundant bacterial groups in marine environments. Many vibrios carry
prophages on their genomes, and some of them are involved in the virulence of the bacteria, carry-
ing toxins such as the zonula occludens toxin (zot). Therefore, it is important to explore the distribu-
�on of those prophages among the different vibrio species and to evaluate if they are more related
to individual species.

We evaluated 4,619 genomes of vibrios, which include 127 species, for the presence of prophages
carrying the zot toxin using the PHASTER tool. In total, 2,030 poten�al prophages of 13 different
types were detected in 43 species of vibrio. The prophages have ranging sizes from 3.6 kb to 158 kb,
with an average size of 9.9 kb. As expected, most of the prophages were found in V. cholerae and V.
parahaemoly�cus genomes; however, if the number of genomes sequenced is considered, then the
prophages were found preferen�ally on species such as Vibrio an�quaries, Vibrio diabolicus or
Vibrio alginoly�cus. Some prophages, such as CTX or Vf33 were found in two or three species. In
contrast, phiVCY or VfO3K6 were found on 28 and 20 Vibrio species, respec�vely.

Seven different prophages were found in V. cholerae, being the CTX the most frequent (645; 73%),
and Vfo3k6 the less frequent (2; 0.2%). While in V. parahemoly�cus, nine different prophage types
were found, with VfO3K6 (417; 49%) as the most frequent and fs1 found only in one genome (1;
0.1%).

Finally, the different zot sequences found in the genomes were classified using a sequence similarity
network analysis, obtaining 6 clusters. Cluster 3 was found in nine types of prophages and 17 vibrio
species, while cluster 1B was found uniquely in one genome of V. cholerae, showing different distri-
bu�on pa�erns of the different zot types.

We expect this analysis to contribute to understanding the distribu�on pa�erns of zot-containing
prophages across the vibrio genomes.
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Psychrobacter spp. have been isolated from a variety of environments, of which most are low-tem-
perature geographical loca�ons. Psychrobacter spp. due to their capability of growing at extremely
low temperatures are considered psychrotolerant bacteria. They belong to Moraxellaceae family
which also accommodates two other genera: Moraxella and Acinetobacter, for which the majority
of representa�ves were recognized as pathogens. Un�l now, only one Psychrobacter phage has
been described with an indica�on of a poten�al dri� of phages between Psychrobacter spp. and A.
baumannii. However, this assump�on requires further inves�ga�ons and insights into the
Moraxellaceae virome.

In this study we screened 266 genomes of Psychrobacter spp. for the presence of prophages. Using
PhiSpy algorithm and manual annota�on, we iden�fied 122 previously unindicated complete
prophages within 83 Psychrobacter genomes. Among them 28 revealed to be polilysogens carrying
up to 4 complete prophages Then, using the protein-based similarity networking we revealed the
diversity of available Moraxellaceae (pro)phage genomes where Acinetobacter (pro)phages showed
the highest diversity, forming four separate clusters. The majority of Psychrobacter prophages which
shared similar proteins with all known M. catarrhalis prophages and several A. baumannii viruses
were grouped together in one compact cluster. Moreover, the analyses showed that a range of
Psychrobacter prophages are similar to viruses infec�ng other Gamma-, Alpha- and Betaproteobac-
teria. What is more, detailed analyses of Psychrobacter phages revealed their mosaicism.

Based on our results we assume that induced prophages of Psychrobacter and Moraxella could be
able to cross-infect their hosts, rather than to infect Acinetobacter strains.
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During millions of years of bacteria-phage coevolu�on, bacteriophages have been forced to keep
the pace with evolu�on and diversifica�on of bacterial receptors. We hypothesized such coevolu-
�on has shaped the domain architecture of phage proteins engaged in host tropism, like receptor-
binding-proteins (RBPs). To address it, we downloaded representa�ve genomes of phages from
NCBI RefSeq and created deep HMM profiles for all proteins therein using UniClust30. We used re-
mote homology detec�on (HHblits) for an all-by-all profile-profile comparison, protein domain de-
tec�on using Pfam and puta�ve func�on assignment to each profile using homology detec�on with
three complementary approaches (PHROGs, GOs, PhANN). Our results show that the func�on of a
structural protein o�en cannot be uniquely determined and, when using low coverage threshold,
some func�ons (eg tail fibres and spikes) cannot be dis�nguished using homology-based approach-
es. We found that such func�onal ambiguity is related to domain sharing between proteins from
different func�onal categories. We then systema�cally compared domain architectures of structural
proteins from various func�onal categories. Domains found within these proteins were shared be-
tween otherwise dissimilar proteins and co-occurred in mul�ple combina�ons. Such understood
mosaicism was more frequent within RBPs than other structural components like capsids or major
tails. To account for under- or overrepresenta�on of a domain database like Pfam, we carried out an
all-by-all comparison between all phage structural proteins and found that sharing fragments be-
tween otherwise dissimilar proteins is much more frequent within RBPs than any other structural
protein class. 

Altogether these results highlight the importance of the underlying protein domain architecture in
RBPs in helping phages to adapt to novel bacterial surface receptors, for example via horizontal
gene transfer of protein domains into new structural types.
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Pseudomonas aeruginosa is a human pathogen, whose treatment is complicated by its frequent an-
�bio�c-resistance. Siphoviridae bacteriophage JBD30 infects and kills bacterium P. aeruginosa,
which makes it a poten�al agent for phage therapy. Here we present the structure of bacteriophage
JBD30 virion and its replica�on strategy, revealed by the combina�on of cryo-electron microscopy
analysis techniques and cryo-electron tomography.

The virion of bacteriophage JBD30 is composed of non-enveloped icosahedral capsid, long flexible
non-contrac�le tail and baseplate decorated with fibers. The capsid with a diameter of 60 nm is
built from major capsid protein organised in T = 7 icosahedral la�ce and decorated with trimers of
minor capsid protein. In one vertex of the capsid, the penton of major capsid protein is replaced by
dodecameric portal. The portal complex forms an interface between the capsid and 180 nm long
tail. The tail is built from 44 hexameric discs of major tail protein. Distal tail protein trimer follows-
up the last tail disc and forms an a�achment site for the long tail fibers. The baseplate is terminated
with a tripod complex of receptor binding protein trimers.

Using cryo-electron tomography we followed the infec�on process of P. aeruginosa by JBD30 phage
from a�achment to bacterial cell, to the produc�on of new phage progeny and host cell lysis. Bacte-
riophage JBD30 uses its long tail fibres for binding to P. aeruginosa pili type IV. A�er a�achment to
pili, the virion is pulled towards the cellular surface, where it irreversibly binds by its receptor bind-
ing proteins. A�erwards, the phage punctures the outer cellular membrane, degrades the pep�do-
glycan layer and injects its DNA into host cell. New phage progeny is released approximately a�er
80 minutes post infec�on.

The combina�on of cryo-electron microscopy methods allowed us, to propose the mechanism of
key stages of phage infec�on and describe it at molecular level.
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GBS-Group B streptococci (GBS) or Streptococcus agalac�ae is found in 20% of healthy women as
part of normal gastrointes�nal and genital tract flora. They are the leading bacterial cause of menin-
gi�s and bacterial sepsis in newborns. GBS case treatment mainly performed with empiric an�bi-
o�cs. The use of broad-spectrum an�bio�cs has certainly played a major role against bacterial infec-
�ons, but increased number of an�bio�c-resistant strains requires star�ng new insights into alter-
na�ve an�bacterial. Bacteriophages are o�en suggested as an alterna�ve therapeu�c agent against
bacterial infec�ons. Between March 2019 and March 2020  56 Streptococcus  agalac�ae bacterial
strains were provided by Clinic “Cura�o”.The samples were cultured following the CDC recommen-
da�ons. For phage isola�on, we sub-grouped bacterial strains and used different combina�ons for
wastewater sample enrichment procedures. We isolated bacteriophage vB_GBSs_1. Electron mi-
croscopy revealed that it belongs to the Syphoviridae family, Phage vB_GBS_1 had a 50 nm diame-
ter icosahedral head and a 112 nm tail. Phage vB_GBS_1 was able to produc�vely infect 58.1% of
GBS strains. The approximate �me for 89% of phage to a�ach host strain was 7 min. Phage genome
was sequenced and it revealed that vB_GBSs_1 contains sdDNA with 44.875kb in length and low CG
content (GC percentage: 35.98%).  A total 72ORFs were iden�fied. 65ORFs has start codon as ATG
(M), for 2ORF start codon is TTG (L) and only 5 ORF has GTG (V) start codon. 11ORFs from 72 were
annotated as structure proteins: tail proteins, tail tape measure protein, head-tail adapter protein,
head-tail connector protein,capsid protein and portal proteins;The products of the 8 ORFs belonged
to the DNA metabolism replica�on modules; packaging module involved 1 ORF -terminase large
subunit. 2 ORFs encodes host lyses genes –lysin and holin.1 lysogeny control genes were iden�fied
as integrase. Phage vB_GBSs_1 genome does not encode tRNAs.
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Ribosomal protein S1 may recognize G-quadruplex as a signal for termination of
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Bacteriophage Qβ is a posi�ve-strand RNA virus which infects E. coli. Its propaga�on depends on re-
cruitment of host proteins that normally take part in protein synthesis. Three of them switch to RNA
replica�on by forming viral RNA-depended RNA polymerase (Qβ replicase) together with viral-en-
coded β-subunit a�er infec�on. This enzyme is remarkable because it can exponen�ally amplify
RNA in vitro at an unprecedented rate. Synthesis of GGG, complementary to the 3'-terminal CCC of
the template, drives the replicase into a closed conforma�on, from which the growing RNA strand
cannot dissociate. Termina�on (release of the completed RNA strand) is promoted by the ribosomal
protein S1, one of the Qβ replicase subunits, as well as by its N-terminal fragment OB . We discov-
ered that with GTP as the only substrate, Qβ replicase produces long polyG strands, which on dena-
turing gel electrophoresis produce a ladder with at least three clusters of bolder bands of about 15,
25 and 35 nt. Varying the GTP concentra�on or incuba�on �me changes the distribu�on of material
among the clusters, but the posi�ons of the clusters in the gel remain preserved. This synthesis is
template  directed, it only occurs in the closed replicase conforma�on, and is prevented by incorpo-
ra�on of the next template  encoded nucleo�de; the la�er indicates that it results from transcript
slippage. This is the first �me that slippage is demonstrated for the replicase of a posi�ve strand
RNA phage, and the first �me ever that transcript slippage is found to generate products whose
amount periodically changes with their size. The most intriguing observa�on is that protein S1 and
its fragment OB  promote release of the G  product sugges�ng that they recognize it as a termi-
na�on signal. In view of the known propensity of G -rich sequences to form quadruplexes, this indi-
cates that a G quadruplex- like structure may be formed by the replica�ve complex at the termina-
�on step.
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Yersinia phage YerA41 is morphologically similar to jumbo bacteriophages. The isolated genomic
material of YerA41 could not be digested by restric�on enzymes, and used as a template by conven-
�onal DNA polymerases. Nucleoside analysis of the YerA41 genomic material, carried out to find out
whether this was due to modified nucleo�des, revealed the presence of a ca 1 kDa subs�tu�on of
thymidine with apparent oligosaccharide character. We iden�fied and purified the phage DNA poly-
merase (DNAP) that could replicate the YerA41 genomic DNA even without added primers. Cryo-
electron microscopy (EM) was used to characterize structural details of the phage par�cle. The stor-
age capacity of the 131 nm diameter head was calculated to accommodate a significantly longer
genome than that of the 145,577 bp genomic DNA of YerA41 determined here. Indeed, cryo-EM re-
vealed, in contrast to the 25 Å in other phages, spacings of 33–36 Å between shells of the genomic
material inside YerA41 heads sugges�ng that the heavily subs�tuted thymidine increases signifi-
cantly the spacing of the DNA packaged inside the capsid. In conclusion, YerA41 appears to be an
unconven�onal phage that packages thymidine-modified genomic DNA into its capsids along with
its own DNAP that has the ability to replicate the genome.
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Biochemical and structural studies of newly discovered phage DNA polymerase
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DNA replica�on is one of the most important processes occurring in cells. Although many different
proteins may be involved in the regula�on of DNA replica�on, the most important enzyme is DNA
polymerase responsible for adding nucleo�des to the 3’-end of a DNA strand. The literature pro-
vides informa�on on the characteris�c hand-shaped structure or the typical ac�vity of specific poly-
merase families, however, with the development of technologies that enable more precise studies,
rare features of these enzymes are s�ll being discovered. During the characteriza�on of bacterio-
phage vB_EfaS-271, which was selected to target Enterococcus faecalis infec�ons, it was discovered
that its genome contains a gene encoding a DNA polymerase, EfaS-271. EfaS-271 belongs  B-family
of DNA polymerases but has low sequence homology compared to other enzymes within the  B-
family. The gene was cloned, expressed in E. coli, and purified to high purity and homogeneity as
judged by SDS-PAGE and dynamic light sca�ering measurements. Based on size exclusive chro-
matography the polymerase is a monomer and exhibits canonical 5’-3’ polymerase and 3’-5’ exonu-
clease ac�vity.EfaS-271 apoenzyme was crystalized. The crystals diffracted to 2.17Å, however, solv-
ing the structure by molecular replacement (MR) was not possible. It may be due to low homology
with  MR models or  unusual conforma�on of EfaS-271 polymerase.Further biochemical and struc-
tural characteriza�on of EfaS-271 polymerase is currently under way. A be�er understanding of the
diversity of molecular mechanisms involved in DNA synthesis may further our knowledge of bacte-
riophage physiology. This is crucial for introduc�on of phage therapy as an alterna�ve to an�bio�cs
in the era of an�bio�c resistance.
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A molecular, selective sunscreen protecting bacteriophages from UV exposure.
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Bacteriophages are viruses that infect bacteria. To comple�on of the replica�on cycle usually results
in the death of the host cell. Thus phages are considered natural an�bacterial agents. They are spe-
cific, easy and cheap to produce, and safe to operate. Phages are used in various branches of medi-
cine, industry, and science. However, bacteriophages are inac�vated by UV light – one of the most
commonly used disinfec�on agents. Thus combined u�liza�on of UV and bacteriophages against
bacteria was only hardly explored, because of its self-limi�ng character. Here, we found the solu�on
for this issue that allows for more efficient simultaneous applica�on of UV and bacteriophages to
fight bacteria. The method allows for the combined ac�on of viruses and ultraviolet radia�on
thanks to the specific azo dye that selec�vely shields bacteriophages from the harmful radia�on, si-
multaneously providing an�microbial protec�on by at least 99.9% of bacteria or yeasts. Finally, we
show the applica�on of the developed method to reduce the biofouling of membranes. Biofouling
is a significant problem in wastewater treatment.
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Phage infec�on phage sequence

The impact of storage buffer and conditions on fecal samples for bacteriophage
infectivity and metavirome analysis
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Background: It has become increasingly clear that the complex bacterial community inhabi�ng the
human gut plays a pivotal role in health and disease. More recently the viruses par�cularly phages
were found to influence not only the gut bacterial community but also the trajectory towards
health or disease. There is thus an increasing interest in inves�ga�ng the human gut virome. How-
ever, rela�vely li�le is known about how conven�onal storage buffers and storage condi�ons influ-
ence the infec�vity of bacteriophages and down-stream metavirome sequencing. Here, we longitu-
dinally evaluated 5 storage buffers on the infec�vity of phages T4, c2 and Phi X174 spiked into fecal
samples stored at different temperatures and storage �mes. Further, the effect of these factors on
down-stream metavirome sequencing was also evaluated.

Results: Our results showed that the infec�vity and genome recovery rate of the different bacterio-
phages is variable and highly dependent on storage buffers. Regardless of storage temperature and
�mespan, all the tested phages lost their infec�vi�es immediately in DNA/RNA Shield and >90% of
the tested phages are inac�vated in both StayRNA and RNAlater. Generally, SM buffer at 4°C have a
good maintenance of phage infec�vity up to 30 days and phage genomes up to 100 days. The
metavirome sequencing indicated that preserva�on buffers can induce more bacterial contamina-
�ons and higher alpha-diversity compared to SM buffer, longer �me storage (500 days) at – 80°C in-
fluences the viral diversity differently in the different buffers. Although the samples stored in CAN-
VAX or DNA/RNA Shield buffer has the least shi�s in metavirome composi�on a�er long �me stor-
age, they increase more con�gs that cannot be assigned to a taxonomic unit (“viral dark ma�er”). In
addi�on, compared to SM buffer, the preserva�on buffers induce more “sneaker con�gs” that
should be assigned to bacterial chromosome rather than viral category.

Conclusion: Fecal sample storage condi�ons (buffer, �me, temperature) strongly influences bacte-
riophage infec�vity and viral composi�on as determined by metavirome sequencing. Generally, the
choice of buffer had stronger influence compared to storage temperature and �me and can induce
bias for viral sequencing and analysis. Based on these results, we recommend for the fecal virome
study, SM buffer is suitable to study infec�vity, but it is be�er to do virome extrac�on with SM buf-
fer to increase the accuracy of viral analysis. SM buffer at 4°C for fecal virome samples that can be
proceeded within 2 weeks, and CANVAX or DNA/RNA Shield for longer storage at – 80°C for metavi-
rome studies.
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Predicting viral capsid architectures from metagenomes
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Most viruses protect their genome in capsids made of mul�ple copies of the same protein. These
shells span two orders of magnitude in size and thousands of different architectures. However, the
landscape and evolu�on of capsids across ecosystems remain poorly understood. The main chal-
lenge is obtaining empirical evidence of both the genomic and associated molecular structure of vi-
ral capsids in the environment. This talk will outline the Luque lab's approach to tackling this prob-
lem for tailed phages, the most abundant viruses on the planet. First, I will describe how to use the
generalized geometrical theory of icosahedral capsids as a framework to quan�fy dis�nc�ve physi-
cal features in viruses from different structural lineages. Second, I will show how we combined bio-
physical models, bioinforma�cs, and sta�s�cal learning to predict the capsid architecture of tailed
phages (HK97-fold structural lineage) from metagenomically assembled circular genomes and the
major capsid protein sequence. Third, I will share our findings analyzing tailed phages in gut
metagenomes. Our two main observa�ons were the existence of small puta�ve phage capsids that
have never been isolated and a rela�vely high presence of puta�ve jumbo phages. Finally, I will dis-
cuss how our open-source biophysical-computa�onal approach opens a route of monitoring the on-
going evolu�on and selec�on of viral capsids across ecosystems.
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Invertebrate Iridescent Virus 6 (IIV6) Open Reading Frame 118L Encodes a
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Invertebrate iridescent virus 6 (IIV6) is an insect virus belonging to the Iridoviridae. IIV6 is of consid-
erable scien�fic interest due to its u�lity as a model for dsDNA viruses, and its ability to induce a
type I immune response in mammalian cells and several innate immune signaling pathways in D.
melanogaster cells. The genome of IIV6 contains an open reading frame (ORF 118L) that encodes a
structural protein including transmembrane domain and myristyla�on sites. Studies with its homo-
logues have shown that 118L protein may be a member of the cell entry-fusion complex and may
have an important role in ini�a�ng virus replica�on. In this study, we aimed to iden�fy the func�on
of 118L by dele�ng it from the viral genome, silencing its expression with dsRNA and neutralizing
virus using 118L specific an�bodies. 118L ORF was replaced with the green fluorescent protein gene
(gfp) in IIV-6 genome by homolog recombina�on. Plaque assays were performed to purify the re-
combinant virus. Silencing of the 118L was performed by RNA interference (RNAi technique. Prog-
eny virus produc�on was determined by EPDA. The target gene was expressed in baculovirus vector
system and used for an�body produc�on. The 118L specific an�bodies was used for virus neutral-
iza�on. However, a�er several repe��ve plaque assays, recombinant IIV6 could not be purified from
wild-type virus. This indicated that 118L encodes an essen�al protein for virus replica�on. This re-
sult was also confirmed by silencing 118L ORF using gene specific dsRNA. A�er silencing, the prog-
eny virus in dsRNA transfected cells was decreased significantly (99%). An�bodies produced against
118L protein were able to neutralize the virus and inhibit virus infec�on. These results showed that
118L protein has an important role in virus replica�on and virus could not reproduce in the absence
of it.

1 1 1 1*

mailto:zihni@ktu.edu.tr


219

Poster ID: VirS.097(PS1-R2.11)

bacteriophage biotechnology phage display thermophilic phage

geobacillus stearothermophilus

Construction of a novel phage display system based on thermophilic Geobacillus
stearothermophilus phage TP84
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Phage display technology, which is based on the presenta�on of pep�de sequences on the surface
of bacteriophage virions, was developed over 30 years ago and has been already applied in the nu-
merous fields of biotechnology and medicine. However, this method s�ll encounters several limita-
�ons. For example, problems with the produc�on and presenta�on of hydrophobic pep�des on
phage surfaces or the forma�on of aggregates by recombinant proteins remain unsolved. The possi-
ble reason is that the mesophilic bacteriophages used in the phage display systems known so far
cannot deal with more challenging pep�des or proteins that are difficult to fold properly. It might be
assumed that the construc�on of a phage display system in thermophilic bacteriophages could pro-
vide a solu�on. Here we show the basics for the construc�on of phage display system based on the
thermophilic Geobacillus stearothermophilus phage TP84 from Siphoviridae family. With 81 iden�-
fied coding sequences in its 47.7 kb double-stranded DNA genome and quite complex, mul�protein
capsid, TP84 cons�tutes a powerful pla�orm for presen�ng pep�des on virion’s surface. We chose
several structural proteins as candidates for display, made in-frame fusions with different tags and
showed that at least some of the phage par�cles containing fusion proteins are viable and infec�ve.
Besides, we presented the method of in vitro packaging of recombinant phage genome into capsids.
These results should lead us to the construc�on of the first phage display system using thermophilic
bacteriophage, that could significantly improve the range of biotechnological and biomedical ap-
plica�ons of this technology.
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Exploring the diversity of Crassvirales' structural proteins in the human gut
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The human gut microbiome comprises a large diversity of microorganisms and viruses that engage
in intricate rela�onships with each other and the human host. The majority of viral diversity in the
human gut is associated with bacteria viruses (bacteriophages, or phages), collec�vely known as the
human gut phageome. These complex communi�es of bacteriophages play essen�al roles in regu-
la�ng the microbiome by killing bacteria or assis�ng bacteria in horizontal gene transfer between
strains. The major obstacle in phageome research is that most gut phages remain uncharacterized,
unclassified, and not linked to par�cular bacterial hosts. Recently a highly prevalent order of bacter-
ial viruses – Crassvirales, was iden�fied in the human gut phageome. Crassvirales (also known as
crAss-like phages) were predicted to infect bacteria of the phylum Bacteroidetes and comprise tens
of novel phage species, with only a few of them ever isolated in pure culture. Their exact host
range, mode of interac�on with host cells, and significance for gut health remain largely unknown. 

Taking advantage of a recently reconstructed cryoEM atomic-resolu�on model of a Crassvirales viri-
on (crAss001), we first inves�gated the diversity of structural proteins, par�cularly those responsi-
ble for host recogni�on, encoded by hundreds of metagenomically assembled genomes of uncul-
tured Crassvirales. Next, we created a comprehensive network of sequence similari�es across or-
thologous and paralogous structural proteins encoded by Crassvirales. Finally, Inves�gate correla-
�ons between various predicted tail architectures and predicted host range and taxonomy of indi-
vidual Crassvirales clades. 
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Lac�c acid bacteria (LAB)-infec�ng siphophages use diverse host-binding devices, yet the overall pic-
ture of the interac�ons between LAB phages and their host remains incomplete. Unraveling the
molecular details of phage-LAB interac�ons is essen�al not only for decoding phage biology, but
also for industrial purposes since LAB are important micro-organisms in food fermenta�ons. While
phages infec�ng Lactococcus lac�s, one of the main LAB used in dairy fermenta�ons, have enjoyed
extensive scru�ny over the last decade, there is a significant knowledge gap on the interac�ons be-
tween other LAB species, from various ecosystems, and their phages. How diverse LAB phages’
host-binding devices are?

To address this ques�on, we explored the structural variety of host-binding devices from seven rep-
resenta�ve phages infec�ng either Streptococcus thermophilus, the other LAB widely used in dairy
plants, or Oenococcus oeni, the winemaking LAB. To this end, we used the powerful protein struc-
ture predic�on program AlphaFold2 (AF2), which is revolu�onizing structural biology. Notably, AF2
allows high-confidence structural analyses of large and flexible assemblies reluctant to experimental
methods.

Our structural models show different and unprecedented architectures of host-binding devices. In-
teres�ngly, these devices are LEGO -like assemblies built from common structural and func�onal
domains. Par�cularly, carbohydrate-binding modules (CBM) are found in all phages, indica�ng their
poten�al role in media�ng contacts with LAB cell surface. Also, diverse combina�ons of CBMs high-
light the likely advantages of these domains for LAB phages to bind to specific hosts. Moreover, en-
zyma�c domains that may disrupt components of the host cell wall can be iden�fied. Based on
these models, we propose host-binding mechanisms. AF2 is likely to become a valuable tool in the
field, for the structural biology of phages as well as for the annota�on of their genomes.
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Most bacteriophages recognize their host cells via specialized spike or fibre proteins. The overall
goal of our group is to determine their structures in complex with their natural receptors, which
may lead to different biotechnological applica�ons, such as elimina�on of specific bacteria. We also
study the high-resolu�on structures of endolysin proteins, involved in bacterial wall degrada�on.
This research aims to understand their mechanism of ac�on and specificity, which, in turn, may lead
to produce informa�on that could lead to recombinant ly�c enzymes with improved proper�es.
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Bacteriophages (phages) are characterized for their high specificity being able to discriminate their
host up to the strain level. This feature is largely dependent on specific structural proteins encoded
on the phage’s genomes. These proteins recognize specific receptors on the bacterial cell surface
and are known as phage receptor binding proteins (RBP). The ability to specifically recognize and
bind to certain bacteria make RBP valuable biorecogni�on elements with high poten�al for the de-
velopment of new diagnosis methods.

Considering the slow turnover of the conven�onal culture methods and the limita�ons of the im-
mune and molecular assays, it is crucial and urgent the development of new diagnos�c methodolo-
gies able to rapidly and accurately detect and iden�fy the e�ological agent of important bacterial
infec�ons. This is exacerbated in COVID-19 pa�ents for which a high rate of deaths was a�ributed
to secondary bacterial infec�ons (SBI).

Through bioinforma�cs and func�onal analysis we iden�fied RBP encoded in the genome of two
ly�c phages. These two RBP were able to specifically recognize and bind to 2 of the most important
bacteria responsible for SBI associated with COVID-19: Pseudomonas aeruginosa and
Staphylococcus aureus. By fusing the RBP to different fluorescent proteins we developed a method
to detect and iden�fy these bacteria in mul�plex through epifluorescent microscopy and spectroflu-
orimetry. Fusion of the RBP to the NanoLuc luciferase improved the limit of detec�on 100 �mes
when compared with the fluorescent proteins.

This new methodology was tested against more than 200 bacteria isolated from COVID-19 pa�ents
with a specificity of 100% and 90%, and a sensi�vity of 44% and 96%, against P. aeruginosa and S.
aureus respec�vely.

In conclusion, we developed here a new methodology based on viral proteins able to fast and accu-
rately detect P. aeruginosa and S. aureus that will improve diagnosis of SBI associated with COVID-
19.
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Carbapenem-resistant Acinetobacter baumannii is designated as an urgent threat. In our previous
work, we characterized its novel phage vB_AbaM_ISTD in detail. The phage DNA resists restric�on
enzyme diges�on, and its sequencing was unsuccessful albeit several different second- and third-
genera�on sequencing pla�orms, including Illumina HiSeq/MiSeq, PacBio's SMRT and Nanopore se-
quencing were used.

To analyze the possible modifica�ons in the phage DNA, it was digested to single nucleosides and
subjected to LC-MS analysis using XSelect column, performed on an Agilent 1290 Infinity II UHPLC
system equipped with LC/MSD XT Single Quadrupole Mass Detector. With the goal of preparing the
sample for chemical structure analyses, sample was also run on Phenomenex Develosil Column as
its prepara�ve scale version is available.

The chromatogram obtained with XSelect column demonstrated reten�on �mes specific for all
canonical nucleosides except 2’-deoxythymidine. Instead, two peaks were obtained: one corre-
sponding to 5-HmdU, a known small-size modifica�on of deoxyuridine; and the other not corre-
sponding to any known nucleoside. Mass analysis showed that this peak contained 1228 Da mol-
ecule, which would make it the largest non-canonical deoxynucleoside reported so far. When the
same samples were run on other column, two non-canonical peaks could be observed in addi�on to
5-HmdU.

DNA of the phage vB_AbaM_ISTD is totally absent of canonical deoxythymidine, which is replaced
with at least two different modified nucleosides: 5-HmdU and 1228 Da unknown nucleoside. We hy-
pothesize that this “jumbo” nucleoside is derived by the post-replica�ve modifica�on of 5-HmdU,
possibly by the addi�on of a pentasaccharide. The emergence of second peak suggests that this
peak and the 1228 Da peak may differ by a single repea�ng unit of moiety adducted to the nucle-
obase. Mass analyses of obtained peaks, as well as their purifica�on and prepara�on for structural
analyses are ongoing.
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The uncontrolled use of an�bio�cs worldwide has led to the development and spread of drug-resis-
tant bacteria. Nowadays, the problem is the most prominent for Gram-nega�ve microorganisms.
Bacteriophage treatment is considered to be a promising op�on to fight bacterial infec�ons. A sub-
stan�al number of individualized phage prepara�ons are prepared against mul�ple pathogens at
the Eliava Ins�tute. Over the last years, it has become prominent, that the highest demand for indi-
vidualized phage prepara�ons is for phages against Klebsiella strains.

A prerequisite for fast and easy selec�on of the correct phage(s) for the treatment is a well-system-
a�zed collec�on of characterized phages suitable for therapy. For the purpose of further develop-
ment and enrichment of such a collec�on (present at Eliava Ins�tute), Klebsiella phages previously
used for treatment were studied in detail. Selected phages were classified morphologically into
three major groups Myoviridae, Siphoviridae, and Podoviridae. It is noteworthy that studied bacte-
riophages successfully lyse beta-lactamase-producing, gene�cally diverse clinical strains of
Klebsiella species. Phages grow effec�vely on non-host bacteria with high EOP, which is one of the
most important characteris�c feature of virulent phages suitable for therapy. Phages are character-
ized by rapid adsorp�on. The latent period varies within 30-40 min for different phages.

The rate of forma�on of phage-resistant mutants is quite high; however, the resistance was found
not to be stable as it disappears with the first cul�va�on of these mutants.

Based on our research, we can conclude that studied phages are virulent and that they represent
good candidates for treatment op�ons either as alterna�ves to an�bio�cs or in combina�on with
other an�bacterials.
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Bacteriophage cryo-EM structural biology
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Bacteriophages (phages) are viruses which infect bacteria and are highly host-specific. The order
Caudovirales comprises the tailed phages which encapsidate dsDNA and represents one of the most
abundant and ubiquitous en��es in the biosphere. Despite their crucial role in biology, they remain
incompletely understood, making them a biological dark ma�er. Furthermore, the rise of an�bio�c
resistant bacteria has caused a recent surge of interest into bacteriophage research and bacterio-
phage therapy. The phage N4 is characterised by an icosahedral head and a short, non-contrac�le
tail. N4 is unique in its ability to package and inject the large ~382 kDa viral RNA polymerase (vR-
NAP), which renders it independent of the host’s machinery for the transcrip�on of the early phage
genes. We aim to understand how does N4 inject this massive protein into the host. Here, we use
cryo-electron microscopy to elucidate the complete structure of the phage capsid in its different
forms during phage matura�on, as well as the mul�-protein tail complex necessary for the ejec�on
of DNA in the infec�on process. These results will pave the way towards exchanging the recogni�on
target of the phage, so that it can specifically bind to a bacterium of choice. Addi�onally, it will also
help us with the modifica�on and eventual replacement of the vRNAP with a different complex.
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Shedding light on viral dark matter with synteny-based functional annotations
Susanna R. Grigson , Robert A. Edwards 

1. College of Science and Engineering, Flinders University, Adelaide, South Australia, Australia, 5042

Correspondence:
Susanna Grigson: susie.grigson@flinders.edu.au

With advancements in high-throughput DNA sequencing technology, metagenomic studies and spe-
cialised bioinforma�cs tools, the amount of viral genomic sequencing data is ever-expanding. As a
result, almost 5,000 bacteriophage (phage) genomes and half a million phage proteins have been
discovered, cons�tu�ng our exis�ng knowledge of phage biology. Func�onal labels can be assigned
to these protein sequences using computa�onal pipelines which compare the similarity of novel se-
quences to sequences with known func�ons. However, as two-thirds of phage proteins have no
known homologs, wide gaps persist between the number of known phage sequences and known
phage func�ons. Despite this, phages have a mosaic genome architecture, where genes are
arranged according to the order which proteins must be produced to support viral replica�on. It has
been shown that this ‘gene-order’ is highly predic�ve and conserved across phage genomes.  

Here, we address some of the challenges associated with annota�ng viral genomes by leveraging
viral genome synteny to assign func�ons to viral proteins. We use network analysis and machine
learning techniques to predict gene func�ons, irrespec�ve of sequence homology. Our predic�ve
framework can subsequently be used to generate more robust annota�ons of viral genomes, pre-
dict protein func�ons and iden�fy viral genomic regions where further experimental characterisa-
�on is required to inform unknown viral func�ons.
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bacteriophage Pseudomonas aeruginosa An�bio�c resilience

Susceptibility of Pseudomonas aeruginosa clinical strains to newly isolated phages
and its comparison with antibiotics
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P. aeruginosa  is among the 12 cri�cal pathogens in the list of bacterial infec�ons of the mul�drug
resistant pathogens established by the World Health Organiza�on (WHO). Consequently, since
P.aeruginosa has a "pan-drug-resistanne" (PDR), it is a global priority to develop the alterna�ve
therapy methods and means of treatment of the associated diseases.

Bacteriophages (phages) are promising alterna�ve an�microbial agents. Pathogen-specific phages
are perceived as effec�ve treatment against mul�drug resistant bacteria (Phage Therapy). Due to
unavoidable an�bio�c resistance crisis, interest and popularity towards phage therapy is gradually
increasing worldwide.

The study aimed  compara�ve analysis of an�bio�c- and phage- suscep�bility pa�erns of the
P.aeruginosa clinical strains from Eliava IBM R&D collec�on.

Suscep�bility of 30 P.aeruginosa clinical strains was studied  against 13 an�bio�cs presen�ng the
following groups: Penicillins, Cephalosporins, Fluoroquinolones, Aminoglycosides, and Carbapen-
ems.  The Kirby-Bauer disk diffusion method was used. Results were classified as suscep�ble or re-
sistant according to the EUCAST and CLSI criteria. 

Bacteriophages suscep�bility screening was performed using the spot test. Fi�een P. aeruginosa
phage clones (�ter 10  cfu/ml, MOI=0.1) from the Eliava IBMV R&D collec�on have been used. Sus-
cep�bility was assessed by the degree of transparency of the lysed culture.

Results showed that all strains with excluding three cultures (PS1123; 1215354; PS119) appeared to
be sensi�ve to at least one an�bio�c. In case of phages, five strains (including PS1123; 1215354;
PS119) showed resistance to all phages used, one strain (#638) showed a very weak sensi�vity to
one single phage, and the other 7 strains out of 10 appeared to be sensi�ve to at minimum 5 and at
maximum 15 phages.
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Lactococcus laudensis is a newly described Lactococcus species, that has been associated with Ital-
ian raw cow’s milk (Meucci et al. 2015). Profiling of a tradi�onal Danish dairy starter (DL-starter) al-
lowed isola�on of 61 isolates dominated by Lactococcus and Leuconostoc members, amongst which
9 isolates could be iden�fied as Lactococcus laudensis (ANI = 0.97), as determined by whole
genome sequencing based on Oxford Nanopore GridIon technology. Predic�on of prophage regions
(VIBRANT) on complete bacterial chromosomes, indicated the likely presence of prophage regions
in 5 isolates. Clustering analysis of the viral-associated proteins (open reading frames - ORF) re-
vealed low similarity (50% cut-off iden�ty) to those found in the P335 quasi species. The genomes
of the 5 puta�ve prophages were approx. 35 kbp. Alignment of the 5 prophage genomes indicated
that they belonged to the same phage species.

The 5 isolates with likely prophage regions were then subjected to prophage induc�on with mito-
mycin C. Using epifluorescence microscopy, we quan�fied >10  viral-like par�cles per ml of induced
lysate (VLP/ml) in isolates with posi�ve induc�on. Electron microscopy images, sequencing data
from induced prophages, and suscep�ble host-range will be presented at VoM2022.

Ref.:  Meucci et al. (2015) IJSEM 65, 2091– 2096
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Phage Paride exploits bacterial stress responses to kill dormant, antibiotic-tolerant
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Bacteriophages, the natural predators of bacteria, cons�tute a large reservoir of unknown biology.
In their habitat, bacteria and phages mostly interact under poor nutrient condi�ons and are con-
stantly exposed to a variety of stressors. Therefore, most bacteria on our planet are thought to
spend most of their existence in a non-growing, dormant state. Non-growing bacteria are also
found within infec�ons and have been linked with high levels of an�bio�c tolerance, the evolu�on
of an�bio�c resistance and the insurgence of chronic, relapsing infec�ons. Given the near-infinite
abundance and diversity of phages, we therefore wondered whether any phage developed the ca-
pacity to directly predate on dormant, an�bio�c-tolerant bacteria. We ini�ally confirmed that most
phages fail to replicate on dormant hosts and instead enter a state of hiberna�on or pseudolysoge-
ny. By developing a tailored isola�on process, we obtained a new Pseudomonas aeruginosa phage
named Paride with the exci�ng ability to directly kill dormant, an�bio�c-tolerant hosts by ly�c repli-
ca�on, causing steriliza�on of deep-dormant cultures in synergy with the β-lactam meropenem. In-
triguingly, efficient replica�on of Paride on dormant hosts depends on the same bacterial stress re-
sponses that also drive an�bio�c tolerance. We therefore, suggest that Paride hijacks weak spots in
the dormant physiology of an�bio�c-tolerant bacteria that could be exploited as Achilles’ heels for
the development of new treatments to prevent and combat the emergence of treatment-resistant
bacterial infec�ons.
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Cell envelope stress responses and phage infection in Lactococcus lactis
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Bacteriophages infec�ng the dairy starter Lactococcus lac�s impose a serious burden to milk fer-
menta�ons worldwide. In this work, we asked the ques�on if the cell envelope stress response (i.e.
the CES response) orchestrated by the two-component system CesSR and modifica�ons in the pep-
�doglycan of L. lac�s may impede phage preda�on. The cell wall is a barrier that a phage encoun-
ters twice. First, at the host recogni�on step and, subsequently, at the end of the ly�c cycle when
phage endolysins must degrade the pep�doglycan (PG) to release the phage progeny. Three en-
dolysins with different cataly�c domains (CHAP, amidase and lysozyme) from the lactococcal phages
1358, p2 and c2, respec�vely, were purified. Unfortunately, we were unable to observe the ly�c ac-
�vity of the amidase LysP2. The other two were tested in turbidity reduc�on assays against a bank
of L. lac�s mutants featuring an altered CES response, either lacking or overexpressing members of
the CesR regulon and PG modifying enzymes. The results showed that the exoly�c ac�vity of
Lys1358 with a CHAP cataly�c domain and LysC2 with a lysozyme domain was compromised when
tested against L. lac�s overexpressing spxB, a main effector of the CesR regulon that increases the
degree of PG O-acetyla�on, and against L. lac�s Δ�sH, lacking the CES responsive membrane pro-
tease FtsH. Lys1358 was also sensi�ve to the overexpression of cesSR, while LysC2 lysed quicker
cells with a lower degree of PG O-acetyla�on (oatA) and those with a lower degree of deacetylated
N-acetylglucosamine (pgdA). The consequences for phage infec�on are currently under evalua�on
using the phage c2, able to propagate on our L. lac�s mutants. In this way, we hope to decipher to
which extent a thwarted endolysin ac�vity may or may not restrict phage propaga�on and help us
to select robust dairy starters able to thrive in the presence of phages.
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An�microbial resistance (AMR) is one of the world’s major health concerns that need addressing.
The use of bacteriophages (phages) has been inves�gated as an alterna�ve to an�bio�cs to combat
AMR. Bacteriophages are highly specific in respect to their host, which make them an a�rac�ve an-
�bio�c alterna�ve with minimal disrup�on to other commensal bacteria. We have developed a
transduc�on system based on bacteriophages P1 and P2. To expand the applica�on of these phage-
based transduc�on systems, we have modified the host range of both phages P1 and P2. The host
range of P1 has been expanded to a novel host such as Salmonella enterica serovar Typhimurium
via two main routes: 1) the use of O-an�gen degrada�on enzyme (phage P22 tailspike) as an adju-
vant and 2) engineering of chimeric tail fusion. The host range of phage P2 has also been modified
to recognise a novel host such as Escherichia coli O157:H7 via tail fibre engineering. The tail fibre of
P2 has been fused with a tailspike from phage phiV10, which makes the chimeric P2 highly specific
to E. coli O157:H7. Currently, our lab is developing both P1 and P2 phages as a CRISPR-Cas9 an�mi-
crobial delivery vehicle to kill important gut pathogens such as S. Typhimurium and E. coli O157:H7
in a sequence-specific manner. This system allows precise elimina�on of pathogens and offers a
promising  solu�on to fight AMR.
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Phage depolymerases are enzymes capable of degrading bacterial capsules, making cells accessible
for an�microbials and the immune system. Depolymerases are a highly interes�ng an�-virulence
tool against encapsulated K. pneumoniae (WHO priority 1 pathogen - CRITICAL). Apart from reports
regarding the biological ac�vity of depolymerases there is not much data available on structural
characteris�cs with par�cular emphasis on the cataly�c centre. Those are generally large proteins
(>50kDa), forming trimers characterized by a modular organiza�on with various stability features.
We intended to prepare ”mini-enzymes” (truncated versions with a cataly�cally ac�ve domain but
lower MW and more stable). Here we present two depolymerases encoded by Klebsiella-specific
phages KP34 (KP34p57), and KP36 (KP36p50), both ac�ve against capsular type K63. The structural
predic�on done using Ar�ficial Intelligence (AlphaFold so�ware) allowed us to iden�fy the crucial
amino acid residues of the cataly�c pocket of both enzymes, a finding which we verified experimen-
tally by site-directed mutagenesis. Also, it allowed us to design a spectrum of truncated forms, with
different stabili�es and cataly�c proper�es. We believe that our results will facilitate the iden�fica-
�on of cataly�c sites of other depolymerases in the future and allow for the selec�on of the appro-
priate trunca�on posi�ons for such enzymes. These could be applied for the prepara�on of ac�ve
mini-enzymes with preserved enzyma�c func�ons. Project supported by Na�onal Science Center
grants 2017/26/M/NZ1/00233 and 2020/38/E/NZ8/00432.
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Bacteria of Klebsiella pneumoniae are known to harbour prophages in their genomes. Like in ly�c
phages, entry of a temperate phage into the cell o�en relies on a successful binding between the
bacterial surface polysaccharide, like the capsule, and the phage receptor-binding protein (RBP),
such as tail fibre/spike. We know from previous studies that K. pneumoniae exhibits a large reper-
toire of capsule diversity, and that the specificity of the capsule-RBP interac�on is a strong determi-
nant of the phage host range in ly�c and temperate phages. However, li�le a�en�on has been paid
to an interplay between capsule diversity in K. pneumoniae and the diversity of structural proteins
and RBPs in their prophages. To inves�gate this interplay, we analysed 391 Illumina-sequenced
genomes (99 of which were hybrid-sequenced) from a collec�on of K. pneumoniae strains sampled
from pa�ents in Melbourne, Australia. K-loci were detected in genomes using Kap�ve, prophage re-
gions by a combina�on of VirSorter and PhiSpy, quality assessed using CheckV, and annotated with
Phanotate and PHROGs. Prophage variants (PV) were defined as clusters of highly similar genomes
(>90% in coverage). As expected, we found that clonal groups with a greater K-locus diversity har-
boured a greater number of phage variants. We detected RBPs in 64% of all prophages, with 12% of
them carrying two RBPs. HHpred analysis revealed carbohydrate depolymerases in 9% of all
prophages, with 68% of those hits within proteins annotated as RBPs or other tail proteins. A com-
parison of prophages found in distant bacterial isolates showed many dissimilar prophages sharing
puta�ve host-range determinants like tail proteins, RBP and lysis genes, with interes�ng examples
of highly similar RBPs shared between distant prophages found in isolates with the same K-locus.
Altogether, this analysis suggests that the capsule diversity might play an important role for the evo-
lu�on and diversity of Klebsiella prophages.
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Next to pandemics and wars, an�bio�c resistance is a dras�cally increasing problem the world must
prepare for. Shiga-toxin producing Escherichia coli (STEC), belonging to the cri�cal priority pathogen
list defined by the World Health Organiza�on, is a severe foodborne disease with an es�mated 2.2
reported cases per 100,000 popula�on in 2019. The use of broad-spectrum an�bio�cs does not
only disrupt the microbiome and contribute to the spread of an�bio�c resistance, but in the case of
this specific pathogen also induces the release of the Shiga toxin, which causes bloody diarrhea and
can even lead to the life-threatening haemoly�c uraemic syndrome (HUS). Phage tail-like bacteri-
ocins (PTLBs), more specifically R2-pyocins, are an�microbial compounds that are morphologically
similar to head-less myoviruses. R2-pyocins are produced by Pseudomonas aeruginosa to protect
themselves from their compe�tors. Here we show that the natural receptor-binding proteins of R2-
pyocins, necessary to ini�ate contact with their host, can successfully be swapped with those of
bacteriophages targe�ng STEC serovars, resul�ng in highly specific, an�microbial compounds to
combat STEC pathogens. Synthe�c PTLBs rely on a simple and efficient killing mechanism, conserve
the high specificity of bacteriophages, and may have a regulatory advantage since they do not mul-
�ply or carry DNA and thus, do not evolve. Therefore, synthe�c PTLB cocktails may provide a valu-
able alterna�ve for an�bio�cs, inspired by phages.
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Bacterial biofilms are dynamic structures of bacteria o�en involved in many chronic infec�ons due
to their low suscep�bility to host immune defenses and an�bio�c treatments. Bacteriophages as
an�-biofilm agents have already been in use for decades and are regaining interest today. Biofilms
present sub-op�mal environment for bacterial growth and consequently affect bacteriophage infec-
�on and growth since bacteriophage produc�on depends on physiological state of their host. To
characterize biofilm forma�on and to study interac�on between phages and biofilm, a ly�c bacte-
riophage T4 and bacteria E.coli as host were used in a custom built con�nuous system consis�ng of
a mixed bioreactor and tubular bioreactor connected in series. Biofilms were formed under con-
trolled physiological state of bacteria and exposed to several condi�ons including nutrient limita�on
where bacteriophage efficacy towards biofilm was studied. Bacteriophages successfully infected
biofilm bacteria whereas bacterial lysis and biofilm eradica�on did not occur un�l fresh nutrients
became available.
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The personalized phage therapy model has the poten�al to sustainably serve a large and growing
popula�on of pa�ents suffering from untreatable microbial disease. However, for this approach to
be implemented, it will be necessary for the phage community to build both a common conceptual
framework for understanding phage sensi�vity and a toolset with which clinical microbiologists can
rou�nely assess it for pa�ents.

Here we present a reference assay for understanding phage sensi�vity that disambiguates the rela-
�onship between a phage and clinical isolate as reflec�ng either a lack of meaningful u�lity, a lethal
ac�vity without meaningful propaga�on, or an ability of the phage to substan�ally propagate at the
expense of the isolate. This assay, which is constructed from tradi�onal phage methods, can serve
as a founda�on for how we as a community understand the Ecopharmacology of phage therapy and
explain it to clinicians. However, tradi�onal phage methods cannot meet the needs of pa�ents who
require rapid, on-site, and reliable diagnosis to be credibly served at scale. Indeed, tradi�onal meth-
ods cannot be implemented outside of distant core facili�es or at required lead �mes and costs.

To disrupt these challenges, we present a semi-automated low-footprint mul�plexed device, which
can be implemented in any clinical laboratory that currently provides an an�biogram, and which
provides the same disambiguated diagnos�c answer within 3.5 hours. We do this with a simple kit
that allows for a semi-quan�ta�ve direct detec�on of the phage-mediated lysis of the target bacte-
ria in a liquid culture using an op�cal measurement of the ATP released using Luciferin/Luciferase.
By returning scores reflec�ng the percentage of the culture that a low-MOI of each phage can lyse,
the Inteliphage Phagogram both faithfully predicts the rela�onship between phage and host while
allowing for the most effec�ve phage(s) to be chosen for an individual pa�ent.
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Bacteriophages employ a wide variety of mechanisms to transport their DNA into the host cell. For
Gram-nega�ve host bacteria, two membranes as well as the periplasmic space have to be traversed
by the phage genome. During this process, a damage of the plasma membrane has be avoided to
assure the maintenance of the membrane poten�al and the host metabolic energe�cs during the
propaga�on of the phage.

 Myophage T4 has developed a mechanical machinery to traverse the outer membrane by perforat-
ing it using the force of its tail contrac�on. In the periplasm, the lysozyme ac�vity of the gp5 tail
protein locally removes the murein network such that the tail �p can reach the outer surface of the
plasma membrane. S�ll unknown is the mechanism how the phage DNA is transported through the
inner membrane of Escherichia coli.

Podophage T7 with its very short non-contrac�le tail first injects internal head (core) proteins into
the periplasm that assemble into a DNA-transpor�ng device. For this to happen, the internal head
proteins have to pass through the narrow portal structure of the phage and therefore have to un-
fold transiently. Reaching the periplasm the core proteins have to refold and assemble into an or-
dered structure. S�ll unknown is how this reordered complex is used to transport the DNA across
the inner membrane.

Filamentous phage M13 transports its single-stranded DNA when it enters the host cell but also
when the progeny par�cles leave the host by a secretory process. The DNA movement is achieved
by a phage assembly motor localized in the inner membrane using ATP to drive the secre�on of the
en�re phage. The assembly motor simultaneously binds coat proteins to shingle the DNA as it
leaves the inner membrane. In the outer membrane a huge pore structure is formed to allow the
passage of the new phage par�cles.

To resolve the molecular details of these events is currently the focus of our research.
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Klebsiella pneumoniae has been labeled as an 'ESKAPE' organism by the WHO, due to its growing
mul�drug resistance and virulence, urgently requiring an�bio�c alterna�ves. Klebsiella phages are
highly specific against their host bacterium, recognizing the capsule serotype with their receptor-
binding proteins (RBPs). To overcome limited host specificity in tradi�onal phage therapy, we elabo-
rate a synthe�c phage framework in which a diversity of receptor-binding proteins (RBPs) can be
plugged in. The bivalent Klebsiella phage KP32 is used as a scaffold and possesses a dual RBP system
with an anchor-branched structure. This branched RBP system can be divided into the following
modular building blocks: a N-terminal anchor for a�achment of the first RBP to the phage tail, in-
cluding a T4gp10-like branching domain;  a different C-terminal specificity domain with depoly-
merase ac�vity for the first and second RBP, respec�vely, and a conserved pep�de to a�ach the C-
terminal specificity domain of the second RBP to the T4gp10-like branching domain of the first RBP.
Using the VersaTile technique as a modular DNA assembly technique, a collec�on of modular build-
ing blocks derived from different Klebsiella phages (KP32, K11, KP34 and KP36) were assembled, re-
sul�ng in chimeric RBP gene clusters, that were subsequently integrated into the well-characterized
phage scaffold of KP32. In the future, this strategy may allow us to create customized phages, con-
sis�ng of a safe and well-known phage scaffold in which specificity to the bacterial host can be re-
programmed by only changing the RBPs targe�ng the pa�ent-specific bacterial pathogen.

1* 1 1,2 2 1

mailto:Dorien.Dams@UGent.be


241

Poster ID: OverB.117(PS2-R2.11)

Endolysin An�microbial pep�des Gram-nega�ve pathogens

Enzymatic activity of Klebsiella phage KP27 endolysin does not seem to be
indispensable for its antimicrobial activity
Daria Augustyniak , Barbara Maciejewska , Sabina Oleksy , Zuzanna Drulis-Kawa 

1. Department of Pathogen Biology and Immunology, University of Wroclaw, Poland

Correspondence:
Dr. Augustyniak: daria.augustyniak@uwr.edu.pl Dr. Maciejewska: barbara.maciejewska@uwr.edu.pl

Introduc�on: Endolysins are phage-encoded pep�doglycan-degrading enzymes. Derived from
phages targe�ng Gram-nega�ves are usually ac�ve against a broad range of species in the presence
of outer membrane permeabilizers. Endolysin KP27gp166 derived from Klebsiella phage KP27,  pos-
sesses pep�dase ac�vity and undergoes thermal inac�va�on at 110 C for 30 min. Since KP27gp166
is characterized by posi�vely charged N-terminal part with the net charge at pH 7 = 5, the goal of
this project was to characterize the an�bacterial potency of this enzyme in both, na�ve and heat-
inac�vated (HI) form against intact and permeabilized Gram-nega�ve pathogens including
Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumanii.

Results: In kine�c experiments, the KP27gp166 in both na�ve and HI forms, showed ly�c ac�vity
against all chloroform-permeabilized bacteria at a concentra�on of at least 20 µg/ml.  In general HI
endolysin was from 10-fold to 50-fold less ac�ve than the na�ve enzyme, depending on bacterial
strains tested. Moreover, using the spot test, we demonstrated the bactericidal ac�vity of na�ve
and HI endolysin against all four pathogens tested without any exogenous permeabilizers, wherein
non-fermen�ng, intact representa�ves of Pseudomonadales are more sensi�ve to KP27gp166 than
representa�ves of Enterobacteriales. The bactericidal efficiency of both forms of endolysin was ac-
companied by perturba�on of bacterial membrane.

Conclusions: The results suggest that KP27gp166 retains its ly�c potency a�er heat-inac�va�on and
the an�microbial ac�vity of this enzyme consists of both: the hydroly�c ac�vity and the primary
structure interac�ng with cell surface structures.
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Phage engineering allows for the precise adapta�on of phage host specificity by modifying or swap-
ping receptor-binding proteins (RBPs) between phages. Addi�onally, the ever-increasing amount of
publicly available data enables to study RBP sequences in new, data-driven ways. However, non-
standard or missing annota�on o�en complicates these analyses. As much as 90% of phage genes in
publicly available genomes may have no annota�on. Recent tools such as PhANNs partly alleviate
this problem but have not focused specifically on RBPs and show that these are among the most
difficult sequences to annotate. We have developed two parallel approaches to overcome the com-
plex iden�fica�on of RBP sequences. The first approach consists of a collec�on of RBP-related hid-
den Markov models (HMMs), collected from the Pfam database as well as custom HMMs developed
by us. The second approach entails a machine learning model to accurately discriminate phage RBPs
from other phage proteins. We show that our approaches are complementary to one another and
that our machine learning approach surpasses both our HMM-based approach and PhANNs. Finally,
we hypothesize that many phage RBPs remain to be discovered in complex metagenomics data, and
that both our approaches could be valuable tools to discover RBPs in such se�ngs.
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Archaeal viruses face different challenges during viral entry and egress, compared to their bacterial
counterparts, as the archaeal cell envelopes and their appendages fundamentally differ from those
of bacteria. For only a few archaeal viruses, the entry and egress mechanisms have been studied, so
far. To inves�gate the main principles underlying infec�on strategies of euryarchaeal viruses, we use
the recently isolated Haloferax tailed virus 1 (HFTV1) and its host Haloferax sp. LR2-5 as a model
system.

To study the interac�on between Hfx. gibbonsii LR2-5 and HFTV1, we sequenced and analysed the
host genome and determined op�mal condi�ons for host growth, mo�lity and virus produc�on. We
further inves�gated host cell characteris�cs like the surface layer, filamentous surface structures,
and cell shape that might play a role in its virus suscep�bility (Ti�es et al., 2021; Ti�es, Schwarzer
and Quax, 2021).

Notably, HFTV1 is one of the first known viruses infec�ng a Haloferax strain and was isolated to-
gether with its host from saline Lake Retba (Senegal) in 2011. HFTV1 has a double-stranded DNA
genome and an icosahedral capsid with a long non-contrac�le tail (siphovirus morphotype) (Mizuno
et al., 2019). The characteriza�on of the halophilic virus isolate HFTV1 showed a ly�c life cycle ham-
pering the hosts cell growth. Analysis of its reproduc�on showed that the release of progeny virions
resul�ng from cell lysis occurs a�er ~6 hours. Remarkably, HFTV1 virions adsorb to the host cell sur-
face much faster than other haloarchaeal viruses. We characterized the details of the adsorp�on
process and examined the impact of viral infec�on on the host cell with a combina�on of light and
electron microscopy. This experimental analysis of host behaviour and viral life cycle contributes to
the  iden�fica�on of infec�on strategies of the rela�vely unexplored haloarchaeal viruses.
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Phage therapy is gaining a�en�on for the treatment of pathogenic organisms such
as Mycobacterium tuberculosis due to the emergence of drug-resistant strains. Mycobacteriophage
D29 is a virulent phage that has the ability to infect and kill most mycobacterial species including M.
tuberculosis. To ensure �mely and efficient host cell lysis, D29 ly�c casse�e encodes three
proteins viz. pep�doglycan hydrolase (LysA), mycolylarabinogalactan esterase (LysB), and Holin.
Holin is a small membrane perfora�ng protein, which forms non-specific holes into the cell mem-
brane at a gene�cally-programmed �me. Here we dissected the importance of Holin in D29 physiol-
ogy by knocking it out from the phage genome (D29∆gp11). We show that D29Dgp11 is viable but
forms smaller plaques, and the host cell lysis is significantly delayed as compared to the wildtype
D29. D29Dgp11 further shows longer latent period and reduced burst size. We thus show that while
holin is dispensable for phage viability, it is essen�al for the op�mal phage-mediated host cell lysis
and phage propaga�on. We also show that coiled-coil (CC) domain present in the protein’s C-termi-
nal region is indispensable for an efficient Holin-mediated host cell lysis. We demonstrate that the
posi�vely charged residues present in C-terminal region are crucial for Holin-mediated toxicity.
These data allowed us to engineer a highly toxic version of Holin, HolHC, by duplica�ng its C-termi-
nal region. HolHC protein shows toxicity in both Escherichia coli and M. smegma�s, and causes
rapid killing of both bacteria upon expression, as compared to the wild-type. A similar oligomeriza-
�on property of HolHC as the wildtype Holin allows us to suggest that D29 Holin C-terminal region
determines the �ming, and not the extent, of oligomeriza�on and, thereby, hole forma�on. Such
knowledge-based engineering of mycobacteriophage Holin will help us in developing engineered
phages to kill pathogenic mycobacteria.
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The worldwide increase of an�microbial resistance has spurred scien�sts to find alterna�ves to an-
�bio�cs. The specificity of phages and their capability to evolve to overcome bacterial phage resis-
tance have been iden�fied as very a�rac�ve characteris�cs with respect to their use as addi�onal
tools in the fight against infec�ons. There is an ample supply of phages in nature, where they were
iden�fied as major dynamic components of micro-biocenosis, controlling bacterial popula�ons’
growth and adapta�on to changing environmental condi�ons. In vitro studies of the interplay be-
tween bacteria and phages will provide insights that are important for the development of more ro-
bust therapeu�c phage cocktails and applica�on protocols. In this study, 12 Pseudomonas aerugi-
nosa and 15 Klebsiella pneumoniae new phages were isolated from five different natural and indus-
trial sewage environments. All new phage lysates were plaque and culture purified following Good
Microbiological Prac�ces, prior to their use in the present study. The ly�c ac�vity of phages was an-
alyzed using an OmniLog™ system, which uses redox chemistry to automa�cally measure cell respi-
ra�on. Phages were tested separately and in different combina�ons against clinically relevant bacte-
rial strains with different gene�c backgrounds. The phage inoculum mixes were designed based on
the combina�ons that were ini�ally iden�fied in the processed environmental samples. We ob-
served that therapeu�c phage cocktails designed based on phage composi�ons observed in the en-
vironment best prevent the development of immediate bacterial phage resistance and lead to a
maximal bacterial control in liquid cultures. The most promising new phages and the most interest-
ing bacterial strains were selected for whole genome sequencing, to broaden our understanding of
the molecular basis of the observed phage-bacteria interac�ons, and to improve the formula�on
and dosage of therapeu�c phage prepara�ons.
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Background: Phage efficiency relies on their ability to recognize and bind on the bacterial surface,
which depends on high specificity towards surface structures. This makes Klebsiella phages highly
specific towards its most external component, the polysaccharidic capsule. However, resistance to
capsule-targe�ng phages have been shown to evolve rapidly, leading to the exposure of other mem-
brane structures. In this work, we devised a strategy to isolate phages that target capsular mutants.
These phages may be useful in phage cocktails as they would target resistant mutants emerging
during treatment with first-line phages. We also aim to characterize the phage-Klebsiella host
interac�ons.

Methods: Based on a collec�on of 7,388 Klebsiella genomes, we selected six wild type Klebsiella
and seven capsular mutant strains for their surface structures prevalence and diversity. Phages were
isolated and genomically characterized. Phenotypic characteriza�on including host-range, infec�on
curves and efficiency of pla�ng was also performed. Phage resistant Klebsiella clones were isolated
and sequenced. Phage efficiency experiments in vivo were performed using OMM12 mice model.

Results: 67 phages were isolated belonging to 4 different taxonomic families. Phages that do not
target the capsule have a broader host-range and resistance against them took longer to emerge in
vitro. We also discovered one broad host range phage that infected virtually all different O-an�gen
types of Klebsiella. Resistance to these phages evolved through muta�ons in O-an�gen or LPS syn-
thesis genes. We could observe in vivo replica�on of both phage-types, targe�ng or not the capsule.

Conclusion: This study demonstrates the feasibility of a new strategy to isolate phages against non-
capsular structures and that have a broad host-range within Klebsiella. Such phages may represent
interes�ng addi�ons for phage therapy cocktails.
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The applica�on of phages is widely considered useful for topical and localized usage, and intra-
venous (i.v.) administra�on of phages is primarily used in cri�cally ill pa�ents suffering widespread
infec�ons. Studies of phage pharmacokine�cs and dynamics in individuals receiving phage therapy
are limited, and few reports exist about the cells and mechanisms involved in phage blood clear-
ance. Endocytosis of phages is postulated as a major process determining pharmacokine�c but has
been studied mostly in cell lines, which are o�en very different from normal cells in the body. Ac-
cording to current literature, phages accumulate in liver and spleen a�er systemic administra�on. In
the liver, Kupffer cells and liver sinusoidal endothelial cells (LSECs) are important scavenger cells ac-
�vely engaged in the clearance of foreign an�gens, including viruses. Par�cularly, LSECs are pivotal
in the elimina�on of many soluble macromolecules, nanopar�cles, and colloids (≤200nm) by recep-
tor-mediated endocytosis and play a central role in liver innate immunity. Our leading hypothesis is
that due to their very high endocy�c capacity, many phages reaching the liver will be endocytosed
by LSECs and degraded. This may cons�tute a vital role in elimina�on of phages from blood during
phage treatment. We recently reported that T4 phages are efficiently endocytosed and degraded by
primary rat LSECs in vitro. Hence, updated informa�on about the liver interac�on with bacterio-
phages is warranted. To this end, we aim to inves�gate how various i.v. administered phages inter-
act with scavenger cells in a complete physiological system, using the mouse model. Preliminary re-
sults from our current work with bacteriophage K1F (T7-like ly�c phage against E. coli) show elimi-
na�on of 80% of circula�ng par�cles as quickly as 20 minutes a�er inocula�on, with a concurrent
high uptake of phage in liver (4x that of spleen).
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Here we report the genome analysis of two giant virus isolates Haptolina ericina virus RF02 (HeV_R-
F02) and Prymnesium kappa virus RF02 (PkV_RF02) belong to the group of Imitervirales, the mem-
bers of which share 32 core genes func�ons for infec�on ini�a�on, virion architecture, DNA replica-
�on and transcrip�on. The func�on distribu�on of the ORFs predicted from the two genomes
shows the poten�al capacity in each step of the infec�on cycle, which is supported by transmission
electron microscope images. Virions a�ach to the cell surface and DNA fibres are injected into the
host cell by fusion of capsid inner membrane and host cell membrane. The host cell experiences
membrane reorganiza�on and compartmenta�on to organize the viral factory. The empty capsids
are constructed followed by viral assemblage. The predicted genes related to the above process are
iden�fied from both viral genomes. The predicted proteins involved in DNA replica�on including he-
licase, primase, PCNA and RFC also suggest similari�es to eukaryo�c DNA replica�on. A series of
ORFs coding for the transcrip�onal apparatus indicate similari�es to eukaryo�c transcrip�on with
elaborate regula�on occurring in the cytoplasm. Only limited number of ORFs are involved in the
transla�on indica�ng that the viral transla�on is greatly dependent on the host apparatus. Apart
from the ORFs for virus prolifera�on, there are considerable number of ORFs par�cipa�ng in bio-
macromolecule modifica�on, metabolism, energy support and signal transduc�on, which indicates
a well-organized process of infec�on cycle. By sequence comparison with proteins packed in giant
virus capsids, no hits were found for DNA packaging proteins which indicates a possible novel DNA
binding family in our two viruses. The gene content of the two viruses reveals their poten�al ability
to take over host life ac�vi�es. Our results provide new insight to the different steps in the giant
virus infec�on of algal hosts.

1* 1 2 1
2 1

mailto:haina.wang@uib.no


249

Poster ID: OverB.125(PS2-R2.19)

bacteriophage P1 bacterial cell lysis Holin

Strategies of bacteriophage P1 to optimize cell lysis process of different hosts and
at different cell growth conditions
Agnieszka Bednarek , Agata Cena , Wioleta M. Woźnica , Małgorzata Łobocka 

1. Ins�tute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw, Poland

Correspondence:
a.kielan@ibb.waw.pl

Ly�c development of bacteriophages in bacteria ends with cell lysis to release progeny phages. Op-
�mal lysis �me depends on several factors such as e.g., host cell density and bacterial growth condi-
�ons. Premature lysis results in the release of immature phages while delayed lysis leads to failure
in evolu�on with other phages. Double-stranded DNA phages break a barrier of cell wall at their
progeny release with the help of a pair of proteins. One of them, endolysin, can digest cell wall pep-
�doglycan. Typically it is free in the cytoplasm and requires holin which forms large nonspecific
pores in a cytoplasmic membrane (CM) ensuring endolysin the access to cell wall and lysis trigger-
ing. In certain phages endolysin is equipped with the N-terminal signal-arrest release (SAR) domain
and is anchored to CM in the inac�ve form, which is ac�vated and released with the help pinholins -
proteins that form a mul�dude of nanometer scale pores in CM and cause membrane depolariza-
�on. Most o�en phages encode either endolysin-holin pair or SAR-endolysin-pinholin pair. Wide
host range bacteriophage P1 encodes SAR-endolysin Lyz and three proteins of holin proper�es,
LydA, LydC and LydD. Lyz was shown previously to pair in cell lysis with holin LydA encoded by an
operon unlinked to the lyz operon. Here we show by analysis of various P1 mutants that it can also
pair with LydD, which is encoded by the lyz operon, and that LydD is a pinholin. Whether Lyz-LydA
pairing or Lyz-LydD pairing predominates in cell lysis by P1 depends on cell growth condi�ons and
on a host of P1. Moreover, while lysis of different P1 hosts is associated with Lyz-LydD pa�ern of
morphological transi�ons, in the case of mutants depleted of the lydD gene it is host-specific. LydC
protein appears to play a func�on of accessory holin in cell lysis of various hosts tested in this study.
However, its high lethality to cells suggest that it also has a poten�al to pair with Lyz in cell lysis.
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Pseudomonas aeruginosa is a major nosocomial mul�drug-resistant pathogen that is difficult to
treat because it persists as biofilm. There is renewed interest in studying bacteriophages (phages) as
an�microbial agents against P. aeruginosa due to their an�biofilm ac�vity. To be�er understand the
effect of phage dose on the physiology and destruc�on of biofilm, we developed a microfluidics
pla�orm to model biofilm growth under hydrodynamic condi�ons, where shear stress promotes
wider coverage, greater cohesion, and increased biomass. 3D microscopy showed that GFP-express-
ing pseudomonas biofilm grew with topographical heterogeneity of ridges and canyons carved by
fluid flow. We found that adding phages ranging from 10  to 10  PFU/mL caused dose-dependent
sporadic clearing throughout the microchannel, where the lowest dose promoted the highest level
of biofilm degrada�on. The nega�ve correla�on between phage concentra�on and clearance of
biofilm suggests that higher phage infec�on pressure “desensi�zes” biofilm to lysis. Conversely,
planktonic cell lysis was posi�vely correlated with phage concentra�on, where the higher phage
dose (10  PFU/mL) caused greater reduc�on in bacterial density. Therefore, biofilm was resilient to
phage concentra�ons normally effec�ve against planktonic growth. This suggests that reduc�ons in
phage pressure avoid triggering bacterial defenses through an unknown mechanism, leaving
biofilms more suscep�ble to ly�c destruc�on.
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Escherichia coli phages belonging to the Tequatrovirus genus may use gp38 as a receptor binding
protein (RBP) to bind to their receptor located in the bacterial outer membrane. The gp38 RBP is lo-
cated at the �p of the long tail fibers and has a modular structure containing conserved glycine-rich
mo�ves and hypervariable loops. During phage binding, these hypervariable loops interact with the
outer loops of the host receptor. Here, we aim to determine how the diversity of gp38 affects bind-
ing efficiency of Tequatrovirus phage to diverse E. coli strains.

We established a Tequatrovirus phage collec�on by screening piglet feces filtrates for Tevenvirinae
phages using a PCR protocol targe�ng the major capsid protein of these phages. Posi�ve samples
were plated on the E. coli laboratory strain MG1655 and isolated plaques were purified three �mes.
In this way, 26 new Tequatrovirus phages could be specifically isolated. In addi�on, six E. coli phages
from our present collec�on were included. All phages were sequenced and in silico analysis allowed
iden�fica�on and comparison of gp38 RBPs that were categorized into three groups according to
their similarity. To iden�fy gp38’s binding partner, we spo�ed our phages on E. coli mutants lacking
14 different common phage receptors and found that most of our phages use OmpA, Tsx and TonB
as a receptor.

Future work will determine the binding efficiency of diverse gp38 to the host receptor fusing gp38
to luciferase and determine luminescence indica�ng binding of gp38 to the host. Finally, we aim to
characterize the binding mechanism further using cross-link mass spectrometry.
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Bacteriophages are becoming a real alterna�ve to an�bio�cs for figh�ng against an�microbial-resis-
tant bacterial strains. However, aspects such as the emergence of mechanisms involved in resis-
tance to phages or interference with their mul�plica�ve cycle remain unclear. This work aimed to
determine the emergence of these mechanisms in Salmonella exposed to a cocktail composed of
three bacteriophages (UAB_Phi20, UAB_Phi78, and UAB_Phi87) under three scenarios: i) laboratory
cultures (LAB), ii) cooked ham (FOOD), and iii) oral phage therapy in broilers (PT). In the LAB sce-
nario, a�er 24 h almost all the bacteria lost their suscep�bility to the three phages, however, in the
FOOD scenario, only 3.2% of isolates were not suscep�ble to the cocktail. From broilers contaminat-
ed with Salmonella and treated with phages, 3.3% of isolates presented a mechanism of resistance
or interference with the mul�plica�ve cycle of some of the phages of the cocktail. This percentage
was 9.7% in the untreated group.

Eleven isolates were selected and sequenced. Muta�ons in rfc and rfaJ genes, involved in the syn-
thesis of LPS (receptor of phages), were iden�fied in bacteria resistant to phage in both LAB and
FOOD scenarios. LPS profiles agreed with the presence of these muta�ons. Regarding PT isolates,
they acquired large conjuga�ve plasmids by lateral gene transfer, which encode determinants in-
volved in mechanisms of interference with the mul�plica�ve cycle or adsorp�on of phages. Accord-
ing to these results, no muta�ons were found in LPS synthesis encoding genes. Also, a significant
decrease in both the efficiency of pla�ng (EOP) and the efficiency of centres of infec�on (ECOI) was
observed. These data show a role for conjuga�ve plasmids in spreading mechanisms of interference
with phages through in vivo lateral gene transfer. The impact of both LPS muta�ons and these
mechanisms in food biocontrol and oral therapy does not impair the success of phages.
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The marine bacterium Marinomonas mediterranea MMB-1 possesses two CRISPR-Cas systems of
type I-F and III-B, respec�vely. Cas1 in the III-B system is fused to a reverse transcriptase (RT) allow-
ing the acquisi�on of spacers from RNA. The systems I-F and III-B cooperate in the defense against
some podoviruses, as spacers in the I-F array targe�ng some of those phages could be used by both,
the I-F and the III-B system. This coopera�on contributes to the survival of the bacteria when
phages escape the I-F system, for example, by muta�on in the Protospacer Adjacent Mo�f (PAM).
Genomic analyses of two other M. mediterranea strains, MMB-2 and MMB-3, revealed a different
set of CRISPR-Cas systems. While the I-F system was conserved, strain MMB-2 didn’t show any III-B
system, and in strain MMB-3 the III-B system did not contain Cas1 fused to RT. The spacers in the
three strains showed a high diversity, with only a few spacers conserved among the different M.
mediterranea strains.

With the aim of studying the resistance to phages in the three M. mediterranea strains, several nov-
el podoviruses have been isolated. They showed a very similar genomic organiza�on with differ-
ences mainly in the number and sequence of genes in the ini�al region. In the strain MMB-1 the re-
sistance to all phages was mediated by CRISPR-Cas systems. On the contrary, strains MMB-2 and
MMB-3 showed resistance to some phages which was CRISPR independent. Some phage escape
mutants have been isolated which are able to infect, either the strain MMB-2 or MMB-3, but not
both of them. In mutants able to infect strain MMB-2 the muta�ons are located in early genes.
These results indicate the existence of different alterna�ve mechanisms of phage resistance in
those strains. This cons�tutes an example of the importance of analyzing the panimmune systems
in bacterial species to understand bacterial-phage interac�ons.
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Streptococcus thermophilus (S.t.) is a widely used lac�c acid bacterium (LAB) for the manufacture of
cheeses and yogurt. However, strains of this bacterial species are also sensi�ve to phages. If virulent
phages present in heat-treated milk infect these added industrial LAB strains, the resul�ng “phage
a�ack” can lead to low quality fermented products. S.t. can effec�vely use CRISPR-Cas systems as
natural an�-phage mechanisms but phages producing an�-CRISPR proteins have been isolated.
Thus, new defense strategies are needed. Previous studies have shown that satellite prophages (SP)
found in Staphylococcus aureus are able to significantly reduce the replica�on of specific virulent
phages. We noted that structurally similar SPs are present in S.t. Thus, the aim of this project was to
characterize SP in S.t. to increase our toolbox of an�-phage mechanisms.

The first objec�ve was to characterize the diversity of SPs in S.t. and iden�fy probable phage resis-
tance mechanisms. Using bioinforma�c tools, some SPs of S.t. were found to carry restric�on-modi-
fica�on systems and poten�al abor�ve infec�on (Abi) systems. Interes�ngly, we showed that an Abi
system found in several SPs of S.t. provided resistance against some virulent phages infec�ng Lacto-
coccus lac�s strains, another LAB widely used for the manufacture of cheeses.

The second objec�ve was to characterize the SP of the reference strain S.t. SMQ-301. We observed
that this SP could be excised from the bacterial genome seemingly without induc�on as it could be
found in an overnight culture using PCR with primers specific to a circularized SP. In addi�on, the
presence of this SP was detected by PCR in lysates of the virulent phage 73 treated with DNase, in-
dica�ng that phage 73 can package this SP when infec�ng S.t. SMQ-301.

Taken altogether, this study provides the first glimpse of new tools that could be developed for LAB,
including the development of phage-resistant strains.
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In response to viral preda�on, bacteria have evolved a wide range of defense mechanisms, which
rely mostly on proteins ac�ng at the cellular level. Here, we show that aminoglycosides, a well-
known class of an�bio�cs, are potent inhibitors of phage infec�on. We observed a broad phage in-
hibi�on by aminoglycosides, as diverse phages infec�ng the model Gram-nega�ve bacterium E. coli
as well as the Gram-posi�ve bacteria Corynebacterium glutamicum and Streptomyces venezuelae
were impacted. We demonstrate that aminoglycosides do not prevent the injec�on of phage DNA
into bacterial cells but instead block an early step of the viral life cycle, prior to genome replica�on.
Importantly, inhibi�on of a Streptomyces phage could be reproduced using the supernatants from a
natural aminoglycoside producer, hin�ng at a broad physiological significance of the an�viral prop-
er�es of aminoglycosides. Interes�ngly, acetyla�on of the aminoglycoside an�bio�c apramycin
abolishes its an�bacterial effect, but maintains its an�viral proper�es, sugges�ng a poten�al decou-
pling between these two key features. Altogether, this study expands the poten�al func�ons of
aminoglycosides in bacterial communi�es. It further suggests that aminoglycosides are not only
used by their producers as toxic molecules for their compe�tors but could also serve as a protec�on
against the threat of phage preda�on at the community level.
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Poryrphyromonas gingivalis is a keystone pathogen in the e�ology of Periodon��s. Among its vari-
ety of virulence factors, its gingipains are significantly harmful. These secreted proteases provide
nutrients for the bacterium by breaking down the host’s �ssue, enhancing biofilm crea�on, and dis-
abling innate immune system components. We hypothesize that the gingipains might have an addi-
�onal role as a defense mechanism against bacteriophages.

We observed that different strains of P. gingivalis reduced the PFU/mL of the Staphylococcus aureus
phages, OMS1 and OMS2, by eight orders of magnitude when cultured together. Furthermore, the
supernatant of these bacteria maintained this ability. We found that the neutralizing effector is
>100kD, sensi�ve to heat and proteases but not to DNAase or RNAase. These characteriza�ons fit
the gingipains features. Moreover, this effector was inhibited by a general inhibitor of proteases,
isn’t produced by gingipains-null mutants and electron microscopy shows that the bacterium’s out-
er membrane vesicles are explicitly a�ached to the spikes of the phages. These results strongly sup-
port the no�on that the an�-phage effector in the supernatant of P. gingivalis is the gingipains. Cur-
rently we are finalizing the characteriza�on of the effector, tes�ng its effect on a variety of phages.

This work adds another layer of knowledge on the growing data of an�-phage mechanisms of bac-
teria. We speculate that P. gingivalis is not the only bacteria u�lizing secreted proteases as a
defense.
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Bacteria and phages have been locked in a perpetual arms race, driving the evolu�on of a diverse
arsenal of prokaryo�c immune systems and viral countermeasures. Recent advances have expanded
this arsenal to include a wide variety of previously unknown and func�onal diverse set of bacterial
an�-phage defense systems. One of those systems, called Thoeris, is characterized by an NADase
domain of its effector protein ThsA. Addi�onally, it encompasses one or more ThsB proteins con-
taining Toll/interleukin-1 receptor (TIR) or TIR-like domains, which are also associated with eukary-
o�c innate immunity. It has recently been hypothesized to func�on as an abor�ve infec�on system,
inducing NAD deple�on leading to cell death. We inves�gate a Theoris system encoded in
Escherichia coli purported to belong to a dis�nct subtype based on domain architecture. This E. coli
strain carries six different defence systems in total, allowing us to inves�gate the role of Thoeris as
part of the whole an�-phage arsenal. We iden�fied Thoeris-mediated protec�on against different
phages and found differences between Thoeris in its na�ve context and when heterologously ex-
pressed in a different E. coli strain. By applying a cell-free transcrip�on-transla�on (TXTL) system,
we inves�gated the effector domain architecture and infec�on induced NADase ac�vity. The ob-
served NADase kine�cs do not support abor�ve infec�on through NAD deple�on, further promot-
ing the hypothesis of a dis�nct subtype. Our goal is to inves�gate the role of Thoeris as part of the
an�-viral repertoire in its na�ve host, the interplay with other exis�ng defense mechanisms, as well
as modes of escape deployed by phages to circumvent the system. By inves�ga�ng the system in its
na�ve host, we hope to broaden the understanding of an�viral immunity beyond any single defense
system.
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Staphylococcus aureus is a major human pathogen causing wide-range of diseases including infec-
�ons acquired in hospitals. The persistence of S. aureus infec�ons is related to its ability to form
biofilms. Bacteria in biofilm are more resistant to an�bio�cs and to the host immune system. Extra-
cellular matrix components play an important role in unique lifestyle and virulence of biofilms.
Phage therapy is alterna�ve approach to treat infec�ons caused by an�bio�c-resistant bacteria.

We used light-sheet fluorescent microscope with an integrated microfluidic system to study the for-
ma�on of S. aureus biofilm and its infec�on by phages. To visualize the biofilm-forming cells, we
modified S. aureus to stably express red fluorescent protein mCherry. The main components of
biofilm matrix, such as extracellular DNA and polysaccharide intercellular adhesins, were labelled by
specific fluorescent dyes. We introduced different phages into the mature biofilm and used �me-
lapse monitoring to detect their effect on biofilm disintegra�on.

Light-sheet fluorescent microscope with microfluidic system and �me-lapse monitoring enabled us
to detect the dis�nct stages of biofilm forma�on and the impact of phage infec�on on the biofilm
development.
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The common outcome of phage invasion is bacterial muta�ons in genes encoding phage adhesion
receptors, located on the surface of bacterial cells. However, the extent of the muta�onal changes
also implicates genes not directly involved in the expression of surface receptors. Our previous
work, based on whole-genome sequencing analysis of phage-resistant P. aeruginosa PAO1 mutants,
revealed that phage infec�on led to muta�onal changes both in genes related to external receptors
such as lipopolysaccharide (LPS), Type-4 pili (T4P), exopolysaccharide (EPS), and flagella, as well as
in global regulatory genes and other genes of unknown func�on. The appearance of large genomic
dele�ons (20 to 500 kbp) was also rela�vely frequent especially when bacteria were contacted with
two (or more) phages simultaneously.

Here, we present the analyses of selected phage-resistant PAO1 mutants with large genomic dele-
�ons, which affected several phenotypes including pathogenicity. The common feature of these
dele�ons is the removal of three important genes: galU, mexXY and hmgA. Lack of galU and mexXY
resulted in impaired produc�on of LPS O-an�gen and increased suscep�bility to several an�bio�cs,
respec�vely. The loss of hmgA is responsible for the accumula�on of homogen�sic acid (intermedi-
ate product of the pheomelanin synthesis process) resul�ng in a characteris�c brown phenotype.
This may be beneficial to the bacterial popula�on, increasing its resistance to pyocins and oxida�ve
stress. The presence of dele�on was next accompanied by the acquisi�on of complement-sensi�ve
phenotype and induc�on of proinflammatory cytokines. The forma�on of such large dele�ons is as-
sociated with the MutL protein, which func�ons in DNA mismatch repair processes. Complemen�ng
the previously published results of basic phenotypic parameters, we decided to thoroughly analyse
the metabolic capabili�es of strains with large dele�ons, using OmniLog Biolog technology.
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Pathogenic bacterial infec�ons can be treated by bacteriophage (phage) therapy, some�mes in
combina�on with an�bio�cs. However, bacteria have a wide range of defence mechanisms against
phage, among which is CRISPR-Cas. CRISPR-Cas system relies on storage of phage gene�c material
from previous failed infec�on which is then used to guide sequence-specific cleavage of phage ge-
ne�c material in subsequent infec�ons. On the other hand, phages have evolved counter-defence
mechanisms, such as an�-CRISPR (Acr) proteins. These proteins are expressed in the early stages of
the infec�on and can inhibit one or several steps of the CRISPR-Cas mechanisms to allow the phage
to replicate.

Previous results in Pseudomonas aeruginosa have shown that sub-inhibitory doses of bacteriosta�c
an�bio�cs (which inhibit cell growth without killing) slow down DMS3 phage development. This
leaves more �me for bacteria to acquire CRISPR-Cas based immunity against DMS3, overall favour-
ing bacterial in their compe��on against phages.

Since Acr-phage infec�on success depends on expression of Acr proteins, we hypothesized that
transla�on inhibitor an�bio�cs could disadvantage Acr-posi�ve phages when infec�ng CRISPR im-
mune bacteria. Here, we show that sub-inhibitory doses of bacteriosta�c transla�on inhibitor an-
�bio�cs decrease both Acr and CRISPR-Cas efficiency. However, on a popula�on level, both bacte-
riosta�c and non-bacteriosta�c transla�on inhibitors an�bio�cs favour phage amplifica�on in P.
aeruginosa carrying a func�onal CRISPR system. This suggests that inhibi�on of CRISPR-Cas system
has more impact than inhibi�on of Acr, thus shi�ing the phage-host rela�onship in favour of the
phage. These results highlight a poten�al role for transla�on inhibitors when selec�ng an�bio�cs
for combined phage-an�bio�cs therapy.
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In the con�nuous war for survival between bacteriophages and their bacterial hosts, both sides en-
gineer new weapons; one to degrade the invader nucleic acids, the other to resist such aggression.
To escape restric�on enzymes, one of the most common bacterial defense systems, double-strand-
ed DNA phages modify their genomic DNA with complex modifica�ons. Recently, we showed that
phages insert 7-deazaguanine deriva�ves in their DNA. These modifica�ons were previously
thought to occur only in RNA. We have iden�fied so far fourteen families of phage encoded proteins
that take part in the synthesis of eight unique deazaguanine DNA modifica�ons. Modifica�on level
varies from 0.1 % to 100 % of the guanines. Each of these modifica�ons confers resistance to re-
stric�on enzymes that have at least one guanine in their recogni�on site, with levels of resistance
ranging from par�al to total. A transglycosidase that we named DpdA (for deazapurine in DNA), is
the signature enzyme responsible for the inser�on of the deazaguanine deriva�ves in phage DNA. A
combina�on of experimental and bioinforma�c analyses show that the DpdA can be split in five
subgroups (DpdA1 to DpdA5), that seem to have specific substrates and rates of inser�on. We
showed that the expression of DpdA proteins is sufficient to insert deazaguanine deriva�ves in DNA
when the correct deazaguanine substrate is present. A�er accurately predic�ng and valida�ng the
pathways for four of these modifica�ons, we are now characterizing the synthesis pathway for the
last four. So far, we successfully validated the func�on of a new methylase that further modifies
preQ  inserted in DNA. We also iden�fied two other enzymes with novel chemistries that remain to
be validated: preQ  formylase and 7-carboxy-7-deazaguanine decarboxylase.
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Recent studies have uncovered various endogenous viral elements (EVEs) in eukaryo�c genomes.
Most of these EVEs represent viral fossils; however, some of them are s�ll ac�ve. The marine het-
erotrophic flagellate Cafeteria burkhardae contains several EVE types related to the virophage
mavirus, a dsDNA virus that parasi�zes the ly�c giant virus CroV. Here we show that mavirus-like
EVEs, which are silent under normal condi�ons, produce infec�ous virus par�cles in response to
CroV infec�on. Interes�ngly, only one type of mavirus-like EVEs responded to CroV infec�on, imply-
ing that other EVE types may be specific for different strains of giant viruses.

We characterized ten different reac�vated virophages by electron microscopy, compara�ve ge-
nomics, and infec�on experiments. All these virophages replicated and inhibited the produc�on of
CroV during co-infec�on, thereby preven�ng lysis of the infected host cultures in a dose-dependent
manner.

This is the first report showing reac�va�on of naturally occurring virophage EVEs a�er giant virus
infec�on, and providing a striking example of EVEs that become ac�ve under specific condi�ons.
Moreover, our results support the hypothesis that virophages can act as an adap�ve an�viral de-
fense system in marine pro�sts.
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An�bio�c resistance is o�en referred to as a silent pandemic and has been predicted that in 2050
drug-resistant bacteria will cause 10 million deaths annually. Due to high prevalence of an�bio�c
resistance of Staphylococcus  aureus (S. aureus), the World Health Organiza�on marked it as a
worldwide threat in 2014. An alterna�ve for an�bio�cs could be the use of bacteriophages (or
phages). However, before these can be widely used in the clinic there is the need to evaluate their
efficacy on clinically relevant strains and condi�ons. Here, we analyze the efficacy of three commer-
cial phage cocktails on ten gene�cally diverse and an�bio�c resistant S. aureus strains. Three differ-
ent assays to evaluate phage efficacy are compared; the standard spot test and op�cal density (OD)
assay in bacterial media, which are o�en used for this purpose. In addi�on, by using microcalorime-
try, we determined bacterial lysis in 80% human serum a�er exposure to the three phage cocktails,
as well as single S. aureus specific phages obtained from one of the cocktails. In both the spot test
and the OD assay all three cocktails were able to lyse several clinical strains. However, whereas the
spot test didn’t show a major difference in phage suscep�bility between methicillin suscep�ble S.
aureus (MSSA) and resistant S. aureus (MRSA) strains, the OD assay indicated less MRSA strains to
be suscep�ble to the cocktails. In addi�on, microcalorimetry showed significantly reduced phage
efficacy in high concentra�ons of human serum in comparison to the other applied assays. Discrep-
ancies between these assays, especially the declined efficacy of phages in human serum, empha-
sizes the need to assess phage suscep�bility under physiological relevant condi�ons to prevent
overes�ma�on of efficiency of phages screened for phage therapy.
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Metatranscriptome mining uncovers multiple clades of RNA bacteriophages
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High-throughput RNA sequencing offers unprecedented opportuni�es to explore the Earth RNA vi-
rome. By mining over 5,000 metatranscriptomic assemblies, spanning diverse habitats (soil, fresh
water, oceanic, sediment etc), we were able to recover >2.5 million RNA viral con�gs. Phylogene�c
analysis of the only conserved protein in all RNA viruses, the RNA-dependent RNA polymerases
(RdRP), revealed that this expansion corresponds to a five-fold increase in diversity, including two
puta�ve novel phyla, and numerous novel classes and orders. Iden�fica�on of CRISPR spacer
matches and genes encoding bacterioly�c proteins, along with conserva�on of Shine Dalgarno like
sequences, suggests that subsets of picobirnaviruses and par��viruses, as well as one of the novel
phyla, likely infect bacterial hosts. Coupled with the vast expansion of the Leviviricetes class (con-
sis�ng of bona fide bacteriophages), phages now roughly account for a fi�h of the global RNA vi-
rome diversity. These findings represents a shi� in the understanding of host adapta�ons, suggest-
ing the domain barrier may be more surmountable than previously believed.
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The eco-evolu�onary advancement of bacteria is greatly influenced by the presence of their natural
predators, bacteriophages. Although bacteria mainly reside in biofilms, most bacteria-phage inter-
ac�ons are studied in planktonic cultures. Thus, there is a gap in how well we understand the dy-
namics of bacteria and phages in several natural se�ngs. Further, the biofilm-phage studies that
have been conducted have mainly been done so in mono-species biofilms.

In this project we have modified the genome of different robust biofilm formers, so they express
different fluorescent proteins. Further we have isolated and characterized novel phages, targe�ng
these biofilm hosts. This catalogue of bacteria and phages enables us to study the importance of
temporospa�al arrangements of bacteria in different combina�ons during phage exposure. We hy-
pothesize that non-suscep�ble bacteria can partly shield suscep�ble cells, and that spa�al organiza-
�on is of great importance for the success of the viral infec�on. Currently, we characterize how cells
distribute and affect one another in a biofilm depending on priority effects, and how this impact
phages ability to penetrate the matrix.

With this unique model system, we will hopefully increase our knowledge on phage-bacteria dy-
namics in nature and perhaps impact how phages are applied in respect to bacterial biofilms.
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Bacteria of the genus Streptomyces undergo a complex life cycle star�ng from single spores devel-
oping into a branched mycelium that is followed by the forma�on of aerial hyphae and matura�on
of spores under unfavorable condi�ons. As all free-living bacteria, Streptomyces are under the con-
stant threat of infec�on by bacteriophages. In this study, we focused on inves�ga�ng the impact of
phage infec�on on cellular development using the model species Streptomyces venezuelae.
Genome analysis showed that WhiB-like proteins represent the most abundant transcrip�onal regu-
lator in phages infec�ng Ac�nobacteria (ac�nobacteriophages). In addi�on to 31 % of phages in-
fec�ng Streptomyces harboring whiB, further developmentally relevant genes like parB, �sK and
ssgA were found to be encoded. These findings suggest that development is playing an important
role during phage infec�on. Stereomicroscopic inves�ga�on and fluorescence microscopy of
S. venezuelae infec�on by phage Alderaan revealed enhanced mycelial differen�a�on at the infec-
�on interface. During plaque forma�on, we first observed an enlargement of the lysis zone on wild
type lawns, which was followed by a significant decrease upon progressing infec�on. This shrinkage
is based on the development of a phage-tolerant mycelium enabling re-growth into the plaque
area. In contrast, for a bldN mutant strain, which is defec�ve in cellular development and features
vegeta�ve growth only, we did not observe resumed growth in the lysis zone. The compara�ve
analysis of S. venezuelae WT and mutant strains deficient in key developmental genes bldD, bldN
and whiB revealed the importance of cellular differen�a�on for the establishment of a phage toler-
ance phenotype in Streptomyces.
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Introduc�on: P.aeruginosa (PA) is one of the top bacteria in the CDC's 2019 list of an�bio�c-resis-
tant bacteria. O�en PA becomes highly resistant to an�bio�cs, defined as Mul� Drug Resistant
(MDR) or Extensively drug-resistant (XDR). Currently the treatment op�ons of MDR and XDR PA
strains are very limited.

One of the promising solu�ons to achieve successful treatment of such resistant bacteria is the use
of bacteriophages as part of the therapy.

The aim of this study was to assess the phage, an�bio�c suscep�bility and phenotypic and genotyp-
ic profile of a collec�on of 505 MDR and XDR PA clinical strains collected for decades in the Hadas-
sah Medical Center.

Methods: Bacterial suscep�bility to an�bio�cs was performed using either disc diffusion method or
Vitek2. Phages suscep�bility was tested using 28 phages from the Israeli Phage Bank (IPB), using
agar plates, and kine�cs measurements in liquid cultures.

Results: Out of We succeeded to achieve a coverage of 70% the 505 XDR and MDR PA strains with a
minimum of 10 phages out of the 28 tested. We found significant differences in the efficacy of the
phages depending on the suscep�bility tes�ng method (solid agar vs liquid condi�ons). Currently
we are sequencing the al PA isolates aiming to find puta�ve correla�on between genomic markers
and the phage suscep�bility. In addi�on, we are screening addi�onal phages that will be able to
cover the remaining 30% PA isolates.

Conclusions: In this work we demonstrate that large propor�on of MDR and XDR PA isolates can be
suscep�ble to limited number of phages.
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The human gastrointes�nal tract hosts a wide variety of microorganisms (bacteria, archaea, yeasts,
pro�sts and viruses), with the number of bacteria residing in the human gut es�mated to be 10
CFU/g of feces. These bacteria are understood to play an essen�al role in the metabolism of nutri-
ents and xenobio�cs. Eggerthella lenta has been found in 81.6% of tested individuals and is impli-
cated in the metabolism of a vast array of substances, both medicinal and dietary. Bacteriophages
(phages) are viruses that specifically infect bacteria. Their numbers are es�mated to be equal to or
less than that of their bacterial hosts in the human gut and are understood to influence the gut
metabolome due to phage preda�on. We have been inves�ga�ng the interac�on between phages
and E. lenta to determine the role phage infec�on may play in the colonisa�on of this bacterium in
the human gut. Phase varia�on of human gut bacteria is increasingly understood to be an impor-
tant mechanism by which host bacteria evade their phages, o�en by causing reversible changes to
phage receptors on the host cell surface. We have iden�fied the existence of a phase varia�on
mechanism that poten�ally enables E. lenta DSM2243 to switch between phenotypes of sensi�vity
and insensi�vity to infec�on by Eggerthella phage LE1-1. The examina�on of phase variants shows
the presence of large genomic inversions with junc�on points situated within gene clusters implicat-
ed in exopolysaccharide biosynthesis (or possibly capsular polysaccharides). One of these gene clus-
ters possesses a transposase with its target site located within sugar transferase genes situated in
both genes clusters and implicated in the observed genomic structural changes. We are currently
inves�ga�ng these genomic inversions and their influence on phage LE1-1 infec�on.
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Ubiquitous preda�on by bacteriophages forces bacteria to con�nuously update their repertoire of
an�viral defences. While most phages are virulent and always kill their host for viral replica�on,
temperate phages integrate into the host genome as prophages to form a transient mutualis�c sym-
biosis known as lysogeny. Temperate phages o�en encode powerful bacterial immunity systems
since their spread and survival is bound to the fate of their lysogenic host. Despite the abundance
of prophages in pathogenic and ecologically important bacteria, we are just beginning to under-
stand the diversity of an�-phage immunity systems and their roles as obstacles to phage therapy or
as a largely untapped reservoir of biotechnological poten�al.

We, therefore, studied bacterial immunity provided by a newly isolated P2-like temperate phage
named Likho that infects Escherichia coli. Intriguingly, Likho encodes three novel bacterial immunity
systems each comprising one or more proteins with domains of unknown func�on. Using the BASEL
phage collec�on (a set of ca. 80 phages represen�ng E. coli phage diversity, we found that each im-
munity system defends bacteria against a different range of phages by inducing abor�ve infec�on.
In each case, viral escape mutants enabled us to iden�fy specific and dis�nct phage factors that trig-
ger the immunity system and, consequently, bacterial cell death. Interes�ngly, one of the three de-
fence systems is a new three-component toxin-an�toxin system whose toxin is liberated upon
phage infec�on and inhibits bacterial transla�on to impair phage replica�on. We are currently un-
ravelling the molecular mechanisms underlying an�viral immunity provided by these phage-encod-
ed bacterial immunity systems. Our work highlights the abundance, diversity, and potency of
prophage-encoded bacterial immunity systems as obstacles for phage therapy as well as their un-
usual molecular biology that might inspire applica�ons in biotechnology.

1 1 2 1
3 3 3 1 1

mailto:aisylu.shaidullina@unibas.ch


271

Poster ID: HostD.146(PS1-R3.19)

phage resistance Phage resistant mutants E. coli phage-pathogen interac�ons

phage sequence

Isolation and characterization of Escherichia coli phage resistant mutants for
successful therapeutic phage selection
Sheetal Patpa�a , Anu Wicklund , Mikael Skurnik , Juha Ko�maa , Karita Haapasalo , Saija
Kiljunen 

1. Human Microbiome Research Program, Faculty of Medicine, University of Helsinki, Helsinki,
Finland
2. Department of Bacteriology and Immunology, Faculty of Medicine, University of Helsinki,
Helsinki, Finland
3. Division of Clinical Microbiology, Helsinki University Central Hospital, HUSLAB, Helsinki, Finland
4. Transla�onal Immunology Research Program, Faculty of Medicine, University of Helsinki, Helsinki,
Finland

Correspondence:
sheetal.patpa�a@helsinki.fi

Escherichia coli, a typical pathogen, is mostly associated with urinary tract and gastrointes�nal in-
fec�ons. Because recurrence rate of E. coli infec�ons is ge�ng higher due to an�bio�c resistance,
phage therapy is considered as poten�al treatment. E. coli phages belonging to the genus Kagu-
navirus, subfamily Guernseyvirinae, are s�ll less characterized than many other phage groups, yet
they are considered suitable for phage therapy. To learn more about the suitability of Kagunaviruses
to phage therapy, we wanted to study the mechanisms of bacterial resistance to these phages and
the characteris�cs of Kagunavirus-resistant bacterial mutants. E.coli strains #5506 and #5521 isolat-
ed from human blood were used as hosts to isolate six phages belonging to Kagunaviruses, vB_Eco-
S_fKuEco01, vB_EcoS_fTaEco01, vB_EcoS_fTaEco03, vB_EcoS_fFiEco02, vB_EcoS_fFiEco03, and
vB_EcoS_fPoEco01. Altogether 13 E. coli mutants resistant to these phages were isolated, their
genomes were sequenced, and the growth kine�cs and serum resistance of the mutants were ana-
lyzed. Two of the mutants grew clearly slower than the parental strains #5506 and #5521 even in
rich culture medium, and all the mutants were more sensi�ve to serum than the parental strains.
The phage DNA had not been inserted into the bacterial chromosome in any of the phage-resistant
mutants, indica�ng a ly�c life cycle of the phages. To conclude, the Kagunavirus -resistant bacterial
mutants showed clearly a�enuated growth in the presence of human serum, which indicates weak-
er pathogenicity. We are currently analyzing the sequence data of the mutants to understand the
phage resistance mechanisms. We hope that this study will provide us insights to the phage-
pathogen interac�ons, which later impacts to the selec�on of the phages for personalized phage
cocktails for the pa�ents.
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Bacteria carry diverse gene�c systems to defend against viral infec�on, some of which are found
within prophages where they inhibit compe�ng viruses. Phage satellites pose addi�onal pressures
on phages by hijacking key viral elements to their own benefit.  Here, we show that E. coli P2-like
phages and their parasi�c P4-like satellites carry hotspots of gene�c varia�on containing reservoirs
of an�-phage systems. We validate the ac�vity of diverse systems and describe PARIS, an abor�ve
infec�on system triggered by a phage-encoded an�-restric�on protein. An�viral hotspots par�ci-
pate in inter-viral compe��on and shape dynamics between the bacterial host, P2-like phages and
P4-like satellites. Notably, the an�-phage ac�vity of satellites can benefit the helper phage during
compe��on with virulent phages, turning a parasi�c rela�onship into a mutualis�c one. An�-phage
hotspots are present across distant species and cons�tute a substan�al source of systems that par-
�cipate in compe��on between mobile gene�c elements.
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Adherent-invasive Escherichia coli (AIEC) strains are frequently recovered from stools of pa�ents
with dysbio�c microbiota. They have remarkable proper�es of adherence to the intes�nal epitheli-
um, and survive be�er than other E. coli in macrophages. The best studied of these AIEC is probably
strain LF82, which was isolated from a Crohn’s disease pa�ent. This strain contains five complete
prophages, which have not been studied un�l now. We undertook their analysis, both in vitro and
inside macrophages, and show that all of them form virions. The Gally prophage is by far the most
ac�ve, genera�ng spontaneously over 10  viral par�cles per mL of culture supernatants in vitro,
more than 100-fold higher than the other phages. Gally is over-induced a�er a genotoxic stress gen-
erated by ciprofloxacin and trimethoprim. However, upon macrophage infec�on, Gally virion pro-
duc�on is decreased by more than 20-fold, and the transcrip�on profile of the prophage indicates
that part of the structural module is specifically repressed while the replica�on module is overex-
pressed compared to unstressed culture condi�ons. We conclude that strain LF82 has evolved an
efficient way to “tame” its most ac�ve prophage upon macrophage infec�on, which may par�cipate
to its good survival in macrophages. The results are discussed in light of the ac�ve lysogeny process.
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Viruses are a constant threat to both prokaryo�c and eukaryo�c cells. The arms race between cells
and viruses has led to innova�on and diversifica�on of an�-viral mechanisms. A consequence of this
evolu�onary trend is that phylogene�cally distant organisms across Kingdoms encode different and
specific an�viral mechanisms For example restric�on-modifica�on and CRISPR-Cas systems  are only
present in Prokaryotes.  Recent discoveries in the field of an�-phage defense challenged this view,
as it was uncovered that mul�ple eukary�c an�viral systems have prokaryo�c counterparts includ-
ing TIR domains, cGAS, Viperins and gasdermins. Here, we trace the evolu�onary history of the eu-
karyo�c an�-viral systems inherited from Prokaryotes by employing bioinforma�cs analysis com-
bined with experimental methods. We characterize the an�viral arsenal across eukaryo�c pro-
teomes and demonstrate that specific an�-viral systems have been transferred from Prokaryotes to
Eukaryotes during or a�er the emergence of the Eukaryotes. Focusing on the evolu�onary history of
Viperins, we explore molecular transi�ons marking the emergence of enzyma�c specifici�es of the
eukaryo�c versions of such system. Finally, we extend our observa�ons from Viperins to other an�-
viral systems allowing us to propose a scenario for the evolu�on of prokaryo�c an�-viral systems to
eukaryo�c ones. Our results contribute to our understanding of the emergence of the eukaryo�c
an�viral immune system.
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Millions of years of co-evolu�on gave rise to a delicately balanced yet intricately diverse and com-
plex microbial community that inhabits the gastrointes�nal tract of animals, collec�vely known as
the gut microbiota. This collec�on of microorganisms is dominated by bacteria and viruses, with
bacteriophages (phages) composing the lion's share of the viral component of the microbiota (the
virome). Our research focuses on bacterial- phage interac�ons in the gut.

We isolated murine commensal Enterobacteriaceae strains from faeces of healthy adult animals,
and analysed them using 16s rRNA sequencing. We found these strains to belong to four major
genuses of Enterobacteriaceae commonly found in the large intes�ne: Escherichia coli, Klebsiella,
Enterobacter, and Proteus. We then conducted whole genome sequencing on selected isolates and
analysed the genomes for the presence of prophage. We found each of the isolates to contain sev-
eral prophages, par�al phages and puta�ve phages. Exposure of live cultures to a DNA-damaging
agent resulted in a significant increase in the ra�o of phage to bacteria DNA copies, indica�ng
prophage induc�on and produc�on of phage DNA.

Addi�onally, we found that the commensal gut strains encode various an�phage defense systems
including restric�on modifica�on systems, CRISPR-cas and AVAST.

Our data suggest a high prevalence of ac�ve prophage and an�phage defense systems in the
genomes of commensal bacteria. Thus, we propose that phages and an�phage defense systems
contribute to colonisa�on of commensal gut bacteria ergo possibly contribu�ng to shaping the
composi�on of the endogenous gut-associated microbial community.
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Epigene�c DNA methyla�on plays an important role in bacteria by influencing gene expression and
allowing discrimina�on between self-DNA and intruders such as phages and plasmids. Restric�on–
modifica�on (RM) systems use a methyltransferase (MTase) to modify a specific sequence mo�f,
thus protec�ng host DNA from cleavage by a cognate restric�on endonuclease (REase) while leaving
invading DNA vulnerable. Other REases occur solitarily and cleave methylated DNA. REases and RM
systems are frequently mobile, influencing horizontal gene transfer by altering the compa�bility of
the host for foreign DNA uptake. However, whether mobile defence systems affect pre-exis�ng host
defences remains obscure. Here, we reveal an epigene�c conflict between an RM system (PcaRCI)
and a methyla�on-dependent REase (PcaRCII) in the plant pathogen Pectobacterium carotovorum
RC5297. The PcaRCI RM system provides potent protec�on against unmethylated plasmids and
phages, but its methyla�on mo�f is targeted by the methyla�on-dependent PcaRCII. This poten�ally
lethal co-existence is enabled through epigene�c silencing of the PcaRCII-encoding gene via pro-
moter methyla�on by the PcaRCI MTase. Compara�ve genome analyses suggest that the PcaRCII-
encoding gene was already present and was silenced upon establishment of the PcaRCI system.
These findings provide a striking example for selfishness of RM systems and intracellular compe�-
�on between different defences.
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To survive infec�on by phages, bacteria have developed various immune systems that enable them
to defeat phage infec�on. Mul�ple new families of an�phage defense systems have been discov-
ered recently. Although it has been demonstrated experimentally that these systems provide de-
fense against phages, the mechanisms of ac�on remain largely unknown. One of the fundamental
ques�ons regarding these systems is what is the phage component that is sensed by each of these
systems, ac�va�ng an�phage ac�vity. To address this ques�on, we set out to iden�fy the
specificity determinant for each of the defense systems in a systema�c manner. For this, we de-
signed a large-scale screen to isolate phages that escape from each of the newly discovered sys-
tems. Examining the genome sequences of phage mutants that escaped defense revealed genes
whose muta�on enabled the phage to circumvent bacterial immunity. We hypothesize that these
genes encode the components that are sensed or targeted by the an�phage systems. Our results
iden�fy phage-encoded specificity determinants for mul�ple new defense systems, bringing us clos-
er to understanding their mechanism of ac�on.
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To overcome bacterial immunity, phages u�lize proteins that directly inhibit CRISPR-Cas and restric-
�on modifica�on systems. It was recently shown that bacteria employ, apart from CRISPR-Cas and
restric�on systems, a large diversity of addi�onal phage resistance systems, but it is unknown how
phages cope with this mul�layered bacterial immunity. One such an�-phage system is Thoeris,
which involves Toll/interleukin-1 receptor (TIR) protein domains that have func�onal homology to
human and plants immune proteins. By comparing genomically-similar Bacillus phages displaying
differen�al sensi�vity to the bacterial immune system Thoeris, we iden�fied a family of phage pro-
teins that inhibit this defense system. We demonstrate that the an�-Thoeris proteins are necessary
and sufficient for the phage to overcome the system. Homologs of these an�-Thoeris proteins are
found in hundreds of phages that infect taxonomically diverse bacterial species, and by cloning such
homologs into Thoeris-containing Bacillus sub�lis cells we show that they efficiently cancel the de-
fensive phenotype. Finally, we study the molecular mechanism of the phage an�-Thoeris proteins
and reveal that they inhibit the core func�onali�es of the defense system.
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The defence island repertoire of the Escherichia coli pan-genome
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In recent years it has become clear that an�-phage defence systems cluster non-randomly within
bacterial genomes in so-called “defence islands”. Despite serving as a valuable tool for the discovery
of novel defence systems, the nature and distribu�on of defence islands themselves remain poorly
understood. In this study, we comprehensively mapped the repertoire of defence islands within
>1000 strains of Escherichia coli, the most widely studied organism in terms of phage-bacteria inter-
ac�ons. We found that defence islands preferen�ally integrate at several dozens of dedicated inte-
gra�on hotspots in the E. coli genome. Defence islands are usually carried on mobile gene�c ele-
ments including prophages, integra�ve conjuga�ve elements and transposons, as well as on other
gene�c elements whose nature of mobiliza�on is unclear. Each type of mobile gene�c element has
a preferred integra�on posi�on but can carry a diverse variety of defensive cargo. On average, an E.
coli genome has 4.1 genomic hotspots occupied by a defence system-containing element, with
some strains possessing up to 7 defensively occupied hotspots. Studying the distribu�on of mobile
gene�c elements and their defensive cargo is crucial to understanding the wider context of the
phage-bacteria arms race and the nature of defence islands themselves.
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Pseudomonas aeruginosa is an important opportunis�c pathogen and our labs focus on its interac-
�ons with bacteriophages. From a genomics perspec�ve, P. aeruginosa presents a tremendous
amount of diversity, with pairs of strains harboring widely different accessory gene�c components.
As part of our research, we use machine learning approaches to explore large-scale omics data and
model interac�ons between diverse sets of strains and (pro)phages.  

We present here a story that takes us from observa�ons gathered during such computa�onal mod-
eling to a concrete biological insight into the evolu�onary dynamics of P. aeruginosa, its phages, and
the CRISPR-Cas defense systems.   

CRISPR-Cas systems are part of the pan-immune system of P. aeruginosa and were recently shown
to limit horizontal gene transfers in that species. Strains equipped with these systems tend to have
smaller genomes and CRISPR spacers targe�ng integra�ve conjuga�ve elements, phages, and
plasmids.

Driven by insights from our models of phage suscep�bility, we explore the genomic effects and phe-
notypic consequences of CRISPR-Cas systems in P. aeruginosa. First, we describe mul�ple associa-
�ons between the presence of these systems, their subtypes (I-C, I-E, and I-F), and the popula�on
structure. Second, we show a paradoxical, posi�ve correla�on between the presence of CRISPR-Cas
and the likelihood of the strain to be suscep�ble to dis�nct virulent phages. Finally, we reconcile
these observa�ons by establishing a link between this increased phage suscep�bility and a deple-
�on of other components of the pan-immune system in the presence of CRISPR-Cas.

We conclude by 1) discussing poten�al issues of co-selec�on of an�bio�c resistance and resistance
to phages in P. aeruginosa; 2) describing other computa�onally relevant determinants of host-virus
interac�ons to predict phage suscep�bility; and 3) projec�ng how this analysis expands to other
bacterial species. 
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Cyanobacterial blooms nega�vely impact aqua�c environments worldwide. Diazotrophic (nitrogen
fixing) cyanobacteria, such as Cylindrospermopsis, can even form blooms under nitrogen starva�on,
due to their ability to fix atmospheric nitrogen (N ). Phages could poten�ally control cyanobacterial
growth; however, cyanobacteria are able to adapt to the presence of phages quite rapidly by acquir-
ing resistance to the phage, and thus, the role of phages in bloom dynamics is -as yet- unclear. We
examined the resistance to phages of two strains of diazotrophic cyanobacteria: the invasive bloom-
forming C. raciborskii, and the model strain Nostoc PCC 7120. Our results demonstrate that this re-
sistance, comes with reduced ability to induce heterocyst cells, in which N  is fixed. This reduc�on
causes reduced N  fixa�on by the mutant strains, along with reduced growth or even death under
nitrogen starva�on. Such cost can prevent the survival of phage-resistant cyanobacteria under ni-
trogen starva�on, and may suggest that spontaneous resistance to phages is a transient trait in dia-
zotrophic bloom-forming cyanobacteria. Whole genome sequence analysis of the resistant strains
reviles new genes essen�al for heterocyst cells development and func�on, and suggests a possible
explana�on to this intriguing pleiotropy.
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Acidovorax citrulli is a gram-nega�ve bacterium causing an economically important seed-borne dis-
ease in Cucurbitaceae family known as bacterial fruit blotch (BFB). Despite the importance of this
bacterium, control methods against the bacterium are considerably limited. The use of copper-
based an�bio�cs, hea�ng, and seed treatment methods was not able to completely eradicate this
disease. Therefore, new methods to control this disease are highly necessary. Bacteriophages, the
viruses of bacteria, are highly suitable as an alterna�ve control method. We aim to isolate and char-
acterize bacteriophages infec�ng A. citrulli and to use these isolated bacteriophages to control BFB.
As result, we isolated over 100 bacteriophages, and two phages with a wide host range were iden�-
fied and characterized. Bacteriophage ACPWH and ACP17 were among the firstly isolated phages
belonging to Siphoviridae and Myovoiridae family, respec�vely. Ini�a�ve results of seed coa�ng
with bacteriophage ACPWH showed up to 90% of germina�on and complete survival of the water-
melon plants compared to 100% death of non-treated control. We also aim to inves�gate the possi-
ble phage resistance of A. citrulli and the rela�onship between phage resistance and pathogenicity.
Phage resistant mutant named as AC-17-G1 was isolated among 3,264 A. citrulli mutants produced
by transposon muta�on system using spot assay and plaque assay, which was confirmed as aviru-
lent in seed coa�ng method. The mutant has the integrated Tn5 in the middle of Cupin protein
gene. Furthermore, site-directed muta�on of this gene from wild type by CRISPR/Cas9 system re-
sulted in the loss of pathogenicity and phage resistance, which showed that the Cupin protein gene
is the responsible gene for the pathogenicity and phage resistance. All these data suggest that the
Cupin protein is a phosphomannos isomerase involved in LPS synthesis determinant of pathogenici-
ty and phage suscep�bility of A. citrulli.
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Bacteriophages mobilise genetic islands encoding immune systems to spread virus
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Bacteria encode diverse an�-phage immune systems which display high variability between related
strains, indica�ng high mobility. How this mobility is achieved, however, remains poorly understood.
Phage-inducible chromosomal islands (PICIs) represent a widespread family of pathogenicity islands
which hijack the life cycle of their cognate helper phages to spread. Here, we demonstrate that PI-
CIs carry an impressive arsenal of an�-phage systems which can be mobilised intra-and intergeneri-
cally. In Staphylococcus aureus, the PICI pT1028 carries a novel defence system that inhibits phages
not normally hijacked through the canonical PICI life cycle, broadening the an�-phage ac�vi�es of
pT1028. We also show that mobilising pT1028 helps spread an�-phage immunity to naïve bacteria,
which can be beneficial for the helper phage since pT1028 can later protect the helper phage
against different phages. The rela�onship between phages and PICIs is therefore not strictly para-
si�c, but can also be mutualis�c. Bioinforma�c searches in Gram-posi�ve and Gram-nega�ve bacte-
ria iden�fy mul�ple known and hypothe�cal an�-phage systems within PICIs. Overall, our results
demonstrate a new facet of PICI biology, highligh�ng that PICIs play a complex role in the dynamics
between bacterial hosts and phages, and between phages and phages, driving bacterial ecology and
evolu�on.
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AcrVA2 inhibits Cas12a biogenesis via translation-dependent mRNA degradation
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Bacterial CRISPR-Cas systems protect their host from bacteriophages and other mobile gene�c ele-
ments. Many temperate phages, in turn, encode various an�-CRISPR (Acr) proteins to inhibit the im-
mune func�on of CRISPR-Cas and enable lysogeny. Effec�ve inac�va�on of these nucleases is im-
portant for phage, prophage, and lysogen fitness. We previously reported the discovery of three
Cas12a an�-CRISPR proteins (AcrVA1, AcrVA2, and AcrVA3) encoded in the same operon of a
Moraxella bovoculi prophage. Whereas AcrVA1 inac�vates Cas12a by cleaving the CRISPR RNA, here
we show that AcrVA2 inhibits Cas12a biogenesis by specifically downregula�ng Cas12a mRNA and
protein levels. AcrVA2 downregulates mRNA of Cas12a orthologs that are highly diverged, codon-
modified, and expressed off ar�ficial promoters, sugges�ng that AcrVA2 does not affect Cas12a
transcrip�on ini�a�on. Interes�ngly, disrup�on of the Cas12a start codon abrogates AcrVA2-medi-
ated Cas12a mRNA destruc�on, indica�ng that Cas12a mRNA must be translated to trigger down-
regula�on. Consistent with this, an inac�ve mutant of AcrVA2 co-precipitates with Cas12a protein,
confirming a non-inhibitory protein-protein interac�on. Altogether, these data suggest that AcrVA2
recognizes the Cas12a polypep�de and triggers the destruc�on of its mRNA before transla�on is
complete. The strategies employed by these an�-CRISPRs to inhibit pre-exis�ng Cas12a complexes
(e.g. AcrVA1) as well as CRISPR-Cas biogenesis (e.g. AcrVA2) likely allow phages to survive during in-
fec�on as well as maintain a stable co-existence with their bacterial hosts.
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The abor�ve infec�on (Abi) system is abundant in bacterial genomes. It is one of the innate defense
strategies that prevent phage infec�on from spreading to uninfected cells. The Abi strategy is con-
sidered as an altruis�c trait as the infected cell commits suicide by preven�ng the phage ly�c cycle
to benefit its community. More than twenty different Abi systems, designated AbiA to AbiZ, have
been reported. Literately, the mode of ac�on of Abi can func�on through toxin-an�toxin (e.g. AbiE,
AbiQ) or CRISPR-associated systems. However, detailed mechanism of most Abi systems has not
been well elucidated.  

AbiV is a member of the higher eukaryotes and prokaryotes nucleo�de-binding (HEPN) superfamily
that may serve as an endoribonuclease. It can be found in many bacteria including L. lac�s, L. para-
camosus, S. pneumoniae, S. orlis, and others. In our study, we used the non-pathogenic L. lac�s as
the model organism, which provides resistance against virulent lactococcal phage of the 936
and c2 species. Our previous study had shown that phage p2 gene encoded a protein SaV that ac�-
vates the AbiV system. However, neither AbiV nor SaV has any structural homologs in PDB and the
molecular mechanism of an�-phage remains unclear. To be�er understand the mode of ac�on of
AbiV, we inves�gated the AbiV system from the basis of gene architecture, transcrip�on
regula�on,  biochemical and structural aspects.  
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Bacteriophages impose a strong evolu�onary pressure for the development of mechanisms of sur-
vival. These mechanisms include receptor adapta�ons that result in decreased phage adsorp�on, as
well as molecular pathways that have specifically evolved in microbes to suppress phage infec�ons
and which can be grouped in adap�ve and innate immunity. The CRISPR-Cas system is currently the
only adap�ve immune system known in microbes, while innate immune systems are much more di-
verse with dozens of new systems discovered in recent years. Iden�fica�on of these new defense
systems was aided by the observa�on that mul�ple systems coexist and cluster in defense islands.
However, the purpose of this mul�-layered defense and its implica�on for phage host range remains
unclear.

Using a unique collec�on of an�bio�c-resistant clinical strains of Pseudomonas aeruginosa that en-
code up to 16 defense systems, and their infec�ng phages, we demonstrate that the accumula�on
of mul�ple layers of defense results in improved protec�on from phage a�ack. In addi�on, we re-
veal that non-receptor-associated defense systems are key determinants of phage host range in P.
aeruginosa.

Overall, our results have broad implica�ons for understanding the mul�-layered phage immunity
evolved in microbes, as well as for the development of an�bacterial therapeu�cs, as the wide-
spread use of phages may select for naturally occurring mul�-phage resistant bacterial phenotypes
that will limit the efficacy of phage therapy.
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To prevent phage infec�on, bacteria harbour numerous defence systems. Recently, many bacterial
defence systems have been computa�onally iden�fied, and while new studies have begun to eluci-
date these an�-phage mechanisms, many await to be uncovered. Here, we collected Pseudomonas
clinical strains encoding mul�ple defence systems, among which the uncharacterized gene cluster
qatABCD was found. This four-gene casse�e is comprised of an ATPase (qatA), a hypothe�cal pro-
tein of unknown func�on (qatB), a 7-cyano-7-deazaguanine synthase-like gene (qatC) and a TatD-
like DNA nuclease (qatD). Here we show that QatABCD provides strong resistance against mul�ple
phages when expressed heterologously in P. aeruginosa PAO1. Interes�ngly, we isolated a
Pseudomonas phage that evades QatABCD protec�on through an unknown mechanism. Our results
provide new insight into the vast and fast-growing field of bacterial defence systems. From a trans-
la�onal perspec�ve, our findings could lead to development of new technologies and advancement
of phage-based therapeu�cs.
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Bacteria have diverse defences against phages. In response, jumbo phages evade mul�ple DNA-tar-
ge�ng defences by protec�ng their DNA inside a nucleus-like structure. We previously demonstrat-
ed that RNA-targe�ng type III CRISPR–Cas systems provide jumbo phage immunity by recognising
viral mRNA exported to the nucleus for transla�on. Here, we demonstrate that recogni�on of phage
mRNA by the type III system results in cA  produc�on that ac�vates an accessory nuclease, NucC.
Although it cannot access phage DNA in the nucleus, NucC degrades the bacterial chromosome,
triggering cell death, and disrup�ng phage replica�on and matura�on. Hence, type III-mediated
jumbo phage immunity occurs via abor�ve infec�on with suppression of the viral epidemic protect-
ing the popula�on. Type III systems that target jumbo phages have diverse accessory nucleases and
an RNase (Csm6) also provides immunity. Our study demonstrates how type III CRISPR–Cas systems
overcome the inaccessible nature of jumbo phage DNA to provide robust immunity.
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Viruses are important ecological, biogeochemical and evolu�onary drivers in the environment.
Upon infec�on, viruses o�en cause the lysis of the host cell. However, some viruses exhibit alterna-
�ve life cycles, such as chronic infec�ons without cell lysis. The nature and the impact of chronic in-
fec�ons in prokaryo�c host organisms remains largely unknown. We isolated and characterized a
novel haloarchaeal virus, Haloferax volcanii pleomorphic virus 1 (HFPV-1), the only isolated virus in-
fec�ng the model haloarchaeon Haloferax volcanii DS2. HFPV-1 is a pleomorphic virus that causes a
chronic infec�on with con�nuous release of virus par�cles during which host and virus coexist with-
out lysis or emergence of resistant host cells. Even though the chronic infec�on with HFPV-1 only
has a minor impact on the reproduc�on of the host, it causes extensive remodeling of the host tran-
scriptome, including interac�ons between HFPV-1 and a pre-exis�ng provirus, revealing a new virus
defense mechanism. We further present a comparison of the characteris�cs of HFPV-1 with those of
a ly�c virus we isolated on Halorubrum lacusprofundi, also a host for HFPV-1. We highlight funda-
mental differences between the two viruses, including host range, host a�achment and interac�ons
with the host defense machinery. Our work demonstrates that HFPV-1 and H. volcanii are a great
model system for studying virus-host interac�ons in archaea.
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Bacteriophages are an integral component of the evolu�on of bacteria through popula�on control,
spreading of gene�c material by horizontal gene transfer, and introducing gene�c novelty through
the selec�on for resistance. Bacteriophage-host interac�ons have been the basis on which many
biotechnological tools were discovered, such as restric�on enzymes and CRISPR-Cas9. It has been
known for several decades that phage T4 encodes tRNAs, but more recently, we have found that
about 20% of fully sequenced phage genomes also encode tRNAs. Yet why this is the case remains
unknown. The main hypothesis, the Codon Usage Bias Hypothesis (CUBH), suggests that differences
between bacteriophage and host in codon choice necessitates that bacteriophage encode their own
tRNAs to complement host tRNAs. Here we show that CUBH does not explain the presence of tRNAs
in phage genomes. Instead, through experiments in T4 and E. coli, we show preliminary evidence
that tRNAs are involved in host-range by reducing the rate at which spontaneous phage resistance
mutants arise. We are currently inves�ga�ng the mechanis�c basis for the control of host-range by
tRNAs in this model system.
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Many clinical isolates of the human pathogen Mycobacterium are now mul�-drug resistant. Using
viruses that kill Mycobacteria (phage therapy), could be an effec�ve alterna�ve treatment to an�bi-
o�cs. Two major phage life-history strategies exist ly�c, where phage kills their host, and lysogenic,
where the phage integrates into the host’s genome and is spread throughout the popula�on.
Phages suitable for phage therapy should be ly�c and should cause low rates of spontaneous resis-
tance. During the inves�ga�on of four ly�c phages of Mycobacterium smegma�s, we observed a
high frequency of phage-resistant mutants (PRMs). We no�ced that lawns of PRMs could produce
spontaneous plaques (SPs) at different rates. SPs derive from an intracellular agent, given they can-
not readily be washed off. SPs can infect isolates that were previously resistant to the ancestral
phage and some SPs are posi�ve for marker genes of the ancestral phage, whilst others remain neg-
a�ve. SPs are rapidly lost a�er several genera�ons of growth in the absence of exogenous phage.
We are currently inves�ga�ng the nature of these ‘pseudolysogens’ using long-read sequencing and
pulsed-field gel electrophoresis. Our data raise subtle excep�ons to tradi�onal boundaries of ly�c
and lysogenic modes that should be considered when selec�ng phage for phage therapy.
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Bacteriophages live in a close rela�onship with their hosts, playing an important role in microbial
environments. For their own survival phages have developed resistance mechanisms to prevent a
second viral a�ack. These may act at different levels: adsorp�on, DNA injec�on, replica�on or
phage matura�on. Several resistance strategies have been described for phages infec�ng Gram-pos-
i�ve or Gram-nega�ve bacteria, but knowledge on mycobacteriophage resistance is scarce. We have
previously observed that synthesis of mycobacteriophage Ms6 Pin protein from a recombinant
Mycobacterium smegma�s (Msm_13B) confers resistance to Ms6. In this study, we sought to eluci-
date the resistance mechanism associated with Pin, a small protein that localizes in the inner mem-
brane. We hypothesize that Pin could be associated with a superinfec�on exclusion mechanism. To
confirm this, we performed adsorp�on and transfec�on assays on the wild-type (wt) and Msm_13B
and assessed Ms6 fluorescently-labelled DNA entry.

Our results revealed that: i) Ms6 successfully adsorbed to wt and Msm_13B strains, indica�ng that
Pin does not interfere with phage adsorp�on; ii) transfec�on of phage DNA into both strains result-
ed in plaque forma�on, excluding resistance mechanisms triggered a�er DNA injec�on; iii) infec�on
of Msm_13B with SYBR Gold-labelled Ms6 showed that fluorescence of these cells increased slowly
along �me and that their signal was significantly reduced when compared to the wt; iv) infec�on by
other mycobacteriophages was only prevented for those closely related to Ms6.

These observa�ons support that Pin inhibits Ms6 infec�on by compromising the DNA injec�on step.
Thus, we suggest that Ms6 Pin par�cipates in a mycobacteriophage-encoded superinfec�on exclu-
sion system. Since current op�ons of selectable markers for use in mycobacteria are limited, these
systems may be subsequently exploited as useful alterna�ves to selec�on by an�bio�c resistance in
this genus.
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P1 is a temperate bacteriophage with a broad host specificity, which is widely used as a tool for gen-
eralized transduc�on. Any DNA has a chance to be packaged in P1 capsid and is thought to be pro-
tected from the degrada�on by the host Type I Restric�on-Modifica�on (R-M) system due to ac�vity
of the an�-restric�on Dar (defenсe against restric�on) system. It has been proposed that Dar sys-
tem acts only in cis and is unable to protect co-infec�ng phages. P1 is also capable of infec�ng bac-
teria carrying the defence system BREX, and we found that Dar system contributes to the BREX inhi-
bi�on. It was suggested that Dar is a mul�-component system, however, the expression of DarA
protein turned out to be sufficient to inhibit BREX. The DarA protein lacks predicted cataly�c mo�fs,
but has a central coiled-coil region spli�ng two domains of unknown func�on, and all 3 domains
are required for an�-BREX ac�vity. BREX system resembles R-M in a way that it exploits methyla�on
to discriminate between self and invading DNA, however, DarA expression did not interfere with
BREX methyla�on. To determine a target of DarA inhibi�on we performed in vivo pull-down experi-
ments with strep-tagged DarA and found that it co-purifies with one of the BREX system proteins –
BrxC. BrxC has an ATPase domain and is one of the core components required for both: BREX de-
fence and methyla�on, although the exact role of this protein is not determined. We suggest that
an�-BREX ac�vity of phage P1 is associated with the ability of DarA to inhibit BrxC and further study
of this interac�on should elucidate the role of BrxC in BREX defence.

The study was supported by grants from RFBR (Ko_A_21-54-10001) and the Ministry of Science and
Higher Educa�on of The Russian Federa�on (075-10-2021-114).
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Staphylococcus aureus is among the most dangerous pathogens, being both morbid and mortal.
What makes the species a successful pathogen is the gene�c shuffle of its genome, possible due to
a variety of gene�c elements interac�ng with each other and ‘wandering’ between isolates. Such
accessory components together can comprise one fi�h of the S. aureus core genome and include
prophages, plasmids, S. aureus pathogenicity islands (SaPIs) and others, like inser�on sequences or
transposons. Certain of them may encode phage defense systems protec�ng their hosts from infec-
�on with new invading phages. In this study, 47 S. aureus isolates used for phage sensi�vity tes�ng
and represen�ng 12 clonal complexes (CC) were sequenced using NGS Illumina and MinION hybrid
technologies, providing gap-free genomic sequences. Various approaches were used to iden�fy and
analyse sequences of their prophages, plasmids, as well as mobile and defec�ve SaPIs. Prophages
were most abundant, as they were missing in 3 isolates only. Prophage classifica�on was performed
with primer pairs developed by Kahánková et al., and targe�ng the integrase, tail appendices and
cell lysis encoding loci, while phylogene�c rela�onships were resolved with support of ICTV-refined
virus database. Two new type of integrases were iden�fied, for which specific primers were de-
signed. Among 48 plasmids found in isolates of 10 CCs, most were either of size below 5 kb (22 plas-
mids) or in the range of 20-30 kb (20). One larger, conjuga�ve plasmid was also iden�fied. Poten�al-
ly mobile genomic islands were less numerous than the defec�ve ones. Further analysis is under
way to find out if and which of the mobilome elements can poten�ally provide to their hosts a pro-
tec�on from invading phages.

This work was supported by funds from the Na�onal Science Centre OPUS grant No.
2019/33/B/NZ2/02006 and from the statutory funds for the Ins�tute of Biochemistry and Bio-
physics of the Polish Academy of Sciences.
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Studying the unknown mechanisms of resistance to viral infection in marine algae
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Marine phytoplankton are responsible for approximately half of the photosynthesis on the planet
and are at the base of marine food webs. Viral infec�on of marine phytoplankton is a significant
cause of mortality; thus, viruses are key regulators of phytoplankton popula�ons and thereby influ-
ence global carbon cycles. Algae from diverse lineages developed resistance to viruses, whereby af-
ter virus-induced lysis and popula�on decline, virus-resistant cells regrow. Despite their ecological
importance, li�le to nothing is known about the molecular basis of virus resistance in marine algae.

This work focuses on two model organisms and their giant DNA viruses: Emiliania huxleyi - bloom-
forming coccolithophore, and Ostreococcus tauri - green alga and the smallest known eukaryote or-
ganism. Using Single molecule fluorescence in situ hybridiza�on (smFISH), we can dis�nguish ac�ve-
ly infected cells in the popula�on in high throughput method, and follow the dynamic of viral infec-
�on and recovery into resistance in a single cell resolu�on. We also break apart the phrase “resis-
tance producers” which is meant to describe a popula�on that recovered from infec�on and gained
the ability to co-exist with the virus. We show that this popula�on is phenotypically heterogene�c
and consists of both resistant and suscep�ble cells, and that the balance between them changes
with the physiological state of the culture.

Also presented is the ongoing effort to find genes that have a role in algae resistance mechanisms.
We use compara�ve transcriptomic from mul�ple experiments, narrowing down a shortlist of can-
didate R genes. We then validate these poten�al R genes' correla�on to resistance and aspire to
phenotypically characterize them by crea�ng overexpression mutants. This work presents a strategy
to unravel viral resistance mechanisms in algae, and show major footsteps in our ability to follow
infec�on dynamics by targe�ng virus and host genes transcrip�on.
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Bacteria use various strategies to avoid viral infec�on. These include adap�ve immune systems such
as CRISPR and innate immune systems, such as restric�on-modifica�on systems (RM) and abor�ve
infec�on systems (Abi). Recently a novel Abi system called Zorya had been described. Its compo-
nents contain homologs of a proton channel used in the motors of bacterial flagella. These domains
had never been iden�fied before as being involved in defense.

In our studies, Zorya showed strong protec�on against a broad range of phages, including several
morphological families of dsDNA and ssDNA phages, poin�ng to a high degree of flexible molecular
specificity. We first measured the culture dynamics of mul�ple phage infec�ons using a robot-based
system. We showed that Zorya is an abor�ve infec�on system, i.e., infected bacterial cells commit
suicide, preven�ng lysis of the en�re cell popula�on. We then followed phage infec�on under the
microscope using a combina�on of fluorescently labeled proteins and membrane and nucleoids
staining. We confirmed that only 3-8% of infected bacterial cells lysed due to phage replica�on,
while the rest of the infected bacteria lost membrane permeability without comple�ng phage infec-
�on. Next, using several experimental setups with fluorescently labeled proteins, we microscopical-
ly examined the successful comple�on of each step of phage infec�on. We showed that although
the phage successfully injects its DNA, no protein synthesis of the phage occurs. We then calculated
the ra�o of phage DNA to bacterial DNA during infec�on and showed that Zorya system abolishes
phage DNA replica�on. To gain a deeper understanding of the mechanism of ac�on of Zorya system,
we used super-resolu�on microscopy to localize components of the system during phage infec�on.
The details of the defense mechanism of Zorya system will be further discussed.
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The rapid spread of an�bio�c resistant pathogens represents a dire healthcare threat. Due to the
alarmingly quick decrease of the efficiency of both novel and current an�bio�cs, there is an urgent
need for effec�ve alterna�ves. One of the most promising avenues is the therapeu�c applica�on of
bacterial viruses (phages). Clinical usefulness of phages is gravely constrained by their innate nar-
row-host specificity and the rapid emergence of the resistance developed by bacteria against them.
The most common way of acquiring resistance is to change the receptors that serve as a�achment
sites for the phages. Here, we developed a genome engineering technique to efficiently mutagenise
phage tail fiber genes to alter host specificity. First, we op�mised a DivERGE technique to muta-
genise plasmid encoded version of the T7 fiber gene gp17. Then, we generated transducing phage
par�cles with mutagenised phage tails and selected for improved host recogni�on on E. coli ΔWaaR
strain. This strain is engineered to become resistant against the wild type T7 phage infec�on by
trunca�ng its lipopolysaccharide mo�f. We isolated several mutant phage tails that transduced
the ΔWaaR strain in a highly efficient manner comparable with the wild-type counterpart. Next, we
successfully demonstrated the same experiment with hybrid T7 phage par�cles that display mutag-
enized phage tail fiber genes derived from phages that infect clinically relevant Klebsiella pneumoni-
ae strains. Our next aim is to expand this methodology to propaga�ng phages. To this end, we mu-
tagenized the tail fiber encoding regions during the intracellular phase of phage infec�on. While we
observed similar muta�ons during this process compared to those we iden�fied before with the
transducing phage par�cles, the diversity of generated library was very low. Our current goal is to
overcome this limita�on in a way that the method is applicable not only to model but to phages
with therapeu�c poten�al as well.
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Bacteriophages are the most abundant biological en��es on earth and considered important for
bacterial popula�on dynamics and horizontal gene transfer. Phages infec�ng the genus Staphylococ-
cus are most thoroughly inves�gated for their prominent member Staphylococcus aureus. For at-
tachment and infec�on, bacteriophages need to bind a specific surface structure via their receptor
binding proteins (RBPs). In case of S. aureus, these receptors are glycosyl moie�es of the cell wall
bound glycopolymer wall teichoic acid (WTA). Up to now, other species of Staphylococci have been
neglected in this research, but might func�on as hubs for an�bio�c resistance genes, which are
spread by phages via horizontal gene transfer. Understanding phage mediated horizontal gene
transfer is therefore essen�al to understand transfer of an�bio�c resistance between bacteria.
Since coagulase-nega�ve Staphylococci (CoNS) share a similar WTA backbone consis�ng of poly-
glycerol-phosphate (GroP), we used the well-known coagulase-nega�ve species Staphylococcus epi-
dermidis for iden�fica�on of the bacteriophage receptor binding site. We therefore created a trans-
poson mutant library of S. epidermidis strain 1457 and challenged it with siphovirus ΦE72. Sur-
vivors were screened for a resistance phenotype, which was subsequently verified via clean knock-
outs, resul�ng in a par�al resistance of S. epidermidis in the presence of ΦE72. The iden�fied genes
encode enzymes involved in the synthesis and transfer of sugar precursors, which are probably in-
volved in wall teichoic acid synthesis or glycosyla�on. This resistance mechanism is mediated via a
decreased adsorp�on capacity of the phage to the cell envelope and is universal for other S. epider-
midis phages. We therefore assume that the iden�fied enzymes are responsible for the synthesis of
a phage receptor, most likely connected to the glycosyla�on of GroP-WTA present in most CoNS.
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Bacteria have evolved ‘immune systems’ as a result of their constant exposure to foreign mobile ge-
ne�c elements, including bacteriophages and plasmids. To thwart these invaders, bacteria have
many resistance strategies, including innate immunity, such as restric�on-modifica�on and abor�ve
infec�on systems, and adap�ve immunity provided by the CRISPR-Cas systems. Recently, there have
been major advances in our understanding of these systems and the different strategies that phages
have to evade these immune mechanisms. In this talk I will present aspects of our recent research
into bacterial CRISPR-Cas systems, how they are regulated and the evasion strategies used by
phages to avoid these adap�ve immune systems.
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Modeling spatially structured environments with lyotropic liquid crystals for
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Both intercellular and bacteria-phage interac�ons in spa�ally structured environments have cri�cal-
ly different features from those in isotropic media. Par�ally this is due to the transi�on between
different bacterial morphotypes from swimmers to swarmers, and eventually to biofilm-forming
cells. Such bacterial forms differ in their an�bio�c sensi�vity and the dynamics of interac�on with
phages. Thus, obtaining spa�ally structured anisotropic media as experimental model systems for
studying the dynamics of bacterial popula�ons and their sensi�vity to phages and an�microbials is
essen�al. Our idea is based on using a new class of materials combining proper�es of both the liq-
uid and the solid phase, lyotropic chromonic liquid crystals (LCLCs), for that purpose.

Our pilot study was aimed to examine the behavior of the popula�on of Proteus vulgaris — the
causa�ve agent of serious diseases such as urinary tract infec�ons, etc. The study design included
examining the bacterial growth, mo�lity, and morphology under the transi�on of pre-grown popula-
�on from different isotropic nutrient media to anisotropic microcosms based on LCLCs. Growth ki-
ne�cs, mo�lity pa�ern as well as morphotype conversion from swimmers to swarmers changed sig-
nificantly a�er the transi�on of the bacterial popula�on to different microcosms based on LCLCs as
compared to those in isotropic condi�ons.

A search for a candidate phage to be added to the microcosms with LCLCs and bacteria was per-
formed. A broad-host-range siphophage with 50 nm head and up to 270 nm tail, able to infect both
P. vulgaris and P. mirabilis species was isolated and selected for further research.

Our findings indicate the a�rac�veness of ar�ficial spa�ally structured microcosms based on LCLCs
for the study of the phenomena of swimmer-swarmer transi�on. We expect our further studies to
shed light on the significance of swarmer morphotype in Proteus interac�on with phages.
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Canonical CRISPR–Cas systems maintain genomic integrity by leveraging guide RNAs for the nucle-
ase-dependent degrada�on of mobile gene�c elements, including plasmids and viruses. We de-
scribe a notable inversion of this paradigm, in which bacterial Tn7-like transposons co-opted nucle-
ase-deficient CRISPR–Cas systems to catalyze RNA-guided integra�on of mobile gene�c elements
into the genome. Mobiliza�on of these CRISPR-associated transposons (CRISPR-Tn) in Escherichia
coli requires both CRISPR- and transposon-associated molecular machineries, and is fully pro-
grammable through manipula�on of the guide RNA. Large customized gene�c payloads of up to 10
kilobases were successfully integrated, and deep-sequencing experiments reveal highly specific,
genome-wide DNA inser�on across dozens of unique target sites. We next established a bioinfor-
ma�c and experimental pipeline to comprehensively explore the natural diversity of Type I-F
CRISPR-Tn, leading to the characteriza�on of 18 addi�onal systems and the iden�fica�on of a highly
ac�ve subset that exhibit complete orthogonality in transposon DNA mobiliza�on. Finally, we ana-
lyzed transposon-encoded cargo genes and found the striking presence of an�-phage defense sys-
tems, sugges�ng a role in transmi�ng innate immunity between bacteria. This discovery of a fully
programmable, RNA-guided integrase lays the founda�on for genomic manipula�ons that obviate
the requirements for double-strand breaks and homology-directed repair.
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Plaque occurrence on a bacterial lawn manifests successive rounds of bacteriophage infec�on. Yet,
mechanisms evolved by bacteria to limit plaque spread have been hardly explored. Here we inves�-
gated the dynamics of plaque development by ly�c phages infec�ng the bacterium Bacillus sub�lis.
We report that plaque expansion is followed by a constric�on phase owing to bacterial growth into
the plaque zone. This phenomenon exposed an adap�ve process, herein termed "phage tolerance
response", elicited by non-infected bacteria upon sensing infec�on of their neighbors. The tempo-
rary phage-tolerance is executed by the stress response RNA polymerase sigma factor σ  (SigX). Ar-
�ficial expression of SigX prior to phage a�ack largely eliminates infec�on. SigX tolerance is primari-
ly conferred by ac�va�on of the dlt operon, encoding enzymes that catalyze D-alanyla�on of cell
wall teichoic acid polymers, the major a�achment sites for phages infec�ng Gram-posi�ve bacteria.
D-alanyla�on impedes phage binding and hence infec�on, thus enabling the uninfected bacteria to
form a protec�ve shield opposing phage spread. To further iden�fy factors that restrict plaque ex-
pansion, we conducted transposon mutagenesis, infected the mutants with ly�c phages, and sys-
tema�cally screened for those displaying aberrant plaques. A prominent candidate that emerged
from the screen was the stress response yjbH gene. Knockout of yjbH exhibited large plaques
whereas over-expression showed plaques smaller than the wild type bacterium, indica�ng the in-
volvement of this gene in limi�ng plaque size. We are now characterizing the mechanism of ac�on
of the iden�fied factor.
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Phage-host relationships relevant to phage therapy for pan-resistant
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Microbial resistance to an�bio�cs is rising across the globe, especially in individuals with chronic ill-
nesses. Cys�c fibrosis (CF) pa�ents face chronic an�bio�c-resistant bacterial infec�ons in their air-
ways and lungs, among other organ systems. Over the life�me of the pa�ent, these infec�ons be-
come progressively more resistant. Of interest is the treatment of Achromobacter xylosoxidans in-
fec�ons. A. xylosoxidans is a Gram-nega�ve, pan-resistant opportunis�c pathogen, that colonizes
immunocompromised individuals. Phage therapy is being tried as an experimental last resort treat-
ment for these infec�ons and for pa�ents that cannot be treated with CFTR modulators and correc-
tors (e.g., Trika�a).

Several challenges arise when preparing phages for therapy of Achromobacter; these include the
lack of a well-characterized, plasmid-free, prophage-free, and toxin-free “reference” strain, the evo-
lu�on of phage-resistant strains in the pa�ent (even before phage therapy treatment), and an in-
sufficient understanding of the phages for the safest, most predictable clinical use (e.g., op�mal
dosing, stability, and synergy among phages and between phages and an�bio�cs).

While following Achromobacter pa�ent strains isolated over �me, we found that these strains
change their phage sensi�vity. We are inves�ga�ng the mechanisms that confer resistance to
phages. One mechanism is related to prophages present in the pa�ent strains. We are mapping the
rela�onship between specific prophages and the ly�c phages that are candidates for therapy using
microbiologic and bioinforma�c approaches. The results will allow us to pick the op�mal strains to
raise specific phage lysates. We are also using transposon mutagenesis (Himar1) to map the recep-
tors and host factors for these phages. Together we are building a gene�c system for
Achromobacter that will increase our understanding of its role in CF infec�ons and will facilitate op-
�mizing phage therapy treatments.
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Antibiotic exposure leads to reduced phage susceptibility in Vancomycin
Intermediate Staphylococcus aureus
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In the �me of an�microbial resistance, phage therapy is frequently suggested as possible a solu�on
for such difficult-to-treat infec�ons. Vancomycin Intermediate Staphylococcus aureus (VISA) remains
a rela�vely rare, yet increasing occurrence in the clinic for which phage therapy may be an op�on.
However, the data presented herein suggests a poten�al cross-resistance mechanism to phage fol-
lowing vancomycin exposure in VISA strains. When comparing gene�cally similar strains differing in
their suscep�bility to vancomycin, those with intermediate levels of vancomycin resistance dis-
played decreased sensi�vity to phage in solid and liquid assays. Serial passaging with vancomycin
induced both reduced vancomycin suscep�bility and phage sensi�vity. As a consequence, the
process of phage infec�on was shown to be interrupted a�er DNA ejec�on from adsorbed phage,
but prior to phage DNA replica�on, as demonstrated through adsorp�on assays, lysostaphin sensi-
�vity assays, electron microscopy, and qPCR. At a �me when phage products are being used for ex-
perimental treatments and tested in clinical trials, it is important to understand possible interfer-
ence between mechanisms underlying an�bio�c and phage resistance in order to design effec�ve
therapeu�c regimens.

1,2 1 2* 3 1
1

mailto:swenja.lassen@balgrist.ch


305

Poster ID: HostD.180(PS3-R3.09)

algal viruses Compara�ve genomics virulence

Using comparative genomics to reveal genes associated with the virulence of a
giant virus infecting marine algal blooms
Amir Fromm , Daniella Schatz , Flora Vincent , Gur Hevroni , Shifra Ben-Dor , Ester Feldmess-
er , Assaf Vardi 

1. Department of Plant and Environmental Sciences, Weizmann Ins�tute of Science, Rehovot, Israel
2. Bioinforma�cs Unit, Life Sciences Core Facili�es, Weizmann Ins�tute of Science, Rehovot, Israel

Correspondence:
amir.fromm@weizmann.ac.il

Emiliania huxleyi is a microscopic alga that forms massive blooms that cover vast oceanic areas. E.
huxleyi blooms are rou�nely infected by the Emiliania huxleyi virus (EhV), a giant, double-stranded
DNA virus, leading to their demise. Although it was shown that different strains of EhV have differ-
ent infec�on dynamics, only one EhV strain was ever fully sequenced, and the mechanisms that de-
termine the virulence of different EhV strains are s�ll completely unknown. In this study, we used
compara�ve genomic analysis to understand how gene�c differences between virus strains can af-
fect their different infec�on dynamics. We sequenced and assembled the genomes of four EhV
strains (EhV201, EhV163, EhV-ice and EhV-M1) that were isolated from mul�ple oceanic sites and
display different infec�on dynamics. We found many differences between the virus strains, most no-
tably the unique gene set of EhV201, which contains 167 genes not shared with the other viruses
we examined. Some of these genes are related to transferase ac�vity and carbohydrate-binding and
may play a role in the ability of the virus to adsorb to their host cells. We show that some of these
genes are clustered together in the viral genome and are co-expressed during the early phase of vi-
ral infec�on. We also show that these genes are phylogene�cally related to algal proteins. We sug-
gest they this gene casse�e might be associated with high virulence of EhV201. We further expand-
ed the repertoire of genes that we predict to originate in the host, most notably lec�ns and trans-
ferase genes, and show that some of these genes are strain-specific. All EhV strains were shown to
encode genes that stem from mul�ple evolu�onary origins, and we suggest that these proteins may
play a role in host recogni�on and virus replica�on. Overall, these findings suggest that differences
in virulence are correlated with specialized genes, some of them acquired from other species, in-
cluding the algal host.
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The con�nuing rise and spread of mul�-drug resistant bacteria (MDR) represents a global health
concern. However, this development does not mean that tradi�onal an�bio�cs will eventually wind
up as being en�rely useless. A number of studies have shown that the concerted ac�vity of phages
and “useless” an�bio�cs control the bacteria stronger than the phage alone and that phage resis-
tance emergence can be reduced. In addi�on, development of phage resistance can occur at the ex-
pense of re-conver�ng bacteria to an an�bio�c sensi�ve genotype. Here we describe a newly isolat-
ed phage belonging to Drexlerviridae (Webervirus) with ly�c ac�vity and posi�ve interac�ons with
an�bio�cs against drug resistant clinical isolates of Klebsiella pneumoniae. Phage LAPAZ lysis 14% of
tested strains. Its genome consists of 51,689 bp and encodes for 84 ORFs, of which 40% could be
assigned to proteins of known func�ons. The latent period is 30 min with an average burst size of 27
PFU/cell. Upon exposure up to 50˚C the phage �ter only decreased by 10%. Phage infec�vity is
maintained over a pH range from 4 to 10 (with pH 6 being op�mal). Unlike exposure to the phage
alone a complete bacterial eradica�on was achieved when combining LAPAZ with sub-inhibitory
concentra�ons of meropenem. Phage resistance emergence could be markedly delayed with the co-
presence of ciprofloxacin. Conversely, emerging phage resistance came along with a 16 �mes higher
sensi�vity to ciprofloxacin. Whole genome analysis revealed only one muta�onal aberra�on in the
phage resistant strain affec�ng a membrane transport protein belonging to the Major-Facilitator-
Superfamily (MFS). We speculate that this frameshi� muta�on compromises ciprofloxacin efflux
efficiency in the bacterial host and that the non-mutated protein might be involved in phage recep-
tor binding.
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Many types of an�viral defence systems have evolved in bacteria that protect against invasion by
viruses and mobile gene�c elements. The defence systems encoded by any given bacterium are an
important determinant of their suscep�bility to viral infec�on and capacity for exchange of gene�c
material. In the past four years, the number of known types of defence systems has increased more
than 5–fold, and the discovery of new defence systems is quickly outpacing the development of
tools that make use of these new insights. To address this, we developed the Prokaryo�c An�viral
Defence LOCator (PADLOC) to provide widespread accessibility to newly discovered system types
and ensure consistency between system annota�ons. With PADLOC, almost all currently known de-
fence systems can be detected in microbial genomes (currently >160 types), allowing users to devel-
op a comprehensive view of the defence arsenal of any microbe. Addi�onally, PADLOC has allowed
us to perform large-scale defence system iden�fica�on in more than 200,000 archaeal and bacterial
genomes and probe the results for novel defence systems. By focusing on the subset of Doron et
al.’s ‘deity’ defence systems and examining the proteins frequently encoded in their proximity, we
iden�fied six new defence system variants and a novel system comprising a helicase, methylase and
ATPase (Hma). Further inves�ga�on revealed several types of known systems and other diverse
genes frequently embedded in Hma systems. By cloning these embedded gene clusters into E. coli
and screening against diverse phages from the BASEL phage collec�on, we have iden�fied several
addi�onal novel defence systems encoding puta�ve DNases, RNases, ATPases, toxins, and other
proteins with unknown func�ons. The data presented here further expands the ever-growing spec-
trum of microbial defence systems against viruses, and showcases the u�lity of PADLOC for defence
system iden�fica�on and discovery.
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Bacteriophage therapy has been gaining renewed interest due to its ability to eliminate an�bio�c
resistant microbes and facilitate targeted modifica�ons in microbiome popula�ons. Phage host
range is a cri�cal parameter in the selec�on of therapeu�c phage cocktails and the establishment of
phage libraries. Understanding the parameters that make a bacterial host suscep�ble to phage in-
fec�on will significantly improve the design of high efficacy phage cocktails. Quan�ta�ve host
ranges were established for four Erwinia phage species against a global collec�on of the phy-
topathogen Erwinia amylovora, and several orchard bacterial epiphytes. This was done using quan-
�ta�ve real �me PCR (qPCR) to measure the rela�ve �tre of phage produced on each of the hosts.
The host range data and host genomic sequences of 80 of the tested strains were used to perform a
genome-wide associa�on study (GWAS) to iden�fy host genes associated with suscep�bility to
phage infec�on. This approach iden�fied muta�ons in 10 host genes that likely resulted from natur-
al phage-host co-evolu�on, and which affect the host ranges of three of the Erwinia phage species.
Based on the func�ons of these genes, we propose two novel contact dependent, community level
phage defense mechanisms which use the type V and VI secre�on systems. In addi�on, we propose
that the Myoviridae phage ɸEa21-4 uses the bacterial flagella as its ini�al binding receptor. These
findings introduce several avenues for further study and will help us to deepen our understanding
of the complex molecular interac�ons between these phages and their target hosts.
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Some prokaryotes possess CRISPR-Cas systems that use DNA segments called spacers, which are ac-
quired from invading phages, to guide immune defense. Here, we propose that cross-reac�ve
CRISPR targe�ng can, however, lead to "heterologous autoimmunity," whereby foreign spacers
guide self-targe�ng in a spacer-length-dependent fashion. Balancing an�viral defense against au-
toimmunity predicts a scaling rela�on between spacer length and CRISPR repertoire size. We find
evidence for this scaling through a compara�ve analysis of sequenced prokaryo�c genomes, and
show that this associa�on also holds at the level of CRISPR types. By contrast, the scaling is absent
in strains with nonfunc�onal CRISPR loci. Our results suggest that heterologous autoimmunity is a
selec�ve factor shaping the evolu�on of CRISPR-Cas systems, analogous to the trade-offs between
immune specificity, breadth, and autoimmunity that constrain the diversity of adap�ve immune sys-
tems in vertebrates.
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Salmonella enterica Typhimurium (S.Tm) is an entero-pathogenic bacterium causing enteric disease
in a wide range of hosts, including humans. Salmonellosis outbreaks are associated with the con-
sump�on of contaminated animal products and controlling Salmonella in the food supply chain has
become a public health priority. In this context, bacteriophages (phages) may provide solu�ons to
eradicate Salmonella at several steps of food produc�on, from livestock to the final processed prod-
ucts. Here, we address the role of phenotypic resistance in the evolu�on of the interac�on between
S.Tm and phages, and its impact on phage-based an�microbial strategies.

We have observed that the T5-like phage φ37 fails to eradicate and co-exists with S.Tm during mul�-
ple passages in vitro. We found that φ37 infec�on is prevented in S.Tm cells expressing GtrABC or
OpvAB, two systems modifying the O-an�gen moiety of S.Tm lipopolysaccharides. The co-existence
between S.Tm and φ37 relies on the reversible phenotypic resistance generated by the bimodal ex-
pression of GtrABC and OpvAB. Using infec�ons in mice to characterize the interac�on between
S.Tm and phages in the intes�nal tract, we observed similar co-existence between S.Tm and phage
φ37 in vivo. The double inac�va�on of GtrABC and OpvAB prevents stable co-existence. In this case,
the loss of φ37 is caused by the fixa�on of S.Tm phage-resistant mutants unable to produce BtuB,
the main receptor of φ37.

These results show that epigene�c phenotypic switches can prevent the fixa�on of muta�ons po-
ten�ally costly to the bacteria. This also demonstrates that phenotypic resistance is a key parameter
that must be overcome when using phages to control microbial popula�ons.
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Staphylococcus epidermidis is a leading opportunis�c pathogen due to its ability to form biofilms on
indwelling medical devices. MLST analysis of S. epidermidis has iden�fied strain type 2 and strain
type 5 as important in human infec�ons and these carry a larger number of an�microbial resistant
genes. S. epidermidis is one of the most predominant bacteria found in human breast milk and has
emerged as a leading pathogen in late onset sepsis in preterm infants, which leaves survivors with
poor developmental outcomes. Previously, it has been shown that intes�nal bacteriophage can be
iden�fied in the first few hours following birth with Siphroviridae being most abundant in breast-fed
infants. It has been proposed that phage preda�on within microbial communi�es from lysogenic
phages can alter the composi�on of consor�a and drive bacterial evolu�on. Therefore, phage pre-
dic�on from previously deposited bacterial genome sequences can be key resource for inves�ga�ng
the gene�c poten�al of prophages within these environments. The aim of this study was to iden�fy
prophage-like regions from human-associated S. epidermidis genomes and inves�gate the prophage
diversity within the species. There were 93 complete, human-associated S. epidermidis genomes
present in the NCBI database included in the study. A total of 251 prophage-like regions were iden�-
fied through analysis in the prophage predic�on tool ProphET. The average number of prophages
per genome was 2.70. Further analysis of S. epidermidis genomes by MLST revealed strain type 2 to
be the most common and have the highest number of phage-like regions. Addi�onally, of the iden�-
fied prophages, it was predicted that the majority of S. epidermidis phages belong to the family
Siphoviridae. The role of prophage induc�on in S. epidermidis by an�microbial agents given to
preterm infants may be the key driver of bacterial community development and warrants further
inves�ga�on.
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Introduc�on

It is generally assumed that bacteria do not develop tolerance against an�sep�cs. However, latest
findings indicate that some members of the ESKAPE group can built up tolerance to an�sep�cs a�er
repeated contact. In this study the effect of a simultaneous challenge of Staphylococcus aureus (SA)
and Pseudomonas aeruginosa (PA) by the phages Sb-1 or NP-3 with polyhexanide or octenidine was
inves�gated.

Material/Methods

The growth/kill dynamics of an�sep�c-tolerant SA- and PA-strains and their parental an�sep�c-sen-
si�ve strains exposed to an�sep�cs and phages was determined via op�cal density measurements
every 20 minutes for 16 hours. CFU and PFU determina�on was done at the beginning and the end
of the experiment.

Results

NP-3 alone was able to supress the growth of the parental PA-strain. A stronger suppression was
achieved with co-addi�on of each an�sep�c. In contrast, the PA-strain with tolerance against 128
mg/mL octenidine and 64 mg/mL polyhexanide, respec�vely, could not be suppressed by NP-3 any-
more. A suppressive effect could be restored when sub-inhibitory amounts of an�sep�cs were co-
added to the phage.

In contrast, the phage Sb-1 alone could suppress the growth of both, the parental SA-strain and the
strain with tolerance against 32 mg/mL polyhexanide. Antagonis�c effects between phage and an�-
sep�c were observed for the parental strain, while a dose-dependant enhanced suppression was
achieved with the phage/an�sep�c combina�on against the an�sep�c tolerant strain.

Conclusion

An�sep�cs can influence the killing efficiency of the phages Sb-1 and NP-3, where nega�ve and pos-
i�ve interac�ons were observed. Development of bacterial tolerance to an�sep�cs can also enable
evasion of phage suppression. Nevertheless, within given ranges of an�sep�c concentra�ons
phages might represent a meaningful complementa�on for topical treatment of wound infec�ons.
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While long prokaryo�c Argonaute proteins have been shown to mediate DNA-guided DNA interfer-
ence, the func�on and mechanism of short prokaryo�c Argonaute proteins is poorly understood.
Our work shows that short prokaryo�c Argonaute proteins and their associated TIR-APAZ proteins
form heterodimeric (SPARTA) complexes. Upon RNA-guided detec�on of invading DNA SPARTA is ac-
�vated to deplete NAD. We describe how SPARTA is ac�vated in vitro and in vivo, thereby providing
insights in its func�on and mechanism.
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Bacteria are able to rapidly develop resistance to bacteriophage through numerous pathways. Here
we inves�gate how the muta�onal pathway depends on environmental condi�ons. Escherichia coli,
grown in a range of media with various carbon sources, were exposed to T1 bacteriophage. In all
cases the bacteria developed a resistance to the phage at long �mes. However, the popula�on dy-
namics of the bacteria post-infec�on varied with both carbon source and the number of phage
added, with these phenotypic differences also visible under op�cal microscopy. Long-read and
short-read sequencing of surviving mutant bacteria was undertaken. These results suggest a cou-
pling between carbon source and the progression of a bacterial popula�ons response. This may
have profound implica�ons for phage therapy, as there could be significant differences between the
mechanism and rate of resistance development in vivo and in vitro due to different environmental
condi�ons.
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Propionibacterium freudenreichii restric�on-modifica�on systems m5C methyla�on

phage-encoded methylase

Lifestyle-associated activity of phage-encoded m5C methylase in
Propionibacterium phage PJS22
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Propionibacterium freudenreichii is a robust, dairy-associated Ac�nobacterium known to be gener-
ally resistant to phage a�acks. Propionibacterium phage PJS22 was first detected as both prophage
and episome during PacBio sequencing of the carrying strain P. freudenreichii JS22. The phage be-
longs to family Siphoviridae and, based on its DNA sequence, can be assigned to the genus
Douce�evirus, with the highest sequence iden�ty to Propionibacterium phage B22.
Propionibacterium phage PJS22 was isolated from the carrying strain through autoinduc�on during
normal growth in liquid Yeast Extract-Lactate medium. It was found to form plaques on P. freudenre-
ichii strains TL110 and TL29, but not on 23 other tested P. freudenreichii strains. The phage readily
lysogenizes both sensi�ve strains and the lysogens are resistant to superinfec�on. In addi�on, simi-
larly to the original carrying strain JS22, the phage spontaneously induces and accumulates during
growth, reaching �ters of 10  PFU/mL without pronounced effect on the bacterial growth.  

The Propionibacterium phage PJS22 genome encodes a 722 AA m5C methylase belonging to Type II
Restric�on-Modifica�on systems. The phage DNA was isolated from autoinduced par�cles from the
carrying strain JS22 as well as during infec�on of both sensi�ve strains TL110 and TL29 and subject-
ed to Illumina sequencing as well as RIMS-seq for detec�on of m5C methyla�on. Illumina sequenc-
ing revealed that the phage genome was iden�cal to the prophage and episome sequenced previ-
ously, whereas RIMS-seq allowed for detec�on and  assignment of CGAT methyla�on mo�f to the
phage-encoded methylase. Interes�ngly, ac�vity of the phage methylase was detected only during
ac�ve infec�on of strain TL110 and TL29, but not a�er autoinduc�on from lysogenized strain JS22,
poin�ng to a complex phage-host rela�onship in the lysogen.
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Long Prokaryo�c Argonautes (pAgos) characterized so far are stand-alone proteins. In this poster,
we describe long pAgos that are associated with other proteins, their in vitro ac�vity, and possible
interac�ons.

1* 1

mailto:pilar.bobadillaugarte@wur.nl


317

Poster ID: HostD.192(PS3-R3.21)
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Conditions affecting CRISPR acquisition of II-C and VI-B systems in Bacteroidetes
César Díez-Villaseñor , Lo�a-Riina Sundberg 

1. Department of Biological and Environmental Science, Nanoscience Center, University of
Jyväskylä, Finland.

Correspondence:
cesar.c.diez-villasenor@jyu.fi

Clustered Regularly Interspaced Short Repeats (CRISPR) together with their cas (CRISPR associated)
genes cons�tute CRISPR-Cas systems that mainly defend prokaryotes from parasi�c nucleic acids.
Spacing sequences (spacers) between CRISPR repeats are acquired from foreign elements, and their
transcripts are used for target recogni�on through complementary base pairing. Bacteroidetes
species Flavobacterium columnare codes a DNA targe�ng II-C system and an RNA targe�ng VI-B
subtype. Here we set to make a comprehensive study about how different experimental condi�ons
(shaking, temperature, nutrient concentra�ons, volumes of medium and container, ini�al cell and
virus concentra�ons) or added compounds (salts, an�microbials, mucin) affect spacer acquisi�on
rate. The acquisi�on protocol included incuba�on of cells and virus in diluted medium for weeks,
inocula�on into fresh medium, and performing popula�on PCR from liquid culture biomass. Differ-
ent from previous studies with this organism, we found spacer acquisi�on in undiluted medium or
even without a virus.

Ini�al experimental condi�ons that increased the chance of CRISPR spacer acquisi�on were incuba-
�on of cells for 1h before adding the virus and using a MOI of 0.1. Agents like Mg , Ca , or DNA-
damaging an�microbials facilitated the process; while others like Mn , Fe , Tween20, or catalase
produced inhibi�on in CRISPR adapta�on. An enhancing role of oxygen stress was also suggested.
Our study helps to understand the factors and condi�ons that promote and hinder CRISPR adapta-
�on. This informa�on is essen�al to reduce varia�on in experimental results. These results may also
provide clues to CRISPR adapta�on under more natural se�ngs.

1* 1

2+ 2+
2+ 2+

mailto:cesar.c.diez-villasenor@jyu.fi


318

Poster ID: HostD.193(PS3-R3.22)
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We have iden�fied a gene in the nitrogen-fixing alpha-proteobacterium Sinorhizobium melilo� that
confers defense against bacteriophages from both the Myoviridae and Podoviridae families. The re-
sults of colony counts and live/dead staining experiments indicate that phage infec�on causes loss
of viability for cells carrying the gene, while growth curve experiments conducted at mul�plici�es of
infec�on > 1 show that culture densi�es plateau instead of collapsing when the gene is present,
sugges�ng that cell lysis does not occur. We therefore conclude that the system acts through an
abor�ve infec�on mechanism in which infected cells die but do not undergo lysis or produce new
phages. We also show that a gene encoding a homologous protein from an environmental
Escherichia coli isolate provides some protec�on against several well-studied E. coli phages, includ-
ing T7, T4, and lambdoid phage HK97. Other homologues are found across a broad range of bacteri-
al phyla, as well as in some archaea, and display evidence of horizontal transfer. We propose that
these genes represent a new, widely-distributed group of single-component abor�ve infec�on
systems.
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An�bio�c resistant urinary tract infec�ons (UTIs) are a cause of concern due to increased risk of re-
currence and severe complica�ons. Understanding the phage resistance mechanisms of clinical
pathogens can help avoid the failure of phage therapy. We aim to study the phage-resistance mech-
anisms of Escherichia coli EC958 to the most effec�ve phage in our library –phage LUC4—in ar�ficial
urine. For this, single colonies from the phage-resistant popula�on were recovered, and challenged
in a second phage infec�on. We no�ced that in the early �mepoints, the resistant popula�on was
mainly composed of permanently resistant variants, which were confirmed to have muta�ons in the
phage receptor OmpC by whole genome sequencing. Of note though, at later �mepoints, this fixed
resistant popula�on was outcompeted by a popula�on with reversible resistance. To study this tran-
sient resistance, a transcriptomic analysis of phage-infected and non-infected EC958 at mid-expo-
nen�al phase was carried out. 788 genes were differen�ally expressed with significance (FDR<0.05).
The most differen�ally expressed genes included an operon with a puta�ve deacetylase and an
acetyltransferase. While dele�on mutants of these genes did not show a difference in their re-
sponse to LUC4 phage infec�on, they also recovered but grew more slowly a�er being infected by
the phage (but not in a rich medium) indica�ng that the genes were likely involved in the scaveng-
ing capacity of the strain. Further transcriptomic studies are now being carried out to define the
transient resistance mechanism but the large number of genes impacted in the original study indi-
cates the likely importance of altered nutrient acquisi�on taking advantage of the lysed bacterial
popula�on. 
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The bacteriophage T4 has an efficient mechanism to infect the host Escherichia coli cell. During in-
fec�on a phage virion undergoes large structural changes. The most obvious change of T4 is the
contrac�on of its tail. The phage par�cle adsorbs onto the host cell surface by its tail fibers which
triggers conforma�onal changes in the baseplate. Subsequently, the tail sheath contracts and the
tail tube penetrates the outer membrane of Escherichia coli with a spike-shaped protein complex
(gp5-gp5.4) at its �p. A�er diges�on of the pep�doglycan layer the tail tube can reach the inner
membrane and the phage DNA is injected into the host cytoplasm.

During phage assembly the needle protein gp5 undergoes a matura�onal cleavage into the N-termi-
nal gp5* which contains lysozyme ac�vity, and the C-terminal gp5C, both remain associated with
the tail. It is assumed that gp5C together with gp5.4 dissociates a�er the complex penetrates the
outer membrane, enabling the full lysozyme ac�vity of gp5*. Gp27 and two distal phage proteins,
gp48 and gp54, play a role in connec�ng to the baseplate, gp5 and the tail �p. It is not known
whether the tail �p directly interacts with the inner membrane surface on the periplasmic side or if
one protein of the injec�on complex binds to the membrane.

To inves�gate possible interac�ons between host plasma membrane or periplasmic components
and phage tail proteins, binding experiments with purified T4 cell-puncturing device (gp27, gp5,
gp5.4) proteins and spheroplasts of osmo�cally treated Escherichia coli cells are performed. Gp5C-
gp5.4 complex was found to be crosslinked to the periplasmic protein PpiD. This suggests that gp5C-
gp5.4 remains in the periplasm and possibly gp5* contacts the inner membrane allowing the
transloca�on of the viral DNA.
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Lysis process bacteriophage Holin Endolysin Bacillus cereus

Getting outside the cell: holins and endolysins used by the siphovirus Deep-Purple
targeting the Bacillus cereus group
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The phage ly�c cycle o�en ends with the release of the virion progeny through bacterial lysis. In
tailed phages, this process is mediated by at least two proteins coopera�ng to ensure efficient bac-
terial killing and encoded in a lysis casse�e: transmembrane proteins, called holins, and pep�dogly-
can (PG)-degrading enzymes, referred to as endolysins. In the canonical lysis pathway, holins form
large non-specific holes in the inner membrane allowing the transport of endolysins from the cyto-
plasm to the periplasmic space where they break down the PG meshwork. Here we describe the
holin and endolysin partners of phage Deep-Purple, a siphovirus infec�ng members of the Bacillus
cereus group . This phage encodes PlyP32, an endolysin that has a typical modular organiza�on
with a N-terminal muramidase domain and a C-terminal SH3b binding domain . PlyP32 displayed
an�microbial ac�vity against all the tested strains from the B. cereus group as well as a few other
Bacilli while the binding range was specific to B. cereus. PlyP32 ac�vity combined with its biochemi-
cal proper�es makes it an interes�ng candidate for the control and detec�on of bacteria from the B.
cereus group. Regarding the holin, two proteins with holin features (i.e. small size, transmembrane
domain and charged C-termini) are encoded in Deep-Purple lysis casse�e: HolP30 and HolP33 .
These candidate holin were expressed in Escherichia coli and induced bacterial lysis, albeit to differ-
ent extent. Fluorescent experiments confirmed the localiza�on of both proteins at the cell periph-
ery when produced in both E. coli and Bacillus thuringiensis. In B. thuringiensis, the co-expression of
both holins was required to observe lysis, sugges�ng that they may interact to form func�onal
pores.

1. Hock L., Gillis A., & Mahillon J. (2018). Arch Virol 163, 2555-2559

2. Leprince A., Nuy�en M., Gillis A., & Mahillon J. (2020). Viruses 12, 1052
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Predic�ng phenotypes for a given genotype is the holy grail in biology. While it is easy to determine
the genotype of almost any given organism, determining the corresponding phenotypes is difficult.
For example, efforts have been made to understand the phenotypic diversity of lipopolysaccharide
(LPS) structures through dele�on and complementa�on experiments. However, this approach likely
underes�mates the available phenotypic diversity. To explore LPS diversity, we have generated LPS
mutants in Escherichia coli C by selec�ng for ΦX174 resistance, a bacteriophage that solely relies on
binding to the core LPS to infect its host. An analysis of 32 E. coli C mutants resistant to ΦX174 re-
veals that almost all carry a muta�on in genes linked to core LPS biosynthesis or assembly. Based on
which genes are mutated, we predicted their core LPS structures and tested our predic�ons by
evolving phages to recognize each evolved LPS structure. Interes�ngly, different phages that evolved
to infect the same predicted LPS structure were not always able to cross infect each other’s hosts,
sugges�ng that core LPS structure diversity was higher than predicted. Altogether, our results show
that phages are a useful tool to study LPS structures, and conversely that the study of LPS structures
helps to understand phage evolu�on and biology.

1* 1 1 1

mailto:dherbey@evolbio.mpg.de
mailto:bertels@evolbio.mpg.de


324

Poster ID: MolM.198(PS1-R4.04)

bacteriophage biocontrol phage cocktail Virus-host networks

Comparison of heuristic algorithms and exhaustive design of phage cocktails from
host range matrices
Manuel Menor-Flores , María Victoria Díaz-Galián , Miguel A. Vega-Rodríguez , Felipe Molina 

1. School of Technology, Universidad de Extremadura, CC, Spain
2. School of Sciences, Universidad de Extremadura, BA, Spain

Correspondence:
fmolina@unex.es

The misuse and overuse of an�bio�cs have triggered the prolifera�on of mul�drug-resistant (MDR)
bacteria, which are considered a major public health issue for the next decades. Phage therapy has
become a promising alterna�ve in the treatment of infec�ons caused by MDR pathogens, without
many side effects of current available an�microbials. Phage therapy is frequently based on phage
cocktails, that is, combina�ons of phages able to lyse the target bacteria. Designing phage cocktails
might become extremely cumbersome and �me consuming due to the large size of phage-bacteria
infec�on matrices, which entails complex combinatorial analysis. In this work, we present five com-
puta�onal methods to design phage cocktails using host range matrices. Whereas some algorithms
use global proper�es of the phage-bacteria infec�on networks, others evaluate individual phage-
hosts interac�ons. All the methods are included in two different packages, developed for the plat-
forms R and Cytoscape. Both packages are freely available for any user and provide relevant sta-
�s�cs. Addi�onally, we have compared the methods studying the varia�ons in computa�onal run-
�me and the quality of the results, measured by considering cocktail size and expected success
(frac�on of infected hosts). Finally, we suggest different pipelines depending on the bacteria
targeted.
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The Listeria monocytogenes (Lm) phage-host system includes ly�c phages, prophages and
monocins. Monocins have been described as defec�ve prophages with similar structural proteins to
Lm phages, such as receptor binding proteins. Our group has previously analyzed the broad host
range of ly�c Listeria phages. Data from these studies established that there is a dis�nc�on be-
tween the host range of a sample as determined by inhibitory ac�vity versus plaque forma�on. Ge-
nomic analysis of 16 Lm genomes represen�ng different gene�c lineages and serotypes, showed a
prevalence of both prophage and monocin genes. The objec�ve of this study was to test if prophage
and monocin genes are ac�vely expressed in the host and determine their func�on in the Lm
phage-host system.

Eleven of 16 strains house one or more predicted prophage; fourteen house a monocin locus. Bac-
terial cultures were induced by mitomycin C, centrifuged and filtered to collect poten�al phage ele-
ments, then diluted and spo�ed onto lawns of Lm to assess host range. Plaques were only observed
in samples from 10403S, J1-0049, and H7858. Zones of inhibi�on with varied host range were ob-
served for all samples. Based on genomic, experimental and TEM data, we hypothesize that
monocin par�cles are responsible for the zones of inhibi�on. To inves�gate this, the monocin locus
of select Listeria strains was expressed in a B. sub�lis strain and assessed for host range. Our results
verify that some of the observed inhibitory ac�vity can be a�ributed to monocins, but other an-
�bacterial elements may be a contribu�ng factor.

This study demonstrates that prophages and monocins act as a selec�ve pressure that shapes bac-
terial popula�ons through interspecies inhibitory ac�vity. The data suggests that host range analysis
of ly�c phages can be influenced by the presence of phage elements (such as monocins) in Lm
strains. We suggest the dele�on of the monocin locus in future phage propaga�on hosts.
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Viruses that infect archaea represent one of the most enigma�c parts of the virosphere. They are
highly diverse and share very few structural and genomic similari�es with bacterial or eukaryo�c
viruses, sugges�ng that the mechanisms of virus-host interac�ons might be also unique. Here we
study the rela�onship between archaeal viruses and the archaeal cell division apparatus based on
the ESCRT (Endosomal Sor�ng Complex Required for Transport) machinery. In Eukaryotes, ESCRT
machinery plays a key role in many membrane remodelling processes, including membrane abscis-
sion during cytokinesis, forma�on of extracellular vesicles and budding of enveloped viruses, such
as HIV-1 and Ebola virus. In archaea, ESCRT machinery has been shown to mediate membrane con-
stric�on during cell division and budding of extracellular vesicles. However, whether the importance
of ESCRT proteins can be extended to the release of lipid-containing archaeal viruses remains un-
clear. To answer this ques�on, we exploited a collec�on of strains of Saccharolobus islandicus, a hy-
perthermophilic and acidophilic archaeon, in which different components of the ESCRT machinery
were either knocked out or knocked down using the CRISPR technology. The S. islandicus strains
were infected with two different spindle-shaped viruses and their replica�on was monitored with
the aim of iden�fying the components of the ESCRT machinery that are important for infec�on. The
results of this work should provide insights into new aspects of virus-host interac�ons in archaea
and clarify the role of the cell division machinery in virus reproduc�on.
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Pseudomonas aeruginosa is an important opportunis�c pathogen, causing nosocomial infec�ons.
The Liverpool Epidemic Strain (LES), a significant cause of mortality and morbidity in cys�c fibrosis
pa�ents, harbours five prophages associated with increased fitness and survival in infec�on models.
However, ~76.5% of the LES prophage genes are hypothe�cal, encoding predicted proteins of un-
known func�on. Moreover, the combined influence of the co-habi�ng LES prophages on the success
of their bacterial host is not well studied. In this study, we re-annotated the original LES prophage
genomes (Ф2, Ф3, Ф4, Ф5 and Ф6) and improved the predic�on of gene func�on using the VIGA
pipeline and manual cura�on. Addi�onally, we aimed to iden�fy the molecular mechanisms by
which they affect the biology of the P. aeruginosa host. We re-annotated the genomes of Ф2, Ф3
and Ф4 following lysogenic infec�on of the well-characterised P. aeruginosa strain PAO1 to create
single, double, and triple lysogen variants harbouring all combina�ons of these prophages. We also
determined alternate integra�on sites for each LES prophage when carried alone or in combina�on
with others in the model host PAO1 genome. The reannota�on of the LES prophages increased the
number of puta�ve coding sequences 1.17-1.43 �mes. We iden�fied mul�ple genes related to DNA
recombina�on and host cell lysis and new ncRNA elements in these prophages, mainly tRNAs in Ф2
and Ф5 and a Hammerhead-II ribozyme in Ф4. Finally, we retrieved high-quality DNA genomic back-
bone sequences for the different P. aeruginosa PAO1 lysogens. This informa�on will be helpful
for future RNAseq experiments to map the expression profiles of each LES prophage under inducing
and non-inducing condi�ons to characterise interac�ons between the prophages and their lysogen
host, being fundamental for unveiling the vast dark ma�er of temperate phages and enhancing our
understanding of how bacterial and prophage genomes co-evolve.
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Bacteriophages host interac�ons Cell wall

Host- Regulatory switch phage interaction: aberrant host cell’s morphology
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Temperate bacteriophages are known as the main source of intra-species gene�c diversity and as
gene transfer agents. Among this category there are phages able to follow the regulatory switch
mechanism (RS), a type of the lysogenic life cycle, but characterized by integra�on into func�onal
genes. The prophage integra�on/excision results in a switch OFF/ON of the a�achment gene ex-
pression in the host. Furthermore, as a consequence of the excision, the phage does not kill the
host, but it is maintained as an episome in its cytoplasm. Inves�ga�ng the host- RS phage interac-
�on, we no�ced that lysogeny for a specific RS phage results in an aberrant cell morphology. This
phenomenon is visible also at a spore stage of the host bacterium. The unusual phenotype is stable
and heritable. We also discovered that the superinfec�on with a second RS phage, belonging to the
same group, restores the conven�onal rod-shaped morphology. This second phage appears to exert
a protec�ve role in preven�ng the morphological change caused by infec�on of the first phage
alone. By TEM and light microscopy analysis we aim to inves�gate if the cause of this morphology
shi�ing resides in the cell wall modifica�on. A sequencing analysis is required in order to explore
the impact of the double lysogeny on the host genome, in comparison with the single lysogens. The
growth assay is also crucial to observe the consequence of single and double lysogeny by these pe-
culiar prophages on host’s fitness. The outcome of this research, through the inves�ga�on of the
phage impact on host morphology, physiology and ecology, will bring us closer to understanding the
role of temperate phages in controlling bacterial hosts, a knowledge that is crucial to control bacte-
ria for use in biotechnology, medicine and agriculture.
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DNA replica�on is a crucial biological process. Replica�ve helicases unwind DNA providing the tem-
plate strand to the polymerase and promo�ng fork progression. Helicases are mul�-domain pro-
teins which use an ATPase domain to couple ATP hydrolysis with transloca�on by a process called
the staircase mechanism. However, the role that the other domains might have during transloca�on
remains elusive. Here we study the unexplored self-loading helicases called Reps, present in Staphy-
lococcus aureus pathogenicity islands (SaPIs). SaPIs replicate autonomously because they harbor
their own replica�on module composed by a primase, the aforemen�oned Rep and an origin of
replica�on located downstream the rep gene. Some�mes the pri and rep genes are fused so that
they generate a single func�onal polypep�de. We have solved the cryoEM structures of the PriRep5
(encoded by SaPI5), the Rep1 (SaPI1) and Rep1 in complex with single stranded DNA. In all cases
they form a three layered ring-shaped hexamer where the ATPase domain is sandwiched between
the amino and carboxi terminal domains (NTD and CTD). The CTD is responsible for ori recogni�on,
binding and mel�ng, in other words, ini�a�on ac�vity. We show that in both PriRep5 and Rep1, the
CTD undergoes two extensive and dis�nct movements respect the ATPase domain: rota�on and
�l�ng. Surprisingly, we experimentally show that a CTD defec�ve mutant looses its ATPase and heli-
case ac�vity indica�ng that not only plays a role in the ini�a�on but also during transloca�on. Our
Rep1-ssDNA complex cryoEm structure allowed us to structurally characterize the staircase mecha-
nism. In vitro and in vivo single point mutants confirmed that DNA contac�ng amino acids are nec-
essary for Rep to provide fully replica�on support. We speculate that this high flexibility between
domains couples Rep´s ac�vity as ini�a�ors and as helicases.
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Host takeover by bacteriophages is a prerequisite for successful infec�on. In phage T5, it is uncou-
pled from the rest of the ly�c cycle, thanks to T5 unique ability to transfer its genome in 2 steps.
During the First-Step Transfer (FST), pre-early genes (about 8% of T5 DNA) are injected, which are
sufficient to degrade host DNA, evade cellular defenses and hijack the cellular machineries. Both
the FST-encoded A1 nuclease and A2 DNA-binding proteins are involved in host takeover, and re-
quired for resuming DNA transfer. In E. coli, the sigma factor RpoS is the master regulator of the
general stress response (GSR). Under op�mal growth condi�ons, RpoS interacts with the adaptor
RssB and is then degraded by the ClpXP protease: the GSR is thus silenced. Under stressful condi-
�ons, an�-adaptor proteins prevent RssB/RpoS interac�on, leading to RpoS accumula�on, which
can then fire the GSR. Phages evolved various strategies to temper with RpoS ac�on, for example by
preven�ng its binding to promoters as is the case with phage T7 Gp5.7 protein directly interac�ng
with RpoS. Here we show in T5 that RpoS degrada�on via ClpXP is triggered upon infec�on during
FST, independently from A1 and A2 but surprisingly also from RssB, the only known RpoS adaptor to
date. The aim of our project is to inves�gate the FST gene product(s) responsible for this pheno-
type. We show here that a FST fragment only containing gp016 and its 100 bp-upstream regulatory
region is sufficient to trigger RpoS degrada�on, sugges�ng a new pathway to target RpoS to degra-
da�on by ClpXP, and independently of RssB. Our bioinforma�cs analyses suggest the presence of a
promoter and a puta�ve small ORF of unknown func�on (ORFX) upstream gp016. We present here
our inves�ga�ons on the gene�c elements encompassed in this FST small fragment required for
RpoS degrada�on by ClpXP independently from RssB. This work highlights a novel strategy evolved
by a phage to temper with the host GSR.
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As a major opportunis�c pathogen of human and animals Staphylococcus aureus asymptoma�cally
colonizes the nasal cavity, but is also a leading cause of life-threatening acute and chronic infec-
�ons. More than 90% of the human nasal isolates of S. aureus were found to carry Sa3int phages,
which integrate as prophages into the bacterial hlb gene thus disrup�ng the expression of the
sphingomyelinase Hlb, an important virulence factor under certain infec�on condi�ons. The viru-
lence factor-encoding genes carried by the Sa3-phages are all highly human-specific and probably
essen�al for bacterial survival in the human host. Thus, both inser�on of the prophages into and ex-
cision from the bacterial genome have the poten�al to confer a fitness advantage to S. aureus.
However, how the S. aureus host modulates the life cycle of its temperate phages remains largely
unknown (1). Our data suggest that the bacterial factors supposedly involved in the interac�on of
the bacterial host with its phages are strain specific, with certain S. aureus strains being more prone
than others to support either a lysogenic or a ly�c life cycle (2). We constructed and integrated
Sa3int phages into different phage-cured S. aureus strains and found significant differences in phage
transfer rates between different strains. Based on this finding, strains were grouped into low and
high transfer strains. Indica�ng that in low transfer strains, the phages are more directed towards
lysogeny. To get a more precise picture of the regulatory circuits we constructed replica�on defi-
cient mutants, performed differen�al RNAseq to determine the transcrip�onal units and analysed a
set of mutant strains. By this means some bacterial and phage genes were iden�fied which are like-
ly to play a role in the regula�on of the strain dependent phage life cycle.

1. Rohmer, C. and C. Wolz. 2021. Microbial Physiolog 31: 109-122

2. Wirtz, C., W. Wi�e, C. Wolz, and C. Goerke. 2009. Microbiology 155:3491-9.
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Viruses can have considerable impacts on host popula�ons, from eukaryo�c viruses causing pan-
demics that shake society to bacterial viruses which can massively impact major ecosystems. Like all
other domains of life, Archaea face viral infec�ons. However, while viral infec�ons of eukaryotes
and bacteria have been studied in detail, archaeal viruses and their infec�on mechanisms are less
well understood. Par�cularly euryarchaeal viruses are s�ll understudied. A robust, gene�cally acces-
sible virus-host model system would greatly help drive research into this field forwards (Ti�es,
Schwarzer, & Quax, 2021).

Hypersaline lakes can be rich sources of halophilic euryarchaea and their viruses. A novel virus-host
system was recently isolated from one such lake, consis�ng of the siphovirus-like Haloferuvirus
Haloferax tailed virus 1 (HFTV1) and its host, Haloferax gibbonsii LR2-5 (Mizuno et al., 2019; Ti�es,
Schwarzer, Pfeiffer, et al., 2021). The strain grows well in defined media and is well suited for light
microscopy. Furthermore, the strain is highly mo�le. Meanwhile, HFTV1 is a very specific virus, as it
cannot infect Hfx. volcanii H26 nor the Hfx. gibbonsii strain Ma2.38. While the reason for this host
specificity is not yet known, early bioinforma�c analysis of the host indicates that its surface differs
from closely related strains (Ti�es, Schwarzer, Pfeiffer, et al., 2021). This indicates that specificity
may be related to early infec�on steps. Both virus and host are fully sequenced and annotated
(Ti�es, Schwarzer, Pfeiffer, et al., 2021).

Recently, transforma�on and gene expression protocols have been established for Hfx. gibbonsii
LR2-5. Due to its close rela�on to the model organism Hfx. volcanii, its lack of obvious defense sys-
tems and the presence of a known ly�c virus, Hfx. gibbonsii LR2-5 and its virus are promising candi-
tates for a new virus-host model system.
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Filamentous phages are subclass Inoviridae . These non-ly�c viruses can par�cipate to the fitness of
their bacterial host and carry pathogenicity factors. The mechanisms involved during infec�on are
s�ll poorly described, even for the well-known model couple Escherichia coli - phage Fd. In this
case, the steps allowing the phage to cross the envelope involve the minor capsid protein pIII. This
protein is organized into three dis�nct domains pIII-N1, pIII-N2 and pIII-C. During an ini�al stage of
recep�on, the phage Fd binds to the pilus-F thanks to its pIII-N2 domain. Then the phage par�cle is
translocated into the periplasm where pIII-N1 interacts with the TolA protein of the Tol-Pal system.
The Tol-Pal system is a macro-complex of the envelope dependent on the proton-mo�ve force and
conserved in Gram-nega�ve bacteria. This system is known to be involved in cell division and in the
homeostasis of the cell envelope. Finally, the phage injects its gene�c material into the host cyto-
plasm, possibly through an inner membrane pore consis�ng of pIII-C.

The literature suggests that the TolQ and TolR proteins of the Tol-Pal system also par�cipate in
phage import, although no direct interac�on has been observed so far. In order to characterize the
molecular mechanisms involved, we combined different approaches of biochemistry, gene�cs and
phenotypic analyses. Our recent results provide new informa�on that will help to decipher the key
steps occurring during phage transloca�on across the host envelope.
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Viruses can infect members of the three domains of life. Yet, many aspects of the life cycle of ar-
chaeal viruses remain unexplored. For instance, the primary and secondary receptors of most ar-
chaeal viruses remain unknown. Factors determining host specificity are also not yet fully resolved.
A recent study proposed the host range determinants to be virus specific, as closely related viruses
display different host ranges . In this study we aimed to get a be�er insight into the host range de-
terminants in haloarchaeal viruses by using several species of the halophilic euryarchaeon Haloferax
as a model system. Our results show that Haloferax gibbonsii LR 2-5 is an Haloferax strain that is in-
fected by most viruses. On the other hand, our genomic analysis of viruses infec�ng H. gibbonsii
LR2-5, suggests that adhesins are one of the key determinant of host range specificity.

 

1.           Liu, Y. et al. Diversity, taxonomy, and evolu�on of archaeal viruses of the class Cau-
doviricetes. PLOS Biol. 19, e3001442 (2021).
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Bacteriophage T4 is a ly�c phage from Myoviridae family infec�ng Escherichia coli. T4 is one of the
most complexly built phages, whose genome is composed of 169 kbp and encodes 273 proteins.[1]
These proteins are needed to infect E. coli in a highly regulated and efficient manner. The hijacking
of the host gene�c machinery starts simultaneously with the injec�on of the DNA into the host and
ends a�er only ~25 min with the lysis of the bacterial cell. Even though research on phage T4 has
enormously contributed to understanding the fundamental biological processes, the biological func-
�on of the majority of viral proteins remains unknown. Moreover, the molecular mechanisms for
the controlled takeover of E. coli by bacteriophage T4 are poorly understood. Recent developments
in mul�-omics approaches set the founda�on to unravel the molecular basis of the bacteriophage
T4 infec�on and to study the mutual effects on bacterial host metabolism.

Here, we present the first applica�on of the next-genera�on sequencing and protein-profiling tech-
nologies to study the infec�on of E. coli by bacteriophage T4 on the transcriptome and proteome
level. We set out to inves�gate the transcriptome and proteome of both E. coli and phage T4 during
the infec�on (dual transcriptome and dual proteome) in a �me-resolved manner. Our data shows
the temporally resolved appearance of bacteriophage T4 transcripts and proteins, which confirms
previously described subgrouping for T4 gene products into early, middle and late [2]. Moreover, we
inves�gated the stability of E. coli originated transcripts and proteins in the course of infec�on. This
study aims to complete the overall understanding of the phage T4 infec�on process on the molecu-
lar level by providing the first comprehensive insight into the early transcriptomic and proteomic
takeover by the bacteriophage T4.
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Flagellotropic (flagellum-dependent) phages are viruses that begin their infec�on process by a�ach-
ing to the flagellar filaments of their respec�ve host cells and using the rota�on to reach the cell
surface. This results in the unique requirement of host mo�lity for infec�on. Since mo�lity is a sig-
nificant virulence factor for many species of pathogenic bacteria, including Salmonella enterica, fla-
gellotropic phages may be par�cularly effec�ve as an�microbial agents. Flagellotropic phages force
an exploitable evolu�onary tradeoff: a bacterial cell which represses mo�lity to avoid infec�on by a
flagellotropic phage would likely also a�enuate its own virulence. Bacteriophage χ (Chi) is a flagel-
lotropic phage which infects three species of poten�ally pathogenic organisms: Salmonella enterica,
Escherichia coli, and Serra�a marcescens. Interac�ons between phage and host flagellum are com-
plex and poorly understood. It is well known that χ requires a mo�le host because cells lacking func-
�onal flagella are resistant to infec�on. The long tail fiber of χ phage is thought to wrap around the
flagellar filament, posi�oning itself into the filament’s grooves. At this point, the rota�on of the fila-
ment pulls the phage to the cell surface like a nut moving down a bolt. However, the nuances of this
interac�on are understudied, as are the reasons why the flagella of some serovars of Salmonella al-
low χ phage adsorp�on while others are en�rely resistant. Via targeted and random mutagenesis,
we have determined specific domains within the flagellar filament protein flagellin that are involved
in χ phage a�achment. These findings help to elucidate the factors determining the host range of χ.
With further knowledge about interac�ons between flagella and the phage tail fiber, coupled with χ
phage’s naturally broad host range, it may be possible to gene�cally engineer host-range mutants,
which could be tailored to infect very specific strains of mo�le pathogens.
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ABSTRACT

N4-like phages are dis�nguished by a specific transcrip�on pa�ern which allows these phages to
shi� transcrip�on from early genes towards middle and eventually late genes [1]. These different
stages are each marked by a separate RNA polymerase and accompanying single-stranded DNA-
binding protein (SSB). Homologs of these proteins can be found amongst many N4-like viruses.
However, mul�ple clades of N4-related viruses lack a homolog of the Escherichia virus N4 gp2. In
N4, this SSB is crucial for ac�va�on of middle promoters by binding their ssDNA region and recruit-
ing the N4 RNAPII complex by direct interac�on [2].

Pseudomonas virus LUZ7 is one of the members without a gp2 homolog. We recently found that
one of its ORFans, a gene without homology to any known gene, encodes a protein that acts as an
SSB with a role similar to that of N4 gp2 [3]. Using X-ray crystallography we demonstrate that LUZ7
gp14 (termed Drc; ssDNA-binding RNA Polymerase Cofactor) achieves DNA binding with a unique
protein fold that is dis�nct from that of known SSBs. Based on DNA and protein interac�on studies
we establish a model by which Drc ac�vates transcrip�on from middle gene promoters. Now, a nov-
el RNA sequencing method we developed (ONT-cappable-seq) provides us a full transcrip�onal
blueprint of this phage with unprecedented detail, which sheds further light on this peculiar tran-
scrip�on pa�ern and the role of Drc therein.

 

REFERENCES

[1] Lenneman, B. R. & Rhotman-Denes, L. B. (2015). biomolecules, 5: 647-667.

[2] Carter, R. H., Demidenko, A. A., et al. (2003). Genes Dev., 17:2334–2345.

[3] Boon, M., De Zi�er, E., et al. (2019). Nucleic Acids Res., 48:445-459
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Many phages contain numerous genes that encode proteins of various sizes whose func�on is elu-
sive. LambdaSo is one out of four prophages in the genome of S. oneidensis MR-1 with a genome of
about 51 kbp. The genome of LambdaSo harbors a gene cluster, cluster C, whose dele�on results in
a dras�c decrease in the produc�on of plaque-forming units.

The cluster consists of six genes (lcc1-lcc6), which encode rather small proteins in the range of 41 to
137 amino acids with no apparent homologies to known proteins. Two of the proteins (Lcc4 and
Lcc6) are predicted to possess a transmembrane domain. We found that dele�on of lcc6 results in
highly elongated cells, in which phage par�cles are produced. However, the cells fail to lyse and to
release the phage progeny from the cell. On the other hand, cells lacking lcc4 do not display the
usual elonga�on a�er phage induc�on. Overexpression of lcc4 leads to significant cell elonga�on,
which can be prevented by addi�onal expression of lcc6. Lcc6 is also able to silence the cell filamen-
ta�on effect of the SOS-response division inhibitor protein SulA. Protein interac�on studies suggest
that both Lcc4 and Lcc6 interact with proteins of the cell division machinery such as FtsZ, FtsW, FtsN
and FtsI.

The results strongly indicate that the lcc genes are involved in the take-over of major host cell func-
�ons by interfering with cell division and elonga�on processes through direct interac�on with the
underlying cellular machinery.
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Every year, the opportunis�c pathogen Pseudomonas aeruginosa is responsible for a significant part
of all health-care associated infec�ons. The bacterium causes both acute and chronic infec�ons as-
sociated with high mortality rates. Chemical compounds arres�ng essen�al, cellular processes are
commonly used as a strategy against P. aeruginosa infec�ons. However, these an�bio�cs place a
burden on the bacterial cell, which might result in the development of resistance against this factor.
Therefore, novel approaches to combat this cri�cal pathogen are gaining a�en�on. Bacteriophages
can share both predatory and mutualis�c rela�onships with their bacterial host. Moreover, it is
known that temperate phages drive the bacterial virulence and some of those features have already
been exploited for biotechnological purposes .

 

In this research, we performed several high-throughput analyses using a library of individually ex-
pressed, phage proteins to iden�fy poten�al effectors of virulence factors of P. aeruginosa. We dis-
covered four different phage ORFans that specifically and significantly a�enuate key virulence fac-
tors of the pathogen, including the Type IV pili, protease IV (a factor secreted by the T2SS) as well as
ExoS (a T3SS product). Next, we will determine the bacterial interac�on partners of these phage
proteins to elucidate their biological role.

 

To our knowledge, we are the first to prove that ly�c bacteriophages are not only of interest for
phage therapy or discovery and exploita�on of novel an�bacterial targets , but also for their viru-
lence a�enua�ng proteins. The iden�fied phage-encoded virulence a�enuators expand the diversi-
ty of regulatory mechanisms encoded by phages to impact the bacterial physiology and may serve
as a source for diverse biotechnological applica�ons.

 Schroven et al. (2021) FEMS Microbiology Reviews

 De Smet et al. (2017) Nature Rev Microbiology
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Receptor binding proteins of phage tails, such as tail fibers or spikes, are the main determinants of
phage host specificity. The host range of a phage can change due to e.g. muta�ons in the tail fiber
encoding genes. However, the role of the produc�on host in the determina�on of phage host range
is not fully understood. In this work, we introduce a Staphylococcus aureus –specific phage vB_Sau-
P_EBHT (EBHT), a ly�c Rosenblumvirus having a 17 kb genome. The peculiarity of EBHT is that
changing its produc�on host changed the host range as well, while the phage genome remains un-
affected. The EBHT produced in the original isola�on host S. aureus #6662, denoted as ɸEBHT, in-
fected 40 % of the 109 tested Staphylococcus strains in contrast to the host range variant, denoted
mEBHT and produced in S. aureus #6433, which infected 28 % of tested strains. The host range may
change if EBHT acquires host-derived proteins that influences the phage host range or if the host
restric�on-modifica�on systems differ between the hosts. Therefore, we studied the role of phage
proteomes in the host range varia�on of EBHT. The purified phage par�cles were subjected to pro-
teomics analysis and cryo-electron microscopy. Here, in addi�on to phage structural proteins, nine
and eight proteins of host origin were iden�fied from ɸEBHT and mEBHT par�cles, respec�vely.
Both par�cles contained deblocking aminopep�dases, with sequence iden�ty of 99 % and M42 glu-
tamyl aminopep�dase with 98 % sequence iden�ty, while the other host-derived proteins had
house-keeping func�ons. However, the role of these pep�dases remains to be confirmed. EM has
so far revealed no apparent structural differences between the variants; further high-resolu�on
analysis of the tail is required in establishing the cause of the differing host ranges. To conclude, the
phage produc�on host may have more significant role in determining the host range than what has
been this far understood.
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Phage host ranges are largely determined by the binding specifici�es of phage tail or spike proteins.
Phages can be trained for broader host range or to infect specific bacterial strains, but this is �me
consuming and relies on chance for specific muta�ons. In T3 and T7 group of phages, the major ad-
sorp�on determinants are tail fibers encoded by gene 17 (Gp17). In this work, we studied if Gp17 of
T7 group of viruses is the sole host range determinant using T3 and φYeO3-12 as model viruses.
While the two phages are highly similar with 94% genomic sequence iden�ty, T3 infects Escherichia
coli and φYeO3-12, Yersinia enterocoli�ca serotype O:3. Accordingly, the Gp17 amino acid se-
quences of the phages are only 51% iden�cal. We set up an experiment to replace the T3 gene 17
with the φYeO3-12 homologue by in vivo recombina�on to find out if that would alter the host
range of T3. To this end, plasmid pGp17T3, carrying the φYeO3-12 gene 17 flanked by T3 specific re-
gions was introduced to the E. coli strain C600. The C600/pGp17T3 bacteria were then infected with
the T3 gene 17 amber mutant 17amH26, and the obtained phage lysate was screened for Y. entero-
coli�ca specific recombinant phages using strain YeO3-c as host. The isolated recombinant phage,
named H3, was not stable, with its �ter dropping 97% even within a week. However, the stability
increased when H3 was passaged on YeO3-c bacteria for six serial rounds. The adapted variant,
called H3VI, only suffered from 40% �ter loss in 4 weeks and 60% in 8 weeks. There was also a clear
change in the plaque morphology, the diameter increasing from the original 1 mm of H3 to 3 mm of
H3VI. Both H3 and H3VI are being sequenced to get insight on the exact induced gene�c changes
and the molecular mechanism of host adapta�on. To conclude, the tail fiber protein Gp17 was
enough to change the host specificity of phage T3, but there are other factors affec�ng the adapta-
�on of the phage to a new host.

1,2* 1 4 1,4 4,1

mailto:matti.ylanne@helsinki.fi


342

Poster ID: MolM.216(PS1-R4.22)

Sta�onary phase Bacillus sub�lis Bacteriophage ecology SPP1 Nutrient limita�on
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Most wild bacteria live under nutrient limita�on in states of low or arrested metabolic ac�vity. Giv-
en the high biosynthe�c costs of phage produc�on this poses a major challenge for phages, who
must stage produc�ve infec�ons in order to persist in the environment. Temperate phages may cir-
cumvent this issue through lysogeny. Strictly ly�c phages however, cannot exploit nutrient deprived
hosts in this manner, and have o�en been assumed to require ac�vely growing hosts for produc�ve
infec�on. Here, we asked if, and how, a strictly ly�c phage may exploit the non-growing, nutrient
limited hosts they are most likely to encounter.

We discovered that the ly�c phage SPP1 successfully infects sta�onary phase popula�ons of the
Gram-posi�ve bacterium Bacillus sub�lis. Slow, albeit con�nuous produc�on of low numbers of in-
fec�ve phage par�cles characterise the first 10 hours of infec�on, followed by extensive culture lysis
and release of remaining intracellular phages. Ongoing infec�ons are also observed a�er extensive
lysis, likely fueled by lysis-mediated nutrient release. Importantly, nutrient influx during sta�onary
phase infec�on also led to a significant increase in phage produc�on.

Host cell phage receptor availability influenced infec�on dynamics, but not phage yield, showing
that adsorp�on limits the rate but not produc�vity of sta�onary phase infec�on. Throughout infec-
�on, phage late-gene expression and procapsid scaffolding protein produc�on, the la�er a reporter
for viral par�cle assembly, were lower than during peak phage produc�on in exponen�al phase, re-
flec�ng low sta�onary phase infec�on produc�vity. Together, our results reveal a novel infec�on
strategy of ly�c phages, characterised by persistent infec�on, gradual phage release and maximal
exploita�on of the host popula�on. This represents at least one way in which ly�c phages have
adapted to produc�vely exploit nutrient-limited bacteria in nature.
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Classic RNA sequencing has become the method of choice to profile the transcrip�onal landscape
of phage-infected bacteria. However, short-read RNA sequencing approaches generally lack the ca-
pacity to differen�ate between the original termini of a transcript and their processed counterparts
and fail to capture RNA molecules in full length. This impairs the discovery of key transcrip�on ini�-
a�on and termina�on events and hides informa�on on operon organisa�on. Yet, the elucida�on of
these elements is fundamental to achieve a global understanding of gene regula�on mechanisms
during the infec�on process, which is cri�cally important to develop alterna�ve strategies to com-
bat bacterial pathogens and for the development of SynBio applica�ons inspired by phages. To this
end, we developed ONT-cappable-seq, a specialized long-read RNA sequencing technique that al-
lows end-to-end sequencing of primary prokaryo�c transcripts using the Nanopore sequencing
pla�orm. We applied ONT-cappable-seq to study the transcrip�onal architecture of phages infec�ng
Pseudomonas. ONT-cappable-seq provides a comprehensive genome-wide map of viral transcrip-
�on start sites, terminators and complex operon structures that fine-regulate gene expression. Fur-
thermore, the regulatory elements were experimentally validated using a combina�on of primer ex-
tension assays and in vivo fluorescence assays. Our new method enables the explora�on of dense
phage transcrip�onal landscapes in unprecedented detail and can provide new insights in their s�ll
cryp�c biology and transcrip�onal regulatory features.
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Fletchervirus represent a unique group of phages infec�ng specifically Campylobacter jejuni. These
phages are generally dependent on capsular polysaccharides (CPS) for infec�on, where the phase
variable O-methyl phosporamidate (MeOPN) modifica�on func�ons as a common phage receptor.

We have shown that Fletchervirus phages encode up to four different receptor binding proteins
(RBP1 to RBP4), where RBP1 is responsible for binding to the MeOPN receptor. However, in the ab-
sence of MeOPN, Fletchervirus phages can bind and infect C. jejuni through expression of RBP2. In-
teres�ngly, both RBP2 and RBP3 contain hypermutable polymeric G (polyG) tracts promo�ng phase
variable expression by slipped strand mispairing during DNA replica�on. Thus, Fletchervirus phages
mimic their host by phase variable RBP expression crea�ng phenotypically diverse phage popula-
�ons able to infect C. jejuni independently of the variable MeOPN receptor. Moreover, phase vari-
able expression of both receptor and RBPs generates popula�on dynamics allowing C. jejuni and
Fletchervirus to co-exist in their shared niche, the chicken gut.

Fletchervirus phages are only distantly related to other phage genera and phages within the genus
are highly conserved, including the sequences of RBP1-RBP4 responsible for binding to the CPS.
Phage F341 however, is an unusual Fletchervirus phage, as it infects C. jejuni independently of the
CPS, but instead relies on mo�le flagella for successful infec�on. We discovered that phage F341 en-
codes a novel RBP consis�ng of an N-terminal with sequence similarity to RBP1 and a C-terminal
iden�cal to the tail fiber protein H found in the unrelated cryp�c CJIE1 prophage present in several
C. jejuni genomes. These findings suggest recombina�on events between ly�c Fletchervirus phages
and the CJIE1 prophage. Thus, cryp�c prophages in C. jejuni genomes may represent a gene�c pool
from where the highly conserved ly�c Fletchervirus phages can acquire novel traits.
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The gut microbiome is a vital part of human health, however, our understanding of the viral aspect
of the microbiome is lagging far behind our understanding of the bacterial component. Studies have
shown that most enteric bacteria are lysogens, sugges�ng a role for temperate phage in the gas-
trointes�nal (GI) environment. We aim to explore the interac�ons between temperate phage and
their bacterial hosts to understand the role(s) of temperate phage in the mammalian GI tract. In this
study, we isolated a novel temperate phage Kapi1, infec�ng commensal Escherichia coli. Kapi1 inter-
acts with its host in complex ways, including modifica�on of the O-an�gen via lysogenic conversion.
Intriguingly, we also find that Kapi1 lysogens behave differently when grown in simulated intes�nal
fluid, favoring the lysogenic cycle more strongly than they do when grown in conven�onal lab me-
dia (LB). Kapi1 lysogens also strongly out-compete non-lysogens in the murine GI tract. We further
explored the role of Kapi1 in interbacterial compe��on in vitro and show that Kapi1 is induced
when lysogens are grown in the presence of non-lysogenic compe�tors. This suggests that Kapi1
ly�c replica�on is important for interbacterial compe��on, and that Kapi1 lysogens can sense when
they are in compe��on. We determined that Kapi1-mediated kin-recogni�on likely requires cell-cell
contact, as spent supernatant from non-lysogenic cultures do not induce a ly�c response in Kapi1
lysogens. We hypothesize that Kapi1-mediated kin-recogni�on is somehow mediated by the differ-
ing O-an�gen structures between Kapi1 lysogens and non-lysogens. These findings shed light on the
complex nature of phage-host interac�ons in physiologically relevant condi�ons, suppor�ng a
strong role for temperate phage in the GI environment, as contributors to bacterial compe��on and
kin-recogni�on.
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Pseudomonas aeruginosa is one of the major causes of morbidity in cys�c fibrosis (CF)
pa�ents. The Liverpool Epidemic Strain (LES) is associated with more severe disease than other P.
aeruginosa strains and is transmissible between hosts. Previous studies revealed five novel
prophages in the LES genome, and all the phages were detected as free phages in the sputum of CF
pa�ents. Moreover, phages Ф2, Ф3 and Ф5 were shown to confer compe��ve advantages to their
host in a rat model, but the specific mechanisms are not known. Our study aims to iden�fy the mol-
ecular mechanisms underpinning how LES prophages impact the biology of their P. aeruginosa host.
We used the laboratory strain of P. aeruginosa (PAO1) that is suscep�ble to lysogenic infec�on by
three LES phages. This enabled the construc�on and whole-genome sequencing
of constructed lysogen variants harbouring three LES prophages (specifically Ф2, Ф3 and Ф4) in all
possible combina�ons, crea�ng single, double, and triple lysogens. To compare the gene expression
landscape of naïve PAO1 vs lysogens, we first used growth profiling to iden�fy the condi�ons in
which phage produc�on was minimal and extensive.We used qRT-PCR to qualify and quan�fy the
expression profiles of key gene�c markers for lysogeny along with early and mid/late ly�c replica-
�on of the LES phages to validate the stability of each prophage and the �ming of the replica�on
cycle of each phage, respec�vely. Further, whole transcriptome studies of these lysogens, grown un-
der varying condi�ons, will help iden�fy how the LES prophages impact the phenotype of their host
cells in the CF lung.

Importance: Our study is designed to unpick how the LES phages have increased the fitness of their
host through specific phage host interac�ons. Further inves�ga�on in clinically relevant condi�ons
could iden�fy unique targets for tackling recalcitrant P. aeruginosa infec�ons.
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Background: Staphylococcus aureus is one of the most prevalent mul�-drug resistant bacteria and a
leading cause of nosocomial and health-care related infec�ons. Despite aggressive treatments, S.
aureus infec�ons are s�ll associated with substan�al mortality rates reaching 50% in some in-
stances. We have been evalua�ng the use of bacteriophages cocktail in combina�on with β-lactams
for the treatment of methicillin sensi�ve S. aureus (MSSA) experimental endocardi�s (EE) in rats
and isolated phage-resistant mutants.

Aims: To characterize MSSA phage-resistant mutants selected during EE a�er 48h of intravenous
therapy with a two-phage cocktail (Podoviridae phage 66 and Myoviridae phage vB_SauH_2002),
combined with sub-therapeu�c doses of flucloxacillin mimicking human kine�c treatment of 2g giv-
en every 12h.

Results: We screened 36 MSSA isolates recovered from cardiac vegeta�ons a�er 48h therapy and
iden�fied 13 resistant mutants to the Podoviridae phage 66 but none to the Myoviridae phage
vB_SauH_2002. Compara�ve genomics revealed in the genomes of the phage 66-resistant clones,
previously undescribed muta�ons in tarS encoding for a cell wall teichoic acid β-glycosyltransferase,
i.e. (i) an IS257 inser�on, and (ii) a 11 nucleo�des indel leading to a premature stop. These muta-
�ons likely lead to the expression of a truncated non-func�onal TarS protein. Complementa�on in
trans of the mutated genes with the wildtype tarS gene fully restored Podoviridae phage suscep�-
bility of both mutants.

Conclusion: Point muta�ons in tarS gene have long been recognized in vitro as a major S. aureus re-
sistance mechanism to Podoviridae. Our study confirms for the very first �me that muta�ons in tarS
also occur in vivo during phage therapy and revealed two new mechanisms of muta�ons. As for an-
�bio�cs, a thorough understanding of resistance mechanisms to phages that occur in vivo during
treatment is needed to avoid therapeu�c failure in the future.
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Bacteriophages have played crucial roles as models in gene�cs and molecular biology, and as tools
in gene�c engineering and biotechnology, for many decades. Their essen�al role in natural environ-
ment and their importance in human health and disease are also commonly recognized. Despite our
understanding of mechanisms of development of bacteriophages, in the literature, these viruses are
described as either parasites or predators. However, in biology and ecology, there are fundamental
differences between parasites and predators. Therefore, I asked whether bacteriophages should be
classified as former or la�er biological en��es. Analysis of the literature and biological defini�ons
led me to the conclusion that bacteriophages are parasites rather than predators, and they should
be classified and described as such. On the other hand, strictly virulent bacteriophages can be in-
cluded into the group of parasitoids (being at the border between parasites and predators, as they
propagate in living organisms, like parasites, but eventually kill their hosts, like predators), while
phages which lysogenize host cells and those which develop according to the chronic cycle, like fila-
mentous phages, reveal features of classical parasites.
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Bacteriophages (phages) play a major role in driving the adapta�on and evolu�on of their hosts,
owing to the accessory genes that they carry and to their ability to transfer bacterial DNA.  Phages
can adopt two dis�nct life cycles: ly�c or lysogenic. The majority of Staphylococcus aureus (S. au-
reus) strains are lysogenic, and some isolates may contain up to 4-6 prophages. Therefore, most
bacteria-phage interac�ons in S. aureus involve more than one phage, as ly�c replica�on o�en
takes place in lysogenic or poly-lysogenic strains. Here we propose that pac-type phages recognise
the DNA-packaging signals of other phages with DNA-packaging modules like their own. In this
work, we studied S. aureus phages phi11 and 80a, which are two dis�nct phages with highly related
small terminase (TerS) proteins. To interrogate our hypothesis, we infected a phi11 lysogen with 80a
and showed that a cadmium resistance (Cd) marker inserted 5Kb downstream of the phi11 a�B site
was packaged and transferred at very high frequencies compared to the rates of generalised trans-
duc�on. High frequency transfer of the Cd marker was dependent on the phi11 pac site, showing
that 80a recognised and ini�ated DNA packaging from the phi11 prophage. Furthermore, analysis of
the DNA packaged in 80a capsids (from infec�on of phi11 lysogens) revealed that a rela�vely high
percentage of the reads mapped to the phi11 genome downstream of the DNA-packaging module
and con�nued on into the bacterial chromosome. These results show that phage-prophage interac-
�ons can result in bacterial gene transfer that is similar, in effect, to the recently iden�fied mecha-
nism of lateral transduc�on, in which large por�ons of bacterial chromosome are packaged and
transferred at high frequencies. This phenomenon in turn can contribute to gene�c exchange
among bacteria, driving adapta�on and promo�ng their fitness and survival.
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Resolving the mechanisms used by bacteriophages to infect and replicate within host cells has been
the focus of many studies, improving our knowledge on protein-based regula�on during infec�on.
However, to fully understand the infec�on process on a molecular level, RNA-RNA interac�ons be-
tween phage and bacterium need to be studied in greater detail. To achieve this, the availability of
RNA sequencing data is key, as it facilitates the discovery of small non-coding RNA transcripts that
are largely missed during phage genome annota�on. In this regard, the number of classical RNA se-
quencing studies has steadily increased, offering a first look into possible non-coding RNAs encoded
by phages. Furthermore, the integra�on of classical and global RNA studies, will provide novel in-
sights into poten�al RNA-based regulatory elements as highlighted by our gradient-sequencing ap-
proach of model giant virus ɸKZ.

To date, only a handful of poten�al viral small RNA transcripts have been iden�fied, in strictly ly�c
phages, thought their func�ons remain unknown. In the present study, we aim to elucidate the
func�on of small RNA transcripts of ly�c Pseudomonas phages and inves�gate their impact on the
host cell. In ongoing experiments, we observe various phenotypic changes of the bacterial cell in re-
la�on to the expression of small RNA transcripts of different phages, such as delayed growth and
changes in mo�lity. Moreover, transcrip�onal data from Pseudomonas cells pulse-expressing viral
non-coding RNA transcripts will be analyzed to reconcile our phenotypic observa�ons with the mol-
ecular signaling pathways that are impeded during expression. Through this, we hope to uncover
interac�on partners of these transcripts that would be subsequently validated. This study would al-
low us to draw conclusions pertaining to the func�on and impact of such viral RNA transcripts dur-
ing the phage infec�on process and their poten�al in diverse fields such as synthe�c biology.
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If bacteria appears to be the most diverse cellular domain of life on earth, they are outnumbered by
the viruses that can infect them. With an es�ma�on of 10  par�cles, bacteriophages (phages) are
the most abundant genomic en��es across all habitats and a major reservoir of gene�c diversity.
Up to date, the vast majority of sequenced phage genomes are dsDNA and smaller than 100kb. In
recent years, several publica�ons have expanded our understanding of phages biodiversity and
demonstrate the existence of phages with large genomes, rising numerous ques�ons concerning
how these genomes folds within their capsid but also during their infec�on cycle. Recently, a study
proves the existence of a compartment that separated viral DNA from the cytoplasm in
Pseudomonas chlororaphis phage 201f2 and demonstrates that large phages have developed innov-
a�ve mechanisms to succeed in their infec�on cycle. Large phages typically contain more genes im-
plicated in genome replica�on, nucleo�de metabolism or coding for DNA binding proteins and
could, therefore, have developed new strategies concerning their 3D genome organiza�on and the
hijacking their host.

To tackle this ques�on, we have used chromosome conforma�on capture (HiC) to characterize the
phage-host genomes interac�ons during the infec�on of Pseudomonas aeruginosa by two different
phages, PAK-P3 and fKZ (PAK-P3 is a 88kb virulent phage, and fKZ is a 280kb giant bacteriophage).
We performed a kine�c of both infec�on cycles and followed, concomitantly, the varia�on of
genomes architecture through �me. Our data show a correla�on between varia�ons in phages
genomes folding and its transcrip�onal program. In parallel, we observed a global disorganiza�on in
the host genome, with a decreasing of the signal of the observed borders in the genome. Our re-
sults demonstrate that phages are highly dynamics genomic en��es when they are ac�ve and pave
the way to in-depth analysis of their infec�on cycle.
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Klebsiella phage capsule degrading depolymerase capsular polysaccharides

Phage resistant mutants
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Unlike conven�onal an�bio�cs, phage-borne depolymerases designed to disarm (an�-virulence)
rather than kill bacterial pathogens. Therefore, they provide promising therapeu�c alterna�ves that
will be ‘evolu�on-proof’ and ‘tailored-pathogen'. Hence, the ques�on of the depolymerase-resis-
tant bacterial phenotype is important and to whether and how depolymerase-driven resistance will
be developed and spread.

In this study, we analysed the phenotypic and genotype changes in K. pneumoniae mutant selected
by the capsule-targe�ng phage-derived depolymerase. Based on a comprehensive genome-wide ex-
amina�on combined with the surface polysaccharides structural analysis, we prove that point muta-
�on in the wbaP located within the cps cluster confers the resistance against depolymerase and
phages using the same bacterial target for adsorp�on. Simultaneously, resistance to capsule-target-
ing depolymerase sensi�zes K. pneumoniae to phages recognizing an alterna�ve receptor. Loss of
func�onal WbaP abolishes capsule forma�on at the first possible step and interes�ngly, increase
the produc�on of smooth LPS. This indicates a redirec�on of the cellular Und-P pool to LPS synthe-
sis, without adversely affec�ng bacterial fitness.

The modifica�on of the surface polysaccharide layers did not affect an�bio�c suscep�bility or com-
plement-mediated killing. However, it made bacteria more prone to phagocytosis by
monocyte/macrophage cell line combined with the higher adherence and internaliza�on to human
lung epithelial cells. This probably represents an innate defence mechanism to contain the infec�on
of some respiratory pathogens.

Summing, the phage-borne depolymerases is doubly effec�ve in the light of their applica�on as
an�-virulence agents: first, because of the enzyma�c degrada�on of bacterial protec�ve shields,
and second, by the selec�on of resistant popula�on presen�ng a decreased poten�al for
pathogenicity.
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Temperate phages have the par�cularity to perform a lysogenic cycle resul�ng in their inser�on into
the bacterial genome; they are then referred as prophages. Genes carried by prophages can be ex-
pressed and confer selec�ve advantages to their host such as virulence factors acquisi�on or in-
creased fitness or stress resistance. However, only few studies have been undertaken to elucidate
the molecular mechanisms improving the bacterial physiology. We decided to inves�gate the role of
transcrip�onal regulators encoded by prophages in E. coli physiology. The E. coli MG1655 strain car-
ries 9 prophages that contain 9 transcrip�onal regulators unrelated to classical regulators of phage
cycle. Among them, YbcM, a transcrip�onal regulator from the AraC/XylS family encoded by the
DLP12 prophage has never been characterized. Only two global studies suggest a poten�al role for
this regulator in mo�lity and oxida�ve stress response. We first confirmed that YbcM is involved in
the control of bacterial mobility. Indeed, YbcM overproduc�on leads to an inhibi�on of mo�lity,
whereas its dele�on makes the cell more mo�le. In order to iden�fy genes directly regulated by
YbcM that can explain this defect in mo�lity, we performed ChIP-Seq experiments. We iden�fied 8
direct YbcM-targets involved in diverse pathways, sugges�ng a broader role for YbcM on bacterial
physiology. In parallel, we also focused on ybcM regula�on. By using different reporter fusions, we
show that ybcM is regulated at the post-transcrip�onal level; this regula�on involves RpoS, the mas-
ter regulator of the general stress response, therefore including YbcM in the adap�ve stress re-
sponse network.

Altogether our results show that YbcM is imbedded in the bacterial regulatory network and suggest
its implica�on in stress adapta�on. This work will help to give a global vision of prophage contribu-
�on to the physiology of their bacterial host.
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Single-stranded RNA phages such as PP7 achieve host bacterial lysis by expressing a single subunit
lysis protein (LP). However, the lysis mechanism by LP remains elusive. In this study, we created an
LP-mediated cell lysis system by using the LP gene from the Pseudomonas aeruginosa phage, PP7.
The PP7 LP gene was cloned into an IPTG-inducible mini-Tn7-based vector, with the ribosome bind-
ing sequence op�mized for transla�on in P. aeruginosa. Based on the sequence characteris�cs, the
55-aa LP is divided into 3 regions: the N-terminal hydrophilic region (1-20 aa), the transmembrane
domain (21-43 aa), and the C-terminal hydrophobic region (44-55 aa). A total of 14 point mutants
were constructed and tested for their capability of membrane associa�on and host lysis. Those from
the transmembrane domain resulted in complete loss of the killing ac�vity, sugges�ng their pre-
sumable role in membrane associa�on for host lysis. The membrane associa�on of the wild type LP
was visually verified by N-terminal mNeonGreen tagging in Escherichia coli, whereas the mutants
for the transmembrane domain lacked membrane associa�on. Moreover, the LP func�on was asso-
ciated with reac�ve oxygen species and displayed synergis�c effect with an�bio�cs. These results
demonstrate that LP is associated with bacterial cytoplasmic membrane involving the transmem-
brane domain which results in membrane disrup�on to ensure the appropriate host lysis.
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The host range of a phage is determined at the various lifecycle stages during phage infec�on. We
previously reported the limited phage-receptor interac�on between the RNA phage, PP7 and its
host Pseudomonas aeruginosa strains including PAO1 and PA14. PAO1 has suscep�ble type IV pilus
(TFP) pilin, whereas PA14 has resistant pilin. In this study, we have created a PA14 deriva�ve
(PA14P) that has the pilin gene (pilA) replaced with that from PAO1 and found that PP7 did not form
discernable plaques on PA14P unlike on PAO1, sugges�ng that other determinants than pilin could
limit the PP7 infec�vity in PA14. A total of 31,474 transposon mutant clones of PA14P were
screened to isolate 11 mutants, on which PP7 formed clear plaques as on PAO1. Two of those mu-
tants had the transposon inser�on in a gene (htrB2) encoding an acyltransferase in lipid A biosyn-
thesis. The lack of this enzyme increased the entry of RNA phages, which is deemed a�ributed to
the loosened lipopolysaccharide (LPS) structure of the htrB2 mutant. Polymyxin B treatment also
increased the RNA phage entry, sugges�ng that the compromised lipid A structure allowed the en-
try of the RNA phages. These results demonstrated that the LPS structures that might differ in vari-
ous strains could limit the entry of RNA phages, providing a new determinant for the host range
during the phage lifecycle in diverse P. aeruginosa strains.
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T5 is an obligatory ly�c phage of the siphoviridae family; injects its genome in 2 stages: first step
transfer (FST) and second step transfer (SST). The func�on of most of the pre-early genes that reside
within the FST region remains to be understood. Bacteriophages have evolved for eons a myriad of
mechanisms to take over the host cells. Here we iden�fy a T5 pre early gene product, T5.015 which
upon expression inhibits bacterial cell growth. The whole-genome DNA-seq based method iden�fies
E. coli DNA repair protein uracil DNA glycosylase (Ung) as the target of T5.015. Ung works by remov-
ing deoxy-uracil from DNA which was incorporated as an error in replica�on or as the result of cyto-
sine deamina�on. The glycosylase ac�vity of Ung generates abasic sites which are further cleaved
by cellular enzymes and thus the DNA got repaired. Pull-down experiment, as well as fluorescence
microscopy, shows that Ung directly interacts with T5.015. In-vitro experiment with purified protein
shows that T5.015 uses the ac�vity of Ung to selec�vely nick dUMP containing DNA. The endonu-
cleoly�c ac�vity of T5.015 leads to replica�on blockage followed by blocking cell division which was
evident from microscopy data as the cells were ge�ng elongated upon induc�on of T5.015. Thus by
inhibi�ng replica�on and cell division, T5.015 may enhance the u�liza�on of host cell resources.
Previous reports indicate lower incorpora�on of dUMP in phage DNA due to phage-encoded strong
dUTPase ac�vity. This might be the reason why the phage DNA was protected from the endonucle-
ase ac�vity of T5.015. We strongly believe that this kind of self vs foreign discrimina�on mechanism
is general to many different kinds of bacteriophages.
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Quorum sensing (QS) is a cell-cell communica�on system, whereby bacteria sense popula�on densi-
�es and respond accordingly. Recent reports suggest that some phages have evolved to eavesdrop
or u�lize their hosts’ QS systems to achieve their intra- or inter-species communica�on, revealing a
new sight in bacteria-phage interac�ons. However, such ‘communica�on’ between the human
pathogen, S. aureus and its phages remains to be studied.

In this study, we examined the suscep�bility of a phage-free S. aureus strain Newman to the infec-
�on by the ly�c phage, Stab20. We found that wild type cells could only be infected in late sta�on-
ary by Stab20 while mutants lacking the agr QS system could not be infected. These results indicate
that QS induc�on is required for Stab20 infec�on. In S. aureus, QS is mediated by auto-inducing,
cyclic pep�des (AIPs) and while S. aureus pep�des induce QS controlled gene expression, AIPs from
a variety of coagulase-nega�ve staphylococci inhibit QS in S. aureus. Interes�ngly, addi�on of S. au-
reus AIP to wild type cells allowed Stab20 infec�on already during exponen�al growth while the ad-
di�on of the inhibitory S. hyicus AIP prevented infec�on. In S. aureus, the cell wall is decorated by
wall teichoic acids (WTAs) and they appear to be primary phage receptors. By RT-qPCR we observed
a lower expression of tarM that are responsible for α-O-GlcNAc glycosyla�on in QS induced cells
compared to untreated cells, indica�ng that such a difference could account for the increased sus-
cep�bility to Stab20. Analysis of the cell wall by Fourier Transform Infrared Spectroscopy analysis
indicated that dele�on of agr contributed to the loss of the β-O-GlcNAc modifica�on of WTA, sug-
ges�ng this type of WTA glycosyla�on is required for phage Stab20 infec�on.

Based on these findings, we propose that QS signals from S. aureus can help with phage infec�on by
affec�ng the biosynthesis of WTA on the cell wall.
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The Gram-nega�ve bacterium Pseudomonas aeruginosa is a major cause of nosocomial infec�ons
due to an intrinsic an�bio�c resistance, a large genome, and wealth of regulatory mechanisms.
Stress drives regula�on and adapta�on, hence we asked how the cellular complexome changes
upon applica�on of a biological stress in form of a phage infec�on for which the molecular mecha-
nisms are s�ll poorly understood. To illuminate how the phage transcriptome and proteome merge
with cellular complexes and affect RNA-based regula�on, we analysed RNA and protein complexes
in glycerol gradients coupled to sequencing and mass spectrometry (Gerovac et al. 2021, Grad-seq:
Smirnov et al. 2016). We selected the giant bacteriophage ΦKZ that encodes for hundreds of un-
characterized factors but no non-coding RNAs (Wicke et al., 2021). Notably, we observed phage
transcripts that sedimented like non-coding RNAs. In the host, non-coding RNAs shi�ed in sedimen-
ta�on profiles towards ribosomal frac�ons together with a high load of phage transcripts. Transla-
�on of host transcripts was inhibited. Strikingly, we observed phage proteins in ribosomal frac�ons
that do not match with known transla�on factors and could mediate new modes of post-transcrip-
�onal control. In conclusion, the transla�on machinery is not just overwhelmed by phage tran-
scripts but also post-transcrip�onally regulated, which makes new opportuni�es for biotechnologi-
cal applica�ons.
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Bacteriophage endolysins are crucial for progeny release at the end of the ly�c cycle. In TM4, a bac-
teriophage that infects mycobacteria including M. tuberculosis, a casse�e encoding puta�ve LysA,
LysB and holin (gp29-30-31) was iden�fied.

Through bioinforma�c analysis we were able to establish that LysA consists of 3 modules; a C-termi-
nal domain that probably binds to the cell wall, a central domain with high similarity to an amidase-
2 and an N-terminal domain proposed to encode for a pep�dase. In the amidase domain, the cat-
aly�c Zn ion is coordinated by His226, His335, and Asp347 and we also iden�fied the amino acid
Glu290 as the cataly�c residue.

Four deriva�ves of the protein containing a muta�on on each of these key residues were
constructed.

Purified frac�ons of LysA were incubated with MDP, a synthe�c molecule that emulates the bonds
on pep�doglycan. The products of the reac�on were analyzed by HPLC-MS, and N-acetyl-muramic-
acid and L-Ala-D-isoGlutamine dipep�de were detected, confirming that LysA has an amidase ac�vi-
ty, as predicted in silico.

We also assessed the ability of LysA to lyse E. coli or M. smegma�s from within, monitoring the op-
�cal density of cultures transformed with a plasmid expressing either LysA WT or the mutants.
There was a significant decrease in op�cal density of the cultures expressing the LysA WT version
but no lysis was observed in any of the mutants. These results indicate that the four predicted
residues are essen�al for the func�on of the protein in vitro and when expressed in a homologous
or heterologous host.

We also generated phages either carrying the E290 or the H266S muta�ons. Interes�ngly, no differ-
ence in the efficiency of pla�ng was found between the mutated versions of the phage and the WT.
This could indicate that either these muta�ons are not sufficient to abrogate lysis in vivo, or that a
cryp�c endolysin gene is encoded in TM4 genome
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We isolated phage FKp_Pokalde_001 (Accession number GenBank: MW590329.1), a novel
podovirus that infects carbapenem resistant Klebsiella pneumoniae (TUKp01) isolated from a pa-
�ent’s urine sample. The genome of the phage composed of a linear, double-stranded DNA of
44,535 bp in length with an average G+C content of 54%. The genome of ΦKp_Pokalde_001 had 53
open reading frames (ORFs), 13 promoters, 2 Rho-independent terminator sequences and 247 bp
direct terminal repeats at both ends. On protein BLASTp and PHASTER analysis, the phage
ΦKp_Pokalde_001 genome found to be strictly ly�c. Moreover, the genome of the phage did not
encode the lysogeny module and any known harmful genes such as toxins, an�bio�c resistant genes
(ARGs) and virulent factors (VFs). Hence, the phage found to be an excellent candidate for therapeu-
�cal applica�on against K. pneumoniae infec�ons. During phage isola�on and ini�al characteriza-
�on, we found phenotypic varia�ons in plaque morphology where a mixture of plaques was ob-
served with or without a halo region surrounding the clear center in lysates origina�ng from a single
plaque. These two plaque phenotypes were reversible between phage genera�ons. We focused our
a�en�on to understand this dynamic. Genome sequencing led us to iden�fy independent sponta-
neous muta�ons that were all located in the tail spike gene (gp53) encoding a depolymerase en-
zyme responsible for modula�ng such phage behavior. We found the altera�ons in the tail spike
protein had a dual effect influencing the enzyma�c ac�vity and the phage adsorp�on kine�cs. This
study revealed a gene-specific high frequency muta�onal switch that modulates plaque morpho-
type. The physiological significance of this switch remains to be inves�gated.
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Phage-resistant molecular mechanisms in bacteria species con�nuously report novel and complex
gene pools that can confer phage resistance. Nevertheless, bacterial species that do not possess any
of these mechanisms, could develop bacteriophage resistance by a complex metabolic adapta�on
strategy, ins�gated by muta�ons, which o�en appear in transcrip�onal regulators and/or in phage
adsorp�on proteins. Vibrio species have been proven a valuable tool to study the orchestrated
metabolic response of gram-nega�ve marine bacteria, against abio�c and bio�c challenges. Previ-
ously, we showed that Vibrio alginoly�cus diminish the expression of specific receptors and trans-
porters in their membrane and poten�ally abort infec�on by ly�c bacteriophages. Here we study
how the development of bacteriophage resistance in Vibrio species, disrupts the quorum sensing
metabolism and subsequently affects bacterial physiology and metabolic capacity. By using an rt-
QPCR pla�orm, we studied quorum sensing receptor genes, as well as auto-inducer biosynthesis
genes, and finally cell density regulatory proteins. Results showed that bacteriophage-resistant bac-
teria diminish the expression genes of quorum sensing permeases such as LuxM, LuxN and LuxP,
a�enua�ng the normal uptake of QS pep�des and subsequently diminishing the expression of cell
density regulatory proteins, such as LuxU, AphA and HapR, which transcribe allosterically. These re-
sults correlate with the diverse phenotypic traits observed, such as biofilm forma�on, planktonic
growth, and virulence of the phage-resistant strains. The transcrip�onal shi� was also linked with
genomic muta�ons in transcrip�onal regulators UhpA and MerR, responsible for orchestra�ng many
of membrane proteins abundances. Interes�ngly, this phenomenon appears to be phage specific, a
fine-tuned metabolic engineering, imposed by the different phages the bacteria have interacted
with, upda�ng their role in microbial marine ecology.
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An�bio�c resistance establishment in Mycobacterium tuberculosis, the causa�ve agent of tubercu-
losis, has promoted the disease to a serious global threat, genera�ng a need for an alternate effi-
cient solu�on. In this regard, mycobacteriophage, a bacterial virus that infects and kills mycobacte-
ria including the pathogenic species, is considered as the efficient alterna�ve to combat these infec-
�ons. The pep�doglycan hydrolase of the ly�c D29 mycobacteriophage consists of two enzyma�cal-
ly ac�ve domains viz. N-terminal domain (NTD) and a lysozyme-like middle domain (LD), and a C-
terminal cell wall binding domain (CTD). We have previously shown that NTD alone is sufficient to
kill M. smegma�s upon its expression within the cell and that the isolated protein can hydrolyze my-
cobacterial pep�doglycan nearly as efficiently as the full-length LysA protein. Our biochemical stud-
ies now show that the isolated NTD protein is able to kill M smegma�s cells externally on adminis-
tra�ng in combina�on with sub-lethal dose of an�-mycobacterial drugs and also inhibits M. smeg-
ma�s biofilm and disrupt it in combina�on with TB first line drugs. Our molecular dynamics simula-
�ons coupled with biophysical and biochemical experiments carried out with both the wildtype and
the mutated versions of NTD allowed us to decipher the cataly�c region of the protein with C41as a
nucleophile and H112 as base. Our data also provide significant insights into the residues that are
important for both structure (L44 and E67) and func�on (Y25, C41, S42, S111, H112, and D121) of
the protein. We therefore conclude that NTD func�ons as a cysteine pep�dase. We believe that our
work will help in the designing and engineering of this cataly�c domain of mycobacteriophage en-
dolysin as a potent an�-bacterial molecule that can be used as enzybio�cs in alterna�ve phage-de-
rived therapy.
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Yersinia (Y.) enterocoli�ca is a heterogeneous species comprising highly pathogenic, weakly path-
ogenic and non-pathogenic strains. Previous data suggest that gene exchange may occur in Yersinia.
Though, only scarce informa�on exist about temperate phages of Y. enterocoli�ca, even though
many prophage sequences are present in this species. We have examined 102 pathogenic Y. entero-
coli�ca strains for the presence of inducible prophages by mitomycin C treatment. Eleven phages
were isolated from ten strains belonging the bio/serotypes B2/O:5,27, B2/O:9 and 1B/O:8. All
phages are myoviruses showing ly�c ac�vity only at room temperature. Whole-genome sequencing
of the phage genomes revealed that they belong to three groups, which, however, are not closely
related to known phages. Group 1 and group 2 are each composed of five phages (type phages
vB_YenM_06.16.1 and vB_YenM_06.16.2) with genome sizes of 43.8 to 44.9 kb and 29.5 to 33.2 kb,
respec�vely. While the a�achment sites (a�P) of group 1 phages has only a length of 7 nucleo�des,
a�P of phages belonging to group 2 is much longer (50-57 nucleo�des). Group 3 contains only one
phage (vB_YenM_42.18) whose genome has a size of 36.5 kb, which is moderately similar to
group 2. A�P of this phage is 11 nucleo�des long. Similar to the a�P sites, the host range of the
phages differed significantly. While group 1 phages exclusively lysed strains of bio/serotype
B2/O:5,27, phages of group 2 and 3 were addi�onally able to lyse B4/O:3, some of them even
B2/O:9 and 1B/O:8 strains. Ini�al experiments indicated that some of the phages are able to trans-
mit chromosomal DNA by generalized transduc�on.
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Bacterial genome diversity is largely due to prophages, which are viral genomes integrated into the
genomes of bacteria. Most prophage genes are silent, but those expressed can provide adap�ve
traits to their host. We focused our work on AppY, a transcrip�onal regulator from the AraC/XylS
family, encoded on the DLP12 prophage in E. coli K-12. By performing RNA-Seq experiments, we
showed that AppY produc�on modulates the expression of more than 200 genes, mainly involved in
stress adapta�on; among them, 13 were iden�fied by ChIP-Seq as direct AppY targets. AppY directly
and posi�vely regulates several genes involved in the acid stress response including the master reg-
ulator gene gadE, but also nhaR and gadY, two genes involved in biofilm forma�on. Moreover, AppY
indirectly and nega�vely impacts bacterial mo�lity by favoring the degrada�on of FlhDC, the master
regulator of the flagella biosynthesis. As a consequence of these regulatory effects, AppY increased
acid stress resistance and biofilm forma�on while also causing a strong defect in mo�lity. Across our
research, the prophagic protein AppY has emerged as a pleiotropic bacterial regulator. Our work
shed light on the importance to consider the gene�c dialogue occurring between prophages and
bacteria to fully understand bacterial physiology
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Bacteriophages have been proven to be efficient in the combat of bacterial mul�drug-resistant in-
fec�ons, including those caused by Pseudomonas aeruginosa. Nevertheless, the interac�ons of
phages with bacteria in the human body remains unexplained and its disclosure could lead to ad-
vance research and development in phage-based therapies.

In this work, RNA-sequencing of phage-infected P. aeruginosa PAO1 adhered to a human epithelial
cell monolayer (Nuli-1 ATCC® CRL-4011™) was performed to assess bacterial transcrip�onal process-
es occurring in phage–bacteria–human cells, i.e., mimicking phage preda�on under more realis�c
se�ngs. To achieve that, adhered bacteria were infected with phage LUZ19, and total RNA was ex-
tracted from the complex cell mixture. Therea�er, bacterial rRNA/human RNA was depleted and
cDNA libraries were prepared to sequence. The differen�ally expressed genes (DEGs) were quan�-
fied using uninfected bacteria as control.

In human airway-simulated condi�ons, there were 21, 39, and 129 bacterial DEGs a�er 5, 10, and
15 min-post infec�on, respec�vely. From DEGs, some genes were iden�fied as part of LUZ19 typical
induced responses (prophage, glycerol metabolism, and spermidine synthesis genes). However,
unique responses were also captured including upregula�on of pyochelin syntheses, LPS modifica-
�on, sulfate starva�on, exopolysaccharide-related genes, and downregula�on of bacterial global
regulators. These changes are associated with starva�on-like condi�ons (iron and sulfate) and bac-
teria adapta�on to the host, but its role in phage infec�on progression is s�ll unknown. The study of
its impact on bacterial virulence or phage efficient infec�vity under human physiology is of most
importance.

This comprehensive study allows the comparison of bacterial and phage transcripts in the presence
of host cells, contribu�ng to a be�er understanding of phage-bacteria-host interac�ons, which are
relevant in a phage therapy context.
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Bacillus virus Bam35 is the model virus of the Betatec�virus, genus of the family Tec�viridae, whose
members are typically tailless, icosahedral, membrane-containing bacteriophages. These phages
not only prey relevant human and animal pathogens from the Bacillus cereus group, but also are of
great interest due to their possible evolu�onary rela�onship with diverse groups of prokaryo�c and
eukaryo�c viruses. As temperate viruses, the intricate network of molecular interac�ons between
the phage and Bacillus proteins remains largely unexplored. Here, we present the first genome-
wide analysis of protein-protein interac�ons for a tec�virus-host system by studying the Bam35-B.
thuringiensis model. To this end, we have developed a novel and proficient approach which inte-
grates the tradi�onal yeast two-hybrid (Y2H) system and high-throughput sequencing technology.

In this study, we generated and analyzed a fragment-based genomic library of Bam35’s host B.
thuringiensis HER1410 and screened interac�ons with each of the viral ORF using different combi-
na�ons of bait-prey vectors. A total of 156 screens have resulted in the predic�on of over 4,000 pu-
ta�ve interac�ons. A�er successive filtering steps, our core virus-host predicted interactome con-
tains 182 candidate interac�ons, selected in terms of enrichment and specificity as well as biological
meaning. Overall, host metabolism proteins and pep�dases are par�cularly enriched in the interac-
tome, showing differing pa�erns compared to other known host-phages protein interactomes. In
addi�on, our results allowed us to propose func�ons for several Bam35 proteins of unknown func-
�on. This work resulted in a be�er understanding of the Bam35-B. thuringiensis interac�ons at the
molecular level and holds great poten�al for the generaliza�on of the Y2H-HTS approach for other
virus-host models.
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Our lab is presently inves�ga�ng the gene�c aspects and u�lity of bacteriophage therapy targe�ng
Methicillin-Resistant Staphylococcus aureus using phage K as a model, with a focus on phage-host
dynamics and resistance mechanisms. 18 spontaneous host mutants resistant to phage K at 30°C
were isolated using the clinically relevant S. aureus strain NRS384. 7 of these 18 mutants had single
missense muta�ons mapping to the host RNA polymerase β' subunit. To examine the hypothesis
that these muta�ons affect the transcrip�on of phage genes, we performed RNA-seq analysis on to-
tal RNA samples collected from NRS384 wild-type (WT) and rpoC mutant cultures infected with
phage K. The percentage of reads mapping to the phage genome increased steadily over the course
of infec�on, complimen�ng the decrease in the percentage of reads mapping to the WT host, sug-
ges�ng a progressive takeover of the host transcrip�on machinery by the phage. We also detected
reads mapping to two ~500 bp long intergenic stretches designated as long non-coding RNA regions
(lncRNA1 and lncRNA2), which were found to be highly conserved among Kayviruses. Based on
gene expression pa�erns and predicted loca�on of regulatory sequences, we were able to iden�fy
transcrip�on units showing early, middle, and late expression. Compared to the WT infec�on, the
percentage of reads mapping to the phage genome decreased significantly for samples collected
from the rpoC beginning 20 minutes a�er infec�on. While the expression of early genes was largely
unaffected, the genes transcribed at later stages of infec�on showed a dras�c decrease in expres-
sion levels indica�ng that the mutant is deficient in making the switch from early to late phage gene
expression. Furthermore, we have been able to isolate spontaneous phage K mutants that over-
come the resistance conferred by the host rpoC muta�ons, sugges�ng that interac�on between
host and phage factors plays a role in the transcrip�on takeover.
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Increasing problem with curing infec�ons with an�bio�c resistant Staphylococcus aureus strains is a
driving force in the development of easy to use molecular biology tools that could accelerate func-
�onal genomics of S. aureus and iden�fica�on of new targets for an�bacterials. A source of such
tools are S. aureus bacteriophages that have the ability to transfer gene�c material between S. au-
reus strains by transduc�on. Upon co-culturing S. aureus strains of various clonal complexes we iso-
lated a siphovirus (vB_SauS_ASZ22RN; ASZ22RN), that appeared to represent a new Phietavirus
genus species and could produc�vely infect laboratory strain RN4220. It originated from a prophage
of a CC7 clonal complex strain, but could infect 46 of 47 strains of 12 different clonal complexes, of
which 9 were infected produc�vely and 38 were lysed from without. When propagated in RN4220
cells containing a shu�le, low-copy number S. aureus - E coli plasmid replica�ng via the theta-mode,
ASZ22RN was able to transduce this plasmid to plasmid free RN4220 with a low frequency. Trans-
duc�on frequency was increased up to 4 orders of magnitude if the plasmid contained the small
terminase subunit gene of ASZ22RN, terS. Phage transducing par�cles were packed with plasmid
concatamers as was determined by hybrid (Illumina, MinIon) NGS sequencing of phage progeny.
Transductants could be obtained with strains that were produc�vely infected with ASZ22RN, strains
that were lysed from without, and, surprisingly, a strain resistant to ASZ22RN infec�on. The genom-
ic sequences of tested strains were determined to iden�fy their markers of ASZ22RN sensi�vity/re-
sistance. Taken together our results open a possibility to develop a feasible pipeline allowing for the
introduc�on of plasmids constructed in E. coli to any S. aureus strain to study the influence of
cloned genes on a given strain physiology or to modify the genome of a given strain by recombina-
�onal replacement.
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The vast majority of bacteriophages possess a tail that allows host recogni�on, cell wall perfora�on
and safe viral DNA channelling from the capsid to the cytoplasm of the infected bacterium. The ma-
jority of tailed phages, the Siphoviridae, bear a long flexible tail formed of stacked tail tube proteins
(TTP) that polymerise around and along the tape measure protein (TMP). At the distal end of the
tail, the tail �p complex harbours the receptor binding protein·s (RBP). Interac�on between the RBP
with the host surface triggers cell wall perfora�on and DNA ejec�on, but li�le is known on these
mechanisms for Siphoviridae. We aim at characterising the mechanism of cell wall perfora�on and
DNA ejec�on for the sipho-coliphage T5. We have determined the structure of T5 TTP and tail tube,
before and a�er interac�on with its E. coli receptor, FhuA, and shown that host binding informa�on
is not propagated to the capsid by the tail tube [1]. We now focus on the structure of the tail �p
complex: we will present the structure of T5 tail �p complex, before and a�er interac�on with FhuA
recons�tuted into nanodiscs. Structures were determined by cryo-electron microscopy and single
par�cle reconstruc�on on purified T5 tails. We could trace all the proteins that compose the tail �p
complex [2], except the RBP: we will discuss structural homologies with other phages and phage-
derived complexes and the conforma�onal changes induced by receptor binding leading to the tail
tube opening and anchoring to the membrane.

[1]    Arnaud, Effan�n, Vivès, Engilberge, Bacia, Boulanger, Girard, Schoehn and Breyton (2017) Nat
Com, 8, 1953

[2]   Zivanovic, Confalonieri, Ponchon, Lurz, Chami, Flayhan, Renouard, Huet, Deco�gnies, David-
son, Breyton and Boulanger (2014) J. Virol. 88:1162-74
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Phage infec�on is triggered by host recogni�on thanks to the Receptor Binding Protein binding to its
receptor at the surface of the cell: this interac�on allows viral DNA to be delivered into the host cy-
toplasm. This first step of infec�on is followed by viral replica�on and eventually libera�on of the
new virions. During this vulnerable �me, and during the lysogenic cycle, phages protect the new vi-
ral factory/home from over-infec�on. In coliphage T5, protec�on is mediated by a periplasmic
lipoprotein, Llp [1], targeted to the inner leaflet of the outer-membrane, which binds the phage re-
ceptor FhuA [2], [3]. Llp biological func�on is probably also to prevent the inac�va�on of progeny
phage by ac�ve receptors present in outer-membrane debris of lysed cells, thereby increasing their
chances of infec�ng a new host. We aim to decipher the mechanisms of T5 host inhibi�on by Llp at
the molecular level.

We over-expressed Llp in an acylated (Ac-Llp) and soluble (Sol-Llp) form in quan��es compa�ble
with biochemical and structural studies, and solved Sol-Llp (7.5 kDa) structure by NMR. We could
show that Ac-Llp protects the overexpressing strain from T5 infec�on and we characterized the
FhuA:Ac-Llp complex by biochemical and biophysical methods. Surprisingly, we also showed that T5
was able to infect a Salmonella strain and that Llp was also able to protect this strain against T5.

[1] K. Decker, et all « Ly�c conversion of Escherichia coli by bacteriophage T5: blocking of the FhuA
receptor protein by a lipoprotein expressed early during infec�on »

[2] V. Braun, et all « Inac�va�on of FhuA at the cell surface of Escherichia coli K-12 by a phage T5
lipoprotein at the periplasmic face of the outer membrane. »

[3] I. Pedruzzi, et all « Inac�va�on in vitro of the Escherichia coli outer membrane protein FhuA by a
phage T5-encoded lipoprotein »
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The mul�-drug resistant opportunis�c pathogen Acinetobacter baumannii is a serious and an ever-
growing healthcare concern, as it has emerged worldwide as a dominant pathogen in a broad range
of severe infec�ons. Therapeu�c applica�on of bacteriophages (phages) is an a�rac�ve alterna�ve
to control and treat this rapidly spreading nosocomial pathogen. In this study, we have carried out a
phage hunt against A. baumannii clinical isolates spreading in the hospitals of Eastern European.
Specifically, we sequenced 42 A. baumannii extensively drug resistant (XDR) clinical isolates collect-
ed from hospitals. Mul�locus sequence typing (MLST) demonstrated the presence of 4 dominant
sequence types: ST :1, ST :2 ST :636, ST :492, belonging to different serotypes. Using this informa-
�on, we selected a representa�ve set of strains and screened wastewater samples collected from
five different waste-water treatment plants for candidate phages. Next, we sequenced the genome
of obtained phages via NGS. In total, eight dis�nct ly�c, double stranded DNA phages belonging to
Siphoviridae and Myoviridae family were iden�fied. The isolated phages were then characterized
for ac�vity spectrum, growth characteris�cs, and stability under various condi�ons. We observed
that prophages are highly prevalent across the inves�gated strains which characteris�c has prevent-
ed the isola�on of phages against the majority of phenotypes. As a next step, we generated phage
resistant variants of each selected strain and used the evolved hosts for another round of phage
hunt. This in turn will expand our understanding about how A. baumannii can evolve resistance
against phages and how to overcome the resistance. Overall, the results will aid the development of
a phage cocktail to effec�vely eradicate A. baumannii infec�ons and contribute to the improvement
of therapeu�c phage applica�ons in general.
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Phage applica�on is mostly local, even though systemic administra�on represents the most suitable
route to treat deep seated infec�ons. The aim of this study was to elucidate the effect of human
serum on ly�c ac�vity of the Sb-1 phage versus Staphylococcus aureus ATCC43300 in vitro. The ly�c
ac�vity of Sb-1 (10 -10 PFU/ml) was assessed in presence of serial dilu�ons of heat-inac�vated
serum samples from different donors. Further serum processing methods included pre-treatment
with PANSORBIN  to remove IgG and frac�oning by using 10, 30 and 100KDa cut-off filters. Addi-
�onally, a pre-incuba�on (1h at 37°C) of bacteria with serum before tes�ng phages and a phage
serum-neutraliza�on assay were performed. Finally, the effect of 30% (v/v) bovine and fetal calf
serum on Sb-1 ac�vity was assessed.

The Sb-1 phage (10  PFU/ml) eradicated S. aureus (10  CFU/ml), in absence of serum. In contrast,
when Sb-1 was tested vs bacteria in presence of either 30% human serum or its dilu�ons up to
1:256, PANSORBIN-pre-treated, and bovine serum, no CFU reduc�on was observed. These findings
indicated an inhibitory effect of serum on phage ac�vity. Sb-1 ac�vity against S. aureus was ob-
served when the co-incuba�on was performed in presence of <10KDa and 10-30KDa serum frac-
�ons, resul�ng in cell eradica�on and 2-log10 CFU/ml reduc�on, respec�vely. No CFU reduc�on was
obtained with the >30KDa frac�on. Pre-incuba�on of Sb-1 with serum did not reduce the phage
�ter, sugges�ng that no phage neutraliza�on occurred. Notably, when bacteria were pre-incubated
with serum, Sb-1 caused a 2-log10 reduc�on compared to the untreated control. Interes�ngly, bac-
teria eradica�on was observed in presence of fetal calf serum. To conclude, a relevant inhibitory ef-
fect of serum on Sb-1 ly�c ac�vity versus S. aureus was observed in vitro. Ongoing studies will eluci-
date serum factors accoun�ng for the serum-mediated inhibi�on and differences between human
and calf serum.
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The Autographiviridae are generally considered to be a diverse yet dis�nct clade of bacterial viruses
marked by a strictly ly�c lifestyle and a generally conserved genome organiza�on. Typical hallmarks
include a unidirec�onal transcrip�on profile and the presence of a single subunit RNA polymerase
that is responsible for the middle/late or late transcrip�on of the phage. Moreover, this T7-like
RNAP has been u�lized extensively in biotechnological applica�ons, most importantly in the recom-
binant pET-expression systems.

We here characterize Pseudomonas aeruginosa phage LUZ100 which includes the hallmarking
genome organiza�on of the Autographiviridae yet also encodes key genes associated with a tem-
perate lifestyle. Therefore, we’ve studied its temperate behavior to further unravel these contra-
dic�ng characteris�cs. In addi�on, we have elucidated its transcrip�onal landscape using an in
house developed state-of-the-art long-read RNA sequencing method (ONT-cappable-seq). This tech-
nique brought light to some peculiar mechanisms driving LUZ100’s gene regula�on. Besides these
paradigm shi�ing insights into the biology of Autographiviridae, this phage will also be exploited for
biotechnological applica�ons.
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Bacteriophages shape the microbiomes of our planet. They are the most numerous biological en�-
�es, yet we know the func�on of less than half of the genes in any given phage’s genome. Recently,
jumbo phages, bacteriophages with genomes greater than about 200kb, have become more widely
studied, and due to their large genome sizes, the gap in knowledge about phage-encoded genes is
becoming more and more important to bridge. Certain jumbo phages have been found to use some
of these previously uncharacterized phage genes to set up unique replica�on systems, such as the
phage nucleus. The phage nucleus is a protein-enclosed compartment found within infected bacter-
ial cells that func�ons analogously to a eukaryo�c nucleus: It houses and protects phage DNA; en-
zymes needed for replica�on, transcrip�on, and recombina�on are imported inside; and transla�on
and metabolic processes are kept separate in the cytoplasm. Understanding the genes required for
a phage to establish such a complex structure will greatly increase our knowledge of phage biology,
a resource for iden�fying new biological mechanisms. Here we characterize the Erwinia jumbo
phage vB_EamM_RAY (RAY) replica�on cycle and show that it proceeds through the forma�on of a
phage nucleus with complex and dynamic subcellular organiza�on. Unlike previously characterized
Pseudomonas-infec�ng nucleus forming jumbo phages, RAY does not degrade the host chromo-
some and forms a large phage nucleus that must compete with the host nucleoids for space. By
studying RAY and analyzing its genome, we have uncovered new groups of conserved proteins that
are likely involved in phage replica�on.
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Adsorp�on is a key step in phage recogni�on of sensi�ve host cell implying the specific interac�on
between Receptor Binding Proteins (RBP) o�en located at the distal part of the phage tail and re-
ceptors on the surface of their bacterial host. Adsorp�on is generally described as a three-step
process ini�ated by random collisions between phage and its host, followed by reversible binding of
the virus to bacterial surface components and the final irreversible bound of the RBP to its cognate
receptor. These crucial adsorp�on steps, governing phage host spectrum, have been widely studied
in Gram-nega�ve bacteria but remain so far less understood among Gram-posi�ve bacteria. Vp4 is a
ly�c phage that belongs to the Herelleviridae family of long contrac�le tail phages infec�ng bacteria
of the phylum Firmicutes. This study aims to bring new insights into the interac�ons between Vp4
and its Bacillus cereus - Bacillus thuringiensis hosts through the characteriza�on of Vp4 tail proteins
and the iden�fica�on of the bacterial receptor(s).

The tail proteins Gp112 (puta�ve RBP) and Gp119 (baseplate wedge protein featuring a carbohy-
drate binding domain) fused to a GFP confirmed their binding capacity to host cells and their likely
implica�on in the adsorp�on process. In parallel, four independent spontaneous mutants of the B.
thuringiensis BGSC4BA1 insensi�ve to Vp4 phage were isolated using the improved protocol of
plaque assay with double-layered agar. These mutants displayed an impaired phage adsorp�on sug-
ges�ng an altera�on in the receptor. Analysis of their chromosomal sequences pinpointed a mutat-
ed collagen triple helix repeat domain protein in all four mutants. This gene was knocked-out and
preliminary results showed an impaired adsorp�on in comparison to the wild-type sugges�ng a po-
ten�al implica�on in the adsorp�on process. Further confirma�on will be obtained by complemen-
ta�on experiments in which the phage suscep�bility should be regained.
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Viruses are present in all domains of life and have been shown to play important roles in microbial
communi�es such as nutrient cycling and horizontal gene transfer. In comparison to eukaryotes and
bacteria, archaea and their viruses are substan�ally understudied. The characteriza�on of archaeal
viruses is hindered mainly due to the lack of cul�vable hosts and hosts that can be gene�cally ma-
nipulated. Archaeal viruses are diverse in virion architecture and gene content and a number of ar-
chaeal viruses exhibit morphologies that are not known for viruses that infect bacteria and eukary-
otes. One of these morphotypes are, spindle-shaped virus, that are unique to archaea and are om-
nipresent in hypersaline environmental samples (Bath et al., 2006; Krupovic et al., 2014; Oren et al.,
1997; Sime-Ngando et al., 2011). However, only one halophilic spindle-shaped virus (His1 virus in-
fec�ng  Haloarcula hispanica) has been isolated to date (Bath & Dyall-Smith, 1998). While studying
an unpublished Halorubrum sp., we discovered both spindle-shaped par�cles and other virus-like
par�cles (VLPs) in the supernatant of the cultures. Sequencing of the purified par�cles revealed two
dis�nct viral genomes, a novel spindle-shaped virus with no homology to known viruses, and a nov-
el Betapleolipovirus. Pleomorphic viruses of the family Pleolipoviridae also have morphologies
unique to archaea and are nearly impossible to differen�ate from membrane vesicles with mi-
croscopy alone. While trying to establish a stable virus-host system for the spindle-shaped virus, we
observed interes�ng behavior that will be presented.
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Contribution of prophages in extracellular vesicle production by the Gram-positive
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Bacterial cells release membrane vesicles (MV) which are nanostructures delimited by a lipid bilay-
er. The size and composi�on of those vesicles depend on the species, the environment and mecha-
nism by which they are produced. In most cases, MV range from 20 to 400 nm and can carry a vari-
ety of macromolecules such as proteins, nucleic acids, virulence factors, quorum sensing molecules
as well as other cellular components. The study of MV has gained considerable interest over the last
10 years due to the diversity of func�ons ensured by these structures. This diversity places MV at
the crossroad of major research topics in today’s microbiology, such as an�bio�c resistance, hori-
zontal gene transfer, inter- and intra-species communica�on, biofilm development, bacteriophage
resistance, vaccina�on or pathogenesis.

MV research has mainly focused on Gram-nega�ve bacteria and despite the increasing interest in
Gram-posi�ve MV, the mechanisms by which they are released remain to be unveiled. In this work,
we established a link between the presence of a prophage and the release of MV by the Gram-posi-
�ve bacterium Lac�caseibacillus casei BL23. By comparing a mutant harboring a defec�ve prophage
to the parental strain, we were able to quan�fy the contribu�on of L. casei BL23 prophages in MV
produc�on. We also demonstrated that prophages influence the membrane integrity of the bacte-
ria, thus contribu�ng to the forma�on of MV. Interes�ngly, prophages are only responsible for the
produc�on of a subset of the MV released by the bacteria, sugges�ng the existence of addi�onal
mechanisms involved in MV produc�on in this strain. Overall, our results suggest a key role of
prophages and provide new insight into MV produc�on by Gram-posi�ve bacteria. Finally, the study
of MV biogenesis is of great interest as prophage-induced MV could poten�ally influence bacterial
behavior and stress resistance.
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Bacteriophages kill bacteria by osmo�c lysis towards the end of the ly�c cycle. Under standard hy-
potonic culture condi�ons, pep�doglycan-degrading endolysins released at the end of infec�on cy-
cles cause explosive cell death not only of the infected host, but can also a�ack non-infected by-
stander cells. Here, we show that in osmo�cally stabilized environments Gram-posi�ve bacteria can
evade phage preda�on by transient conversion to a wall-deficient L-form state. This L-form escape
is triggered by endolysins disintegra�ng the cell wall from without, leading to turgor-driven extru-
sion of wall-deficient, yet viable L-form cells. Remarkably, in absence of phage preda�on, L-forms
can quickly revert to the walled state, which is favorable under normal environmental condi�ons.
These findings suggest that L-form escape represents a popula�on-level persistence mechanism to
evade phage killing. Furthermore, we demonstrate phage-mediated L-form switching of
Enterococcus faecalis in human urine, which underscores that this escape route may be widespread
and could have important implica�ons for phage- and endolysin-based therapeu�c interven�ons.
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The treatment of infec�ons caused by human and veterinary pathogen Staphylococcus aureus is be-
coming worldwide healthcare concern due to the increasing resistance to an�bio�cs. A promising
alterna�ve to currently used drugs is represented by ly�c phages from genus Kayvirus, but their use
is impeded by the lack of knowledge of phage-bacterium molecular interac�ons. We performed
RNA sequencing of two S. aureus strains infected with Kayvirus bacteriophage K to decipher the
transcriptomics of the phage ly�c life-cycle and the host response. We found that the temporal
transcrip�onal profile of phage K was comparable in both strains except for a few loci. The RNA-Seq
data also revealed presence of phage non-coding RNAs, which may play a role in the regula�on of
phage and host gene expression. The response of S. aureus to phage K infec�on resembles a gener-
al stress response and involves upregula�on of nucleo�de, amino acid and energy synthesis and
transporter genes and the downregula�on of host transcrip�on factors. The interac�on of phage K
with variable gene�c elements of the host showed slight upregula�on of gene expression of
prophage integrases and an�repressors. The virulence genes involved in adhesion and immune eva-
sion were only marginally affected. The study gives a comprehensive view on the phage-bacterium
interac�ons that improves the knowledge of molecular mechanisms underlying the Kayvirus ly�c
ac�on. We clarify the global transcrip�onal interac�ons between phage and host, which will ensure
safer usage of phage therapeu�cs and may also serve as a basis for development of new an�bacter-
ial strategies.

Acknowledgments: Supported by grant NU22-05-00042 from the Ministry of Health of the Czech
Republic.
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Acinetobacter baumannii, considered a number one priority pathogen by WHO, is threatening hos-
pitals due to its high ability to acquire an�bio�c resistance. We have recently shown that mobile el-
ements, such as prophages, are highly prevalent and encode several fitness/virulence-related
genes, sugges�ng that they may serve as vectors for the spread of virulence. Here, we want to un-
derstand how stress factors influence the prophage behavior and disclose the role of the unique
SOS response system, umuDAb and ddrR, in prophage induc�on. First, the A. baumannii ATCC 17978
strain was subjected to different sub-mic concentra�ons of mitomycin C (MMC), H O , and
ciprofloxacin (cip), followed by incuba�on, RNA extrac�on and qRT-PCR analysis. A�er verifying the
prophage behavior under these stress condi�ons, a ddrR knockout mutant was engineered using
CRISPR-Cas9 to assess its influence on prophage expression. As expected, all condi�ons triggered an
SOS response in the type strain as well as prophage induc�on, as both the ddrR and umuDAb genes,
and the cro and capsid genes were overexpressed. Different levels of induc�on were observed be-
tween the condi�ons tested. For example, prophage induc�on was lower when challenged with cip
than with MMC. In terms of growth curves, we observed that the ddrR mutant grew at faster than
the type strain. Curiously, when challenged with MMC, the type strain showed significantly de-
creased CFUs in contrast to the ddrR mutant strain. Our findings show that each stress condi�on
leads to different levels of prophage responses and that some can increase the fitness/virulence ex-
pression without detrimental effects on the host. The SOS gene ddrR is important for prophage in-
duc�on and, consequently, its absence contributes to the bacterial robustness during growth. In
conclusion, it is important to understand how prophages are affected by host genes under different
stresses to improve an�microbial efficacy.
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Pseudomonas aeruginosa is an opportunis�c, nosocomial pathogen that is correlated with persis-
tent infec�ons within wound environments, leading to delayed healing. These infec�ons are o�en
recalcitrant to an�microbial treatments and host immune defenses. Due to the resul�ng limited
treatment op�ons, development of novel therapies is a cri�cal research priority. Herein, we demon-
strate the therapeu�c poten�al of the well-characterized phage, PEV2, as a promising strategy for
controlling P. aeruginosa infec�ons in an in vivo wound infec�on model. This phage was found to
lack toxicity as no morbidity or mortality was observed with phage administra�on. Phage
monotherapy significantly improved P. aeruginosa-infec�on outcome, decreasing bacterial burden
within the wound bed by 2.9 log, 72 h post infec�on. Moreover, bacterial infec�ons substan�ally el-
evated neutrophil numbers, both in the blood and wounds, while phage treatment significantly low-
ered neutrophil circulatory levels and accumula�on in wounds despite prior P. aeruginosa infec�on.
This suggests that phage-related decreases in bacterial burdens caused lower neutrophil recruit-
ment. Improved healing and overall reduced levels of inflammatory markers also were observed in
phage-treated wounds rela�ve to untreated controls, which is presumably correlated with reduc-
�ons in bacterial loads and direct downregula�on of the ac�vity of cells engaged in proinflammato-
ry processes. Besides wound beds, spleens and livers served as major sites of accumula�on of
phages and bacteria, presumably as a func�on of the roles of these organs in foreign-body removal
from circula�on. Our study demonstrates that topical administra�on of phage PEV2 has a promising
therapeu�c poten�al in P. aeruginosa wound infec�on treatment, including posi�vely impac�ng
wound healing processes and reducing immune and inflammatory responses.
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Phage therapy employs viruses (phages) to treat bacterial infec�ons. In the clinic, phage therapy
o�en is used in combina�on with an�bio�cs, including against Pseudomonas aeruginosa infec�ons.
An�bio�cs, however, interfere with cri�cal bacterial func�ons, such as DNA replica�on and protein
synthesis, that are required for phage infec�on. Nevertheless, the impact of an�bio�cs on phage
replica�on is not commonly determined prior to phage therapies. Here we use an op�cal density-
based ‘lysis profile’ assay to assess the impact of four classes of an�bio�cs – colis�n, ciprofloxacin,
meropenem, and tobramycin – on the bactericidal, bacterioly�c, and virion-produc�on ac�vi�es of
P. aeruginosa phages. This is a rapid, high-throughput assay that provides results of phage-an�bio�c
interac�ons within a few hours, e.g., as could be employed prior to the start of phage-an�bio�c
combina�on treatments. In our study, phage-an�bio�c combina�ons were more potent in reducing
P. aeruginosa than phages or an�bio�cs alone, though colis�n and tobramycin substan�ally inter-
fered with phage bacterioly�c and virion-produc�on ac�vi�es even at minimum inhibitory concen-
tra�ons (MICs). Ciprofloxacin and meropenem, by contrast, had no or minimal impact at clinically
relevant concentra�ons (up to 9× MIC). We corroborated these lysis profile results by more tradi-
�onal measurements: colony forming units, plaque forming units, and one-step growth experi-
ments. To our knowledge, this is one of the first studies addressing the impact of an�bio�cs on P.
aeruginosa phage ac�vi�es over the dura�on of individual phage infec�ons. Collec�vely, this indi-
cates that ciprofloxacin as well as meropenem may be minimally antagonis�c in phage therapy co-
treatments of P. aeruginosa infec�ons. More generally, our results point to a prospect of rapid, rou-
�ne tes�ng of an�bio�c antagonism on phage infec�on ac�vi�es prior to the ini�a�on of phage
treatments.
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Staphylococcus aureus poses a high risk of life-threatening, o�en an�bio�c-resistant infec�ons, and
its phages might become helpful for diagnos�cs and disease treatment. The most important factor
determining the host range of S. aureus phages is the species-specific structure of wall teichoic
acids (WTA), which is the only know phage receptor in S. aureus. While most other Staphylococcus
species carry a WTA composed of a glycerol-phosphate backbone, nearly all S. aureus strains pos-
sess a ribitol-phosphate WTA with GlcNAc-glycosyla�on in different conforma�ons. These cell wall
polymers cannot mutate as easily as proteinaceous phage-receptors of other bacteria such as
Gram-nega�ves. Due to this slow-evolving nature of the phage-receptors, we aimed to inves�gate
the degree of conserva�on, structure and func�on of the corresponding receptor-binding proteins
(RBPs).

Through bioinforma�c analysis of S. aureus phage genomes, we discovered various RBPs necessary
for adsorp�on to the host. With the help of mul� genome analysis of over 300 S. aureus phage
genomes, we found that S. aureus ribitol-phosphate binding phages cluster in 10 different groups
based on their predicted RBPs. To confirm the binding capabili�es of these receptors, protein fusion
constructs were created by addi�on of a fluorescent N-terminus to the phage RBPs. These con-
structs were then used to inves�gate the specific binding of these proteins to the host cells, which
matched the in-vivo behavior of the corresponding phages. The created phage clusters will allow us
to predict the success of phage adsorp�on to different WTA glycosyla�on types during the ini�a�on
of phage infec�on and may be useful for gaining more insights into the host range of both known
and novel phages.
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CRISPR interference (CRISPRi) technology is a method that allows sequence specific control of gene
expression. Based off the CRISPR Cas9 system, CRISPRi uses a single guide RNA (sgRNA) and a cat-
aly�cally inac�ve version of the Cas9 protein (dCas9). Working at the transcrip�onal level, the sgR-
NA-Cas9 complex binds to the target DNA sequence and causes a steric block to RNA polymerase. In
this way, it can provide reversible, targeted inhibi�on of genes of interest and can be a useful tool
for understanding gene func�ons. So far, it has been demonstrated to work in bacterial systems, but
has yet to be used as a tool in bacteriophages.

CrAss-like phages are extremely prolific and widespread bacteriophages in the human gut, account-
ing for over 86% of gut viral genomes. First discovered in silico in 2014, only five crAss-like phages
have been isolated with their hosts thus far (ΦCrAss001, ΦCrAss002, DAC15, DAC17 and Φ14:2).
While a number of intriguing genomic features have been observed in silico, many of their biologi-
cal characteris�cs remain unknown. The aim of this work is to use CRISPRi to target puta�ve head,
tail, terminase, DNA and RNA polymerase genes in DAC15, in order to garner further insight into the
structural and biological roles these genes play. This is carried out using a system already estab-
lished in Bacteroides thetaiotaomicron, the host of DAC15.
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Escherichia coli producing Shiga toxin (Stx) are called STEC. Stx-phages can horizontally transfer Shi-
ga toxin-encoding genes between bacteria. The produc�on of Stx by lysogens in the diges�ve tract
can cause bloody diarrhea with intes�nal cramping, diarrhoea, hemorrhagic coli�s, HUS (Haemolyt-
ic uraemic syndrome), each disease being progressively worse and to some extent governed by the
amount of Stx produced during the resul�ng STEC infec�on. In addi�on, Stx-phages are lambdoid
phages, of which λ phage is the archetype. The size of Stx-phage genomes can be 50% larger than
the size of the λ phage genome. However, there is very li�le research focusing on the func�on of
this extra DNA.

One of the Stx-phges is Φ24 . Previous work showed that the expression of two genes of unknown
func�on from Φ24 , vb_24B_13c and res, are only expressed whilst the prophage is integrated sta-
bly in the host cell. In addi�on, unpublished works done by Dr. Veses-Garcia showed that
vb_24B_13c, res and stk are under the control of same promoter, p , which drives C  expression,
and these three genes are likely to be transcribed as one transcript and have been shown to con-
tribute to the mo�lity of E. coli lysogen at 37℃.

Therefore, this project was aimed to inves�gate evidence, to prove these three prophages,
vb_24B_13c, res and stk, can alter the lysogen’s mo�lity at the transcrip�onal level. Mul�ple ap-
proaches were included in this project, such as mo�lity test, NanoString datastes, RNA-seq (from
previous data), bioinforma�cs analyses. The produc�on of gene�c constructs, and the development
of assays (both biochemical and molecular biological) were used to ascertain the func�on of
vb_24B_13c, res and stk.
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Temperate phages that associate with bacterial pathogens must be well adapted to the pathogenic
lifestyle of their hosts. A ly�c induc�on in the mammalian environment, if occurs, has to be �ghtly
regulated, as it can lead to the elimina�on of both the bacteria and the phage. The comK-associated
phage of Listeria monocytogenes (Lm) strain 10403S (ɸ10403S) is well adapted to the intracellular
lifestyle of its host. During Lm infec�on of macrophage cells the phage, which is integrated within
the comK gene, excises its genome, yielding a func�onal comK gene that promotes the escape of Lm
from the macrophage’s phagosomes to the cytosol, without triggering virion produc�on and bacter-
ial lysis. It was recently demonstrated that this phage has lost its main an�-repressor, and become
fully dependent on the an�-repressor of another phage element that inhabit the chromosome,
which responds to SOS condi�ons by producing phage tail-like bacteriocins. Here we show, that this
evolu�onary changeover of the phage an�-repressor was accompanied by the acquisi�on of a
unique domain at its CI-like repressor, that a�enuates phage induc�on at 37°C, hence preven�ng
phage-mediated bacterial lysis in the mammalian niche. Using a set of experiments comparing
ɸ10403S to a closely related listerial comK-phage that did not lose its an�-repressor, we demon-
strate that the acquisi�on of the CI extra domain and the loss of the phage an�-repressor play an
important role in the adapta�on of this phage to the pathogenic lifestyle of its host.
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Bacteriophages are viruses specific to bacteria. Due to the lack of appropriate receptors on the sur-
face of eukaryo�c cells, they were long considered neutral to animals. However, the increasing
number of recent studies show that bacteriophages are capable of interac�ng with immune cells.
Therefore, such interac�ons must be comprehensively inves�gated before phage therapy can be
considered completely safe.

The main purpose of this study was to analyse the effect of phage therapy on immune cells and pro-
teins in broiler chicken model. Therefore, the levels of inflammatory factors in serum and organs
were evaluated.

Experiments were conducted on 8 groups of broiler chickens: 3 control groups (receiving saline,
phage cocktail and Salmonella respec�vely), 3 Salmonella-infected groups treated with phage cock-
tail, 2 Salmonella-infected groups treated with an�bio�cs. The levels of cytokines such as: IFN-γ, IL-
1β, IL-4, IL-6, IL-8, IL-10, IL-12 in serum and IL-6 and IL-10 in organs were detected by ELISA. More-
over, the levels of lymphocyte subpopula�ons such as: lymphocytes B, T helper cells, cytotoxic T
lymphocytes in blood serum were determined.

No significant differences were observed in Salmonella-infected animals receiving phage cocktail 24
hours a�er infec�on, compared to the control receiving 0,9% NaCl. However, we observed that lev-
els of cytokines and lymphocytes in Salmonella-infected animals receiving phage cocktail 4 days af-
ter detec�on of bacteria in the feces were increased compared to uninfected control groups.

Our results suggest that phage therapy does not increase the proinflammatory parameters in the
chicken blood and organs, but, importantly, could reduce some of them, that may indicate their po-
ten�al ability to modulate immune system. Furthermore, we showed that the appropriate �ming of
phage cocktail administra�on affects protein and cellular levels of the immune system.
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It has been reported about promising results on applying ly�c phages along with a non-pathogenic
epiphyte Pantoea agglomerans in biological control of fire blight (Lehman, 2007). Recently, the nov-
el ly�c bacteriophage KEY was isolated from quince with fire blight symptoms. Transmission elec-
tron microscopy revealed its resemblance to members of the family Siphoviridae (Faidiuk, 2015).
Host range analysis indicated that this phage is able to lyse P. agglomerans, E. amylovora and E. hor-
�cola cells (Tovkach,  2013). Here, we report the genome sequencing and characteriza�on of
E. amylovora phage KEY.

Phage DNA was sequenced using the Illumina HiSeq 2500 pla�orm at The Centre for Applied Ge-
nomics (Hospital for Sick Children, Toronto, Canada). The con�gs were assembled using DNASTAR’s
SeqMan NGen12 so�ware. Genes were predicted using DFAST with subsequent manual cura�on.
tRNA encoding genes were iden�fied using tRNAscan-SE and ARAGORN.

The obtained reads were assembled into four con�gs. Con�g_3 was the longest one (108.069 kb)
and all of the con�gs could not be assembled in an integral genome sequence. Their total length
was approximately 119.089 kb. KEY shows high sequence iden��es to P. agglomerans phage AAS21
(MK770119), which has 97.56% iden�ty and 96% query coverage to the KEY con�g_3. Genomic
analysis and annota�on reveal 184 open reading frames (ORFs), of which 18 ORFs have no ho-
mologs in the databases, 91 ORFs encode hypothe�cal proteins and 75 ORFs have predicted func-
�ons involved with virion morphogenesis, DNA metabolism, adsorp�on and host lysis. Phage KEY
also encodes 26 tRNA genes and puta�ve EPS-depolymerase. No obvious toxins, phage lysogeny,
an�bio�c resistance or virulence factors are encoded by these phage genomes. According to the
genome structure, it was classified as a T5-like phage.

The obtained data expand the knowledge of Erwinia phages and may be helpful for the biocontrol
of E. amylovora.
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MDR serovars of Salmonella Typhimurium are a major concern for food safety. Phage therapy can
be an alterna�ve for the treatment of such MDR Salmonella serovars. We have isolated and ana-
lyzed a novel Salmonella phage (Salmonella-Phage-SSBI34). SSBI34 exhibited good lysis poten�al
and restricted bacterial growth �ll 16h as compared to the control bacteria. It was stable at high
temperatures and low pH. Genome analysis (141.095 Kb) indicated that its nucleo�de sequence
was novel as it exhibited only 1–7% DNA coverage. The phage genome features 44% GC content,
and 234 puta�ve open reading frames were predicted. The genome was predicted to encode for 28
structural proteins and 40 enzymes related to nucleo�de metabolism, DNA modifica�on, and pro-
tein synthesis. Further, the genome features 11 tRNA genes for 10 different amino acids indica�ng
alternate codon usage and hosts a unique hydrolase for bacterial lysis. This study provides new in-
sights into the subfamily Vequintavirinae and SSBI34 may represent a new genus.
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The majority of Clostridia species are known as animal and human pathogens. Food borne illness
caused by Clostridium perfringens is the most common illness resul�ng from the consump�on of
contaminated food (Scallan et al., 2011). Clostridium difficile is recognized to be an�bio�c associat-
ed pathogen, it is one of the major triggers of   gastrointes�nal (GI) comorbidi�es. Bacteriophages
(phages) can be considered as candidates to replace an�bio�cs medical prac�ce. 

The aim of this study was to isolate phages against Clostridia species and study their biological
characteris�cs.

A total of 85 C. perfringens strains were used in this study (48 o isolated from the poultry, 37 - from
pa�ents). Bacteriology iden�fica�on was performed using selec�ve media (Ki�-Tarozzi, Wilson-Blair,
etc.). Phages were isolated from the water samples using enrichment method.  Phage suscep�bility
and host range was determined using spot-test analysis. Electron microscopy was performed on
JEOL-100 SX. Newly isolated phage clones were purified and concentrated according to standard
methods (Adams, 1961). C. difficile strains were obtained from Gent University, Belgium.

The strains collec�on was screened for phage suscep�bility against 17, three (F3, Fk and F49) out of
which were isolated from the river Mtkvari.  Cl. perfringens # 49 and # 217 were used as host
strains. The host coverage for different phages varied from 1.17% (14F) to 60 % (phage F1). Five
clones (F1, F2, F3, Fk and F49) with overlapping host ranges were selected for further studies. These
phages showed cross ac�vity against C. difficile strains, ranging from 43% (for phage F2) to 90,5%
(for Phage Fk).

F1 showed the broadest coverage of C. perfringens strains, we used it for further characteriza�on. 
It was demonstrated that the adsorp�on of phage F1 on the host cell surface starts a�er 5 minutes
and achieves its maximum a�er 20 min, by this �me 99% of phages are a�ached to the appropriate
cell receptors.  The latent period is rather long and takes about 1.5h, cell burst size is quite low
about 40-80 phage par�cles/cell.

Gene�c studies of Clostridia phages are ongoing.
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An�bio�c resistance in both medical and agricultural context is an increasingly emergent threat that
might be addressed with phage-based an�microbials. However, rela�vely narrow host-range and
development of phage resistance are hurdles in the advancement of effec�ve phage therapies. Even
among phage with nearly a century of study in the laboratory, virtually all contain numerous gene
products of unknown func�on. These phages are experimentally shown to have their ability to iden-
�fy and adhere to their host primarily defined by the receptor binding proteins located at the distal
�p of their short and long tail fibers. The diverse group of adhesins called gp38 recognize numerous
different outer membrane proteins and func�onal sites on the surface of E. coli. The short tail fiber
gp12 is responsible for irreversible binding to the host to begin the infec�on cycle. Within T4-like
myoviruses there is a large diversity of receptor binding domains, as well as highly specific epige-
nomic features. For example, T4 which may bind to ompC or lipo-polysaccharides (LPS) produces
glucosyl-hydroxymethyl cytosine (glc-5hmC). RB69 is a T4like phage that iden�fies ompF and which
is shown to be unable to recombine with most other T4-like phage, likely due to arabinosyla�on of
its DNA. Li�le is known what other func�ons this sugar modifica�on may have. Here we use Lb-
Cas12a mediated homologous recombina�on to exchange adhesins and short tail fibers of several
T4-like phage with those of RB69. We assess the resul�ng change in host-range by pla�ng the engi-
neered phage on the 72 unique strains in the E. coli collec�on of reference (ECOR). From this we
seek to unravel more of the impact of epigene�c modifica�ons in phage and develop an approach
for efficient host-range modifica�on that is useful to create a broad host range phage with op�mal
therapeu�c features.
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The number of outbreaks through contaminated fresh produces by foodborne pathogens has been
increased worldwide. Foodborne pathogens are most frequently transmi�ed to fresh produce
through contaminated irriga�on water. A�er transmission, it is hard to eliminate foodborne
pathogens on the fresh produce a�er harvest. Depending on the microbial contamina�on agent and
load on the fresh produce, the foodborne illness and severity might be varied, respec�vely. For bac-
terial pathogen control, the most used sani�zer is chlorine as a disinfected agent. However, chlorine
use has been linked to an increase in chemical risk. Therefore, alterna�ve preven�on methods that
can be applied in the field should be inves�gated. One of the major foodborne bacterial causa�ve
agents is Escherichia coli. According to CDC, approximately 265,000 E. coli infec�on occur in the U.S.
each year and E. coli O157:H7 causes 36% of them. In this study, the aim is to develop an alterna�ve
applica�on to prevent the presence of E. coli O157:H7 on freshly consumed garden cresses. First,
cresses contaminated with E. coli O157:H7 with a bacterial load 10  CFU/mL, according to the irriga-
�on schedule which contains 6 different groups via spraying. Then, phage cocktail solu�on for E. coli
O157:H7 mixed with 0.85% NaCl with the mul�plicity of infec�on (MOI) = 100. Cresses that are con-
taminated by E. coli O157:H7 watering with this solu�on consider the irriga�on schedule by spray-
ing.  A�er the harvest, enumera�on for total E. coli and biofilm-forming E. coli count was conduct-
ed. Results were compared with their control groups. Moreover, adherence of E. coli on leaves was
inves�gated with the Scanning Electron Microscope (SEM). Results demonstrated that there is a sig-
nificant difference between control and therapy groups with an average 1,94 log reduc�on in total
E. coli count and an average 2,35 log reduc�on in biofilm-forming E. coli count.

1 1,2*

5

mailto:ysoyer@metu.edu.tr


394

Poster ID: AgroV.268(PS1-R5.08)

bacteriophage biocontrol Pseudomonas syringae Agriculture

Use of bacteriophges to control Pseudomonas syringae pv. actinidiae in kiwifruit
orchards.
Paulina Sanhueza , Marcela León , Ximena Besoain , Carolina Yañez , Roberto Bas�as 

1. Escuela de Agronomia, Pon�ficia Universidad Católica de Valparaíso One
2. Ins�tuto de Biología, Pon�ficia Universidad Católica de Valparaíso Two

Correspondence:
roberto.bas�as@pucv.cl

Chile is one of the largest kiwifruit producers worldwide. This industry has been affected by the
phytopathogen Pseudomonas syringae pv. ac�nidiae (Psa), for which control methods includes cop-
per-based products and an�bio�cs; however, their use is heavily restricted due to the risk of resis-
tance development and phytotoxicity.

Phages has been proposed as an alterna�ve to control bacterial pathogens in agriculture due to
their natural origin and specificity. Here we evaluate the use of a cocktail of four, previously charac-
terized, phages to control Psa infec�ons in real kiwifruit produc�on condi�ons. The phages were
evaluated in two fields (Peumo, Region of O’higgins and Linares, Region of Maule, Chile) where Psa
was present, and during two seasons in independent trials (2019 and 2020).

As expected, no differences in symptomatology were observed between the plants at the beginning
of the trials. Similarly, no differences were observed between the treatments during the first season
in Peumo, but in Linares, plants that received a copper treatment showed an increased damage in-
dex (19.25%) in comparison to other treatments, including phage treatment (7.5%).

During the trials of the second season, plants that received phage treatments showed a damage in-
dex lower (12.5% in Peumo and 9.5% in Linares) than the damage index of plants that received cop-
per treatment (29% in Peumo and 25.5% in Linares), and near 20% lower than the dame index ob-
served in control plants with no treatment (32% in Peumo and 30% in Linares). These results were
consistent in the two fields assayed. Phages were only detected in plants that received phage treat-
ment through the experiment. The bacterial and Psa load were interrupted due to the pandemic
restric�ons.

These results showed that phages have the poten�al to combat Psa infec�ons in real kiwifruit pro-
duc�on condi�ons. We expect that this study will contribute to the development of new tools to
control this phytopathogen.
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Resistance to phage infec�ons allows bacteria to survive and mul�ply in the presence of their viral
predators. However, such resistance frequently results in direct costs for resistant variants linked
with their ecological fitness, compe��veness for resources or/and virulence. Unfortunately, li�le is
known about ecological fitness penal�es paid by plant pathogenic bacteria in their natural habitats,
including agricultural fields. So� Rot Pectobacteriaceae (SRP), including D. solani and P. parmen�eri,
are agricultural pathogens causing increasing losses in the produc�on of crops and nonfood plants
globally. This study aimed to analyze fitness costs paid by the phage-resistant Dickeya solani and
Pectobacterium parmen�eri variants in vitro as well as during infec�on of their primary host plant -
Solanum tuberosum L. (potato). Using Tn5-based mutagenesis, we iden�fied and characterized bac-
terial loci that encode structures required for phage a�achment and infec�on suscep�bility to bet-
ter understand the molecular determinants responsible for fitness altera�ons in phage-resistant D.
solani and P. parmen�eri strains. With this approach, we inves�gated a tradeoff hypothesis that
phage-resistance causes fitness disadvantages in the environment. Our main finding is that the cost
of phage resistance for SRP bacteria is context-dependent. Although phage resistance did not affect
most of the phenotypes of SRP bacteria in vitro, all phage-resistant variants of both bacterial
species were heavily impacted both in their ability to survive on the plant surface and cause disease
symptoms in planta. This suggests that fitness costs due to phage resistance in plant pathogenic
bacteria may be more o�en happening in nature than it has been reported from in vitro studies.

Acknowledgements: This research was financially supported by the Na�onal Science Center, Poland
(Narodowe Centrum Nauki, Polska) via research grant OPUS 13 (2017/25/B/NZ9/00036) to Robert
Czajkowski.
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Escherichia coli (E. coli) is one of the most common pathogenic bacteria worldwide. Avian path-
ogenic E. coli (APEC) causes severe systemic disease in poultry (Colibacillosis) and accordingly has an
extreme risk on the poultry industry and public health worldwide. Due to the increased rate of mul-
�-drug resistance among these bacteria, finding an alterna�ve therapy to an�bio�cs to treat such
infec�ons. Bacteriophages are considered one of those best solu�ons. This study aimed to isolate,
characterize, and evaluate the poten�al use of isolated bacteriophages to control E. coli infec�ons
in poultry. Three novel phages against E. coli O18 were isolated from sewage water and character-
ized in vitro.  The genome size of the three phages was es�mated to be 44,776 bp, and the electron
microscopic analysis showed that they belong to the Siphoviridae family, in the order
Caudovirales. Phages showed good tolerance to a broad range of pH and temperature. The com-
plete genomes of three phages have been sequenced and deposited into the GenBank database.
The closely related published genomes of Escherichia phages were iden�fied using BLASTn align-
ment and phylogene�c trees. The predic�on of the open reading frames (ORFs) iden�fied protein-
coding genes that are responsible for func�ons that have been assigned, such as cell lysis proteins,
DNA packaging proteins, structural proteins, and DNA replica�on/transcrip�on/repair proteins.
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Bacteriophages and their derived proteins are an a�rac�ve alterna�ve for comba�ng surface conta-
mina�on with the Gram-posi�ve pathogen Staphylococcus aureus. However, the success of this
strategy will depend on the suscep�bility of different strains to these an�microbials. Within this
context, understanding the different mechanisms that lead to resistance or decreased suscep�bility
to phages and phage-derived ly�c proteins will help predict the outcome of their use as an�biofilm
agents.

This work aimed to perform a compara�ve phenotypic and genotypic analysis of 21 S. aureus strains
from different origins (clinical origin, milk from mas��c cows and food industry surfaces).  On the
one hand, we assessed several phenotypic traits of these isolates, including biofilm forma�on,
staphyloxan�n produc�on, suscep�bility to four staphylococcal phages (two myoviruses: phiIPLA-
RODI, phiIPLA-C1C, and two siphoviruses: phiIPLA35 and phiIPLA88) and one endolysin (LysRODI)
derived from phage phiIPLA-RODI. On the other hand, the genomes of all strains were compared in
order to search for poten�al differences that explain the observed phenotypes, including puta�ve
suscep�bility markers. To do that, some genomes were taken from public databases and others
were sequenced de novo. The results of this analysis shed light on some possible muta�ons in-
volved in the characteris�cs of these isolates, but also confirmed the complexity of the studied phe-
notypes, especially suscep�bility to phages and endolysins. Indeed, further studies will be neces-
sary to confirm if the genotypic changes detected are actually behind the differen�al ability of these
an�microbials to eliminate the analyzed strains.
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Human noroviruses represent ~ 20% of all gastroenteric infec�ons, with an es�ma�on of 685 mil-
lion cases per year worldwide. Combined with oysters, it is the world second leading cause of
pathogen/food outbreaks. Oyster produc�on is heavily impacted by the withdrawal of noroviruses
contaminated oysters from the market. To date, no regulatory criteria exists in Europe for the man-
agement of noroviruses in foodstuff. The presence of norovirus genomes in vulnerable foodstuff is
only monitored by RT-qPCR in control plan or prevalence studies using the ISO 15216-1-2 standard
methods. It is now commonly accepted that the presence of norovirus genome is not representa-
�ve of the presence of infec�ous par�cles in the food tested. It is well admi�ed that viral genomes
have a be�er persistence than infec�ous par�cles in the environment, only an unknown part of the
detected genomes corresponds to infec�ous viruses. Noroviruses are extremely difficult to replicate
and no reliable method exist to quan�fy the number of infec�ous par�cles in foodstuff. It is essen-
�al to find new ways to quan�fy infec�ous noroviruses in food samples instead of norovirus
genome only as it is not economically sustainable for the stakeholders. F-specific RNA bacterio-
phages (FRNAPH-II) which are similar to noroviruses (i.e. morphology, structure, size), can be used
to es�mate the amounts of infec�ous noroviruses in food. The main objec�ve of our work is to
study the behavior of infec�ous FRNAPH-II to different environmental s�mulus like UVs, filtra�on,
salinity or temperature to confirm its be�er survival compared to infec�ous noroviruses. By using
FRNAPH as a reliable indicator of infec�ous noroviruses, the number of oysters and vegetables
batches removed from the European market could be dras�cally reduced. FRNAPH are a great tool
to monitor viral pollu�on in prospec�ve inves�ga�ons and to prevent norovirus outbreak in shell-
fish and vegetables.
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Bacterial pathogens (specially ESKAPE group) are an important risk for human health on a na�onal
and interna�onal scale, causing mortality in suscep�ble people (immunocompromised and under
other condi�ons) and even over healthy ones. These problems generate higher costs of hospitaliza-
�on and maintenance of hospitals (cleaning and disinfec�on costs) for governments and ins�tu-
�ons, requiring more strategies to controls pathogen popula�ons not only in hospitals, but also in
sites like wastewater treatment plants where these microorganisms are present. Also, wastewater
treatment plants accumulate high numbers of microbial popula�ons and could be a reservoir from
resistant and mul�-resistant bacteria, addressing special a�en�on for control. For these points,
phage treatment is an alterna�ve that gained focus to control bacterial presence from different ar-
eas, because eliminates specific pathogens (without disturbing natural popula�ons) even to strain
level, and eliminates resistant and mul�-resistant an�bio�cs bacteria. Considering all these aspects,
the aim of this work was the isola�on and characteriza�on of ly�c phages against Escherichia coli,
Pseudomonas aeruginosa, Salmonella enterica, and Staphylococcus aureus strains; and their poten-
�al as biocontrol therapy during in vitro trials. Actually, we isolated ly�c phages from different zones
inside wastewater treatment plant at La Paz, BCS Mexico; with 20 phages for E. coli, 11 phages for P.
aeruginosa, and 6 phages for S. enterica. All these phages will be evaluated by individual and cock-
tail treatments during in vitro trials to know their effec�veness to control bacteria popula�ons.
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Salmonella spp. is a worldwide distributed foodborne pathogen. In the last decade, Salmonella In-
fan�s (SI) has been reported as an emergent serovar with high levels of mul�drug resistance (MDR)
in isolates from chicken meat, pork, humans, and the environment. Thus, biocontrol of MDR SI is
crucial for food safety. Bacteriophages are viruses that infect only bacteria. Due to capability for
cause lysis, phages are an alterna�ve to target emergent MDR SI. Here, we evaluated genomic and
phenotypic characteris�cs of six phages that infect SI. Methods: We selected six phages (DR91,
DR94, FD55, FD35, 4FA and RB01) from our library that infected SI (strain PUCV57). Phages were se-
quenced by Illumina, annotated with Ras�k, their images were obtained with TEM. Addi�onally, we
determined the host range, using 14 serovars of Salmonella spp., and evaluated their effect on 10
strains of SI with different resistant profiles. We selected RB01 to analyze the killing curve at MOI
10. Results: DR91, DR94, FD55, FD35 and 4FA were classified as Myoviridae, except DR91 that be-
longs to the Siphoviridae family. Neither of the phages had genes associated with an�bio�c resis-
tance, virulence or lysogeny. Host range results showed that DR091, DR094, FD55, FD35, 4FA and
RB01 lyses, respec�vely 13, 13, 6, 11, 8 and 12 different serovars of Salmonella spp., being DR91,
DR94 and RB01 the phages with a broader host range. Addi�onally, DR091, DR094 and RB01 were
able to lyses all evaluated MDR SI. FD55 and RB01 lyses 9, but phage FD55 cause par�al lysis in 7
strains. Finally, we observed that RB01 inhibit the growth of MDR SI from the first to the seventh
hour; and RB01 was capable to reduce in 1,23 log CFU/mL to strain tested. Significance: Genomic
and phenotypic analysis of six phages iden�fied phages DR091, DR094 and RB0 as possible candi-
dates against MDR SI. Since the use of phages are an op�on against MDR bacteria, it is necessary
further studies to develop a cocktail against MDR SI.
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Introduc�on: Salmonella represents a significant problem for the chicken produc�on . Therefore,
Bacteriophage (phage) appears as an alterna�ve for the biocontrol of Salmonella in chickens, phage
cocktails need to be delivery to the intes�ne in an adequate concentra�on and viability. Aim: To mi-
cro-encapsulate a cocktail of ly�c and specific phages against S. enterica with targeted intes�nal re-
lease Methods: We sequenced and further characterized the 3 phages on their host range, their
transduc�on ability, and their Scale-Up. Different micro-encapsulate formula�ons whit intes�nal re-
lease, were tested. Subsequently, was selected as the most successful formula�on (liposomes
(lecithin-cholesterol)+alginate= L/A, to be applied in 3 groups of broiler chickens: A_B_C, kept in a
produc�on unit, with biosecurity standards, for 46 days. All Groups were inoculated orally (with 1
mL 10  CFU/mL S. enterica) at 40 of produc�on-day. Subsequently, between 40-45 days, were ap-
plied the formula�ons (1mL:10  CFU/cocktail) in Group (A): micro-encapsulated phage; Group (B):
non-encapsulated phages; In addi�on, the control Group(C), was inoculated with 1 mL SM buffer. All
experimental groups, were treated 5 �mes with the cocktail. Results: The FageCapsuleS formula-
�on, was composed of 3 phages belonging to morphotypes 2 Siphoviral (Nº=2) and Myoviral (Nº=1),
non-transducer of resistance genes, different host ranges, sa�sfactory Scale-Up and no antagonis�c
effect.  The selected formula�on L/A showed 95.36% encapsula�on, an average of 66% SIF release
at 60 min and 68-95% in vitro effec�veness in reducing S. enterica. This formula�on in Group A
showed a 1.8 Log10 reduc�on of S. enterica, compared to Group B (≤0.05). And a reduc�on of S. en-
terica (≤0.05), was also observed between experimental and Group C. Acknowledgement: FONDE-
F_IDEA_ID18I10235 FageCapsuleS.
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The sustainability of food produc�on is one of the future priority lines in all developed countries,
where modern consumers demand safer and less-processed products. In this context, biopreserva-
�ves are of special interest, since they are an�microbials that naturally extend the shelf-life of food
and preserve its organolep�c proper�es. Among the recent studied biopreserva�ves, phage-derived
ly�c proteins (endolysins) have a relevant role. The poten�al of these proteins to eliminate both
pathogenic and spoilage bacteria in different environments has already been demonstrated, includ-
ing in food matrices.

Many foodborne disease outbreaks are caused by Staphylococcus aureus, a pathogenic bacterium
that can contaminate milk at different stages along the dairy chain, star�ng from infected dairy
cows, carrier handlers or contaminated equipment. For this reason, it is necessary to find new
strategies that allow minimizing such risk. One possibility is the use of endolysins as biopreserva-
�ves, as findings to date indicate that they are innocuous for humans and do not readily select for
resistant variants.

This study evaluates the poten�al of two proteins, LysRODI and its deriva�ve LysRODI∆Ami (lacking
the amidase domain), to successfully decrease the bacterial load in milk contaminated with S. au-
reus. Our results show that the engineered protein is much more efficacious than the parent en-
dolysin under several condi�ons. Indeed, LysRODI∆Ami is a suitable candidate for biocontrol in milk
due to its fast ac�on and high killing effect, reducing contamina�on to below detec�on levels in
most samples. Moreover, this protein was also effec�ve during lab-scale fresh cheese coagula�on
with rennet, corrobora�ng the high poten�al of these enzymes as an�microbial food addi�ves.
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Avian pathogenic Escherichia coli bacteriophage phage cocktail phage therapy

chick
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Colibacillosis is the main bacterial disease in poultry and is treated mainly by an�bio�cs, which
eventually led to the emergence of an�bio�c resistant strains. Our objec�ve was to evaluate the
efficacy of two phage cocktails to prevent colibacillosis induced in chicks by the pathogenic strain
BEN4358. The first cocktail was cons�tuted of eight phages of different genus, four phages were
able to replicate on BEN4358, leading to the death of the bacterial cells; three phages were not able
to replicate on the strain, but were able to lyse bacterial cells by the ac�on of virion-associated en-
zymes and one phage was not ac�ve on BEN4358. The second cocktail was composed of the four
phages able to replicate on BEN4358. In a chicken embryo lethality assay, the cocktail of 8 phages
allowed 90% of chicken embryos to survive an infec�on by BEN4358, in contrast to the control
(BEN4358 only), which gave a survival rate of 0%. Then, embryonated chicken eggs were inoculated
by the phage cocktails in the allantoic fluid at 16 days. At day 19, embryonated eggs were trans-
ferred from the egg incubator to isolators, where the chicks hatched. Strain BEN4358 was inoculat-
ed subcutaneously at one-day-old chicks. Even if phages were detected in chicks, the mortality be-
tween the non-treated and the phage-treated groups was 75% and 80%, respec�vely. There was no
reduc�on in BEN4358 intes�nal load. Same in vivo experimental scheme was conducted with the
second cocktail and the chicks were challenged with a 10-fold reduced bacterial inoculum. There
was no difference in the mortality rate between both groups; however, the mortality was delayed in
the treated-group. Moreover, the intes�nal BEN4358 load was sta�s�cally significantly lower in the
phage-treated group (2x10  CFU/mL) compared to the non-treated group (1x10  CFU/mL).Thus, in
ovo inoculated phage cocktails did not prevent colibacillosis but phages were transmi�ed to chicks
and one cocktail reduced intes�nal carriage.
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Klebsiella pneumoniae is recognized as a cri�cal pathogen by the WHO, featured by extensive and
even pan-drug resistant strains. Klebsiella phages are o�en capsule-dependent with their receptor-
binding proteins (RBPs) highly specific for capsule serotypes. The recently acquired crystal structure
of one of the two RBPs of Klebsiella phage KP32 (KP32gp38) revealed a mul�modular structure with
a central enzyma�c domain degrading the capsule and two addi�onal C-terminal domains, i.e., a
carbohydrate-binding module (CBM) and a lec�n-like domain (LD). We analyzed the func�on of
these domains by preparing C-terminally truncated proteins, chimeric protein fusions as well as
phage par�cles lacking the domains of interest. Dele�on of LD, located at the ul�mate C-terminus,
does not disturb the enzyma�c ac�vity of K32gp38 with a conserved specificity for serotype
K21/KL163. However, synthe�c phage par�cles lacking LD show a drama�c drop in the efficiency of
pla�ng, with no infec�on of the K21 serotype and only small plaques on the KL163 strain. The same
infec�on pa�ern was noted when both LD and CBM domains have been removed from the phage
par�cle, but also the enzyma�c ac�vity was lost on the protein level. There was no serotype speci-
ficity switch/extension due to C-terminus dele�on nor when the CBM and LD domains were used in
chimeric fusions with other RBPs. In addi�on, the CBM and LD are not able to bind to the surface of
capsulated bacteria, whereas cell binding takes place with the full-length protein. In sum, the LD do-
main is essen�al for infec�on and the CBM domain for proper folding and/or enzyma�c ac�vity. The
exact func�on of LD and CBM remains to be elucidated, requiring further inves�ga�on.

1,2* 3 1 1
2 2 1 2 3

2 1

mailto:agnieszka.latka@ugent.be
mailto:zuzanna.drulis-kawa@uwr.edu.pl
mailto:yves.briers@ugent.be


405

Poster ID: AgroV.279(PS1-R5.19)

Poultry campylobacter Bacteriophages
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Campylobacteriosis is one of the leading food-borne gastrointes�nal diseases worldwide. Reducing
intes�nal Campylobacter concentra�ons in broiler chickens is considered an effec�ve strategy to re-
duce Campylobacter entering the food chain. The aim of this study was (i) to develop a phage cock-
tail in a systema�c in vitro approach and (ii) to inves�gate the in vivo efficacy in broiler chickens.
The in vitro ly�c ac�vity of eight newly isolated group II phages and 18 group II phages, and the well
characterized group III phage NCTC 12673, each, alone and in different combina�ons were exam-
ined using a Tecan Spark Mul�plate reader for a planktonic killing assay (PKA). All combina�ons of
group II and group III phages showed significantly higher in vitro growth inhibi�on against the used
C. jejuni test strain than single ones or combina�ons of phages of the same group. For applica�on in
vivo, a combina�on of phage NCTC 12673 (group III) and vB_CcM-LmqsCPL1/1 (group II) was select-
ed. One hundred and eighty Ross 308 broiler chickens were divided into a control and a treatment
group. Ten days post hatch, seeder birds were orally inoculated with the test strain. Phages were
administered via drinking water at a final concentra�on of 107 PFU/mL four, three, and two days
before necropsy. Due to a lower Cmaplyobacter coloniza�on ot the tretment group, the in vivo effi-
cacy of the phage cocktail could only be es�mated by the increasing difference of bacterial concen-
tra�ons in cloacal swabd of the two groups, indica�ng a reducing effect. At necropsy, Campylobac-
ter counts in colonic content of the treatment group were significantyl reduced by 1.3 log10MPN/g
compared to the control group, while there was no difference observed in cecal concentra�ons. In
accordance with these results, Campylobacter isolated from cecal content showed higher resistance
rates of 23.6% (NCTC 12673) and 2.8% (vB_CcM-LmqsCPL1/1) compared to isolates from colonic
conetent and cloacal swabs.
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With a rising world popula�on and almost all arable agricultural land in use, we encounter a difficult
situa�on. One major factor we could counteract is yield losses caused by plant pathogenic bacteria
which are es�mated to account for 10% of our total yield losses. But classically used pest control
agents like an�bio�cs lose their effect since more and more bacteria become resistant due to over-
usage. Therefore, phages provide a sustainable and targeted solu�on for biocontrol in agriculture.    

For this reason, we isolated novel phages for economically relevant plant pathogenic bacteria. Many
plant pathogenic microbes are soil-born and target the plant root as an early entry point. However,
the role of viruses shaping the plant microbiome along the root is not well understood and a be�er
understanding of phage influence within the rhizosphere could lead to new applica�on strategies. In
our project, we aim to enlighten that ‘dark ma�er’ in the plant-bacteria-phage interac�on along the
root on a molecular and physiological level.

Here, we present the isola�on and phenotypic characteriza�on of phage Alfirin infec�ng
Agrobacterium tumefaciens, phage Pfeifenkraut infec�ng Xanthomonas translucens, and phage
Athelas infec�ng Pseudomonas syringae. All phages show a ly�c lifestyle, which is supported by
genome sequencing and phage infec�on curves, making them suitable candidates to test their po-
ten�al in planta.

To study the tripar�te system, we are using a sterile fabricated Ecosystem the EcoFAB. Its gnotobi-
o�c environment is constructed by fusing a fluidic camber on a microscope slide, both enclosed in a
sterile container. This enables the inves�ga�on of the plant-pathogen interac�on, as well as plant-
phenotypic changes over �me. Further, we used plaque assays, TEM, sequencing, and annota�on of
phage genes as well as infec�on experiments to validate our poten�al phage candidates in terms of
suitability for biocontrol applica�ons.
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Vibrio spp. are responsible for major fish diseases, leading to heavy loss in aquaculture farms. They
are a promising target for phage therapy. In-depth study of phages genomes is a key step to assess
their safety before therapeu�c use. However, phage genomes have different structures than their
bacterial hosts, such as a higher coding density (CD) and smaller, overlapping genes. In this study,
we assessed the quality of genome annota�ons of vibriophages published last year.

179 published Vibriophage genomes were analyzed using a high throughput pipeline designed to
screen for therapy compa�ble phages in large collec�ons. To ensure repeatable results, mul�ple
heuris�cs and databases were used for structural and func�onal annota�ons.

The median genome size was 59 kbp. The average compute �me per phage was 30 min on a single
core. The published annota�ons yielded 24% of func�onally annotated genes on average, and an
89% average coding density. A�er the new analysis, +6% new genes were detected on average, and
49% of the genes had func�onal annota�on. The newly detected genes were small (215 bp on aver-
age; average overall gene size was 590 bp), and +9% overlapping genes were detected. Published
mean intergenic region size (IRS) was 93 bp on average and decreased to 75 bp a�er the new study.
Eventually, the average CD was +2.14% higher (92%) a�er our analysis.

Those results prove that the average quality of phage genome annota�ons can be strongly im-
proved using our high throughput pipeline. 1) The high number of overlapping genes detected, 2)
the smaller size of the newly detected genes, and 3) the reduced IRS suggests that our analysis
takes be�er considera�on of the characteris�cs of phage genomes. However, 49% of func�onally
annotated genes is not enough to prove the absence of harmful genes (such as an�bio�c resistance
or virulence) in a genome. This pipeline is best suited to screen a large collec�on, before a deeper
annota�on.
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An�microbial use in livestock largely contributes to mul�drug-resistant bacterial infec�ons in hu-
mans. The treatment of porcine post-weaning diarrhoea (PWD) caused by enterotoxigenic
Escherichia coli (ETEC) is one of the cause of an�microbials use, and the problem will increase with
phasing out zinc oxide in Europe. Phages have been proposed as a promising alterna�ve, but no
products are available on the market yet.

By using the PHAGEBio ETEC collec�on of 84 diverse strains from European pigs with PWD, we test-
ed more than 200 Enterobacteriaceae phages for infec�on, but none of them could infect any of the
ETEC strains. We then screened for phages in more than 100 samples origina�ng from wastewater,
feces from pigs healthy or affected by PWD, and gut specimens from pigs died from PWD, using dif-
ferent enrichment condi�ons. We prepared 200 phage stocks and determined their Pulse Field Gel
Electrophoresis (PFGE) and host range profiles. A�er excluding many phages due to similar PFGE or
host range profiles, we sequenced and focused our efforts on four phages infec�ng 33% of the col-
lec�on. Since phage ETEP21B infected most of these strains, we scaled up produc�on and op�mized
its formula�on. To test ETEP21B efficacy against ETEC in a controlled manner, we set up an animal
model for PWD by inocula�ng 3-weeks old pigs with ET54, a strain from the PHAGEBio ETEC collec-
�on. The phages, formulated as a powder and mixed with feed, will be administered prior and post
infec�on. As a control, a group of pigs will be inoculated only with saline, and another one only with
ET54. We will monitor clinical signs, diarrhea development, ETEC and phage shedding. In addi�on,
samples for microbiome analysis will be collected to monitor the impact of exogenous phages on
the gut microbiome of the piglets. With this animal study, we will test phage efficacy in reducing
PWD, and provide data essen�al to bring a phage product to the market.
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Background

Listeria monocytogenes (Lm) is the causa�ve agent of Listeriosis. It is well known that foodborne
pathogens present in soil/irriga�on water can internalize via root into edible plants, making the
post-harvest interven�on strategies insufficient to guarantee the consumer’s health. The present
study evaluated the poten�al ability of Lm to contaminate basil plant by root uptake and the effica-
cy of bacteriophages to reduce the contamina�on levels.

Method

Ten plants were cul�vated in hydroponics for 2 weeks. One plant was used as nega�ve control and 9
plants were subjected to internaliza�on by immerging their roots in BHI broth containing Lm ATCC
7644 (9 log cfu/ml). A�er 24 h, roots of 6 plants were immersed in a decontamina�on solu�on
containing ɸIZSAM-1 (10  pfu/ml) and roots of 3 plants were immersed in BHI broth (Lm internal-
iza�on control), for 24 h period. At the end of the experiment, leaves and stems of all the plants
were tested for Lm detec�on (UNI EN ISO 11290-1:2017) and enumera�on (UNI EN ISO 11290-
2:2017).  

Results

Among the plants used as Lm internaliza�on control, 2 out of 3 tested posi�ve for Lm detec�on
both in leaves and stems, with an average of 3 log  cfu/g. The plants used to verify phage deconta-
mina�on ac�vity were nega�ve to both Lm detec�on and enumera�on in 5 out of 6 individuals; in-
stead, 1 plant showed posi�ve results only to Lm detec�on in leaves. The nega�ve control plant did
not show any Lm contamina�on.

Conclusions

The results presented in this study demonstrated the ability of Lm to internalize via roots in the
plants. Moreover, these findings provide informa�on about the poten�al of bacteriophages to con-
trol Lm contamina�ons in basil and could contribute to reduce the risk of human infec�ons due to
the consump�on of raw/undercooked basil leaves. More research is needed to improve the efficien-
cy of phage administra�on in hor�culture as pre-harvest strategy to guarantee food safety.
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Phage therapy has become a promising way of comba�ng bacterial diseases. However, there are a
number of issues that need to be explored in order to develop a good phage product. One of the
most important is the selec�on of a bacterial host for the produc�on of bacteriophages, which re-
quires knowledge of its genome. It is also important in view of the characteris�cs of the final prod-
uct, which must be free from bacterial residues, including DNA fragments involved in HGT (horizon-
tal gene transfer). Such DNA fragments may carry genes encoding prophages or an�bio�c resistance
genes (AMR – An�microbial Resistance genes).

In order to register BAFASAL  prepara�on as feed addi�ve, a lot of tests had to be carried out ac-
cording to the EFSA (European Food Safety Authority) guidelines. “Guidance on the characteriza�on
of microorganisms used as feed addi�ves or as produc�on organisms” (2018) cons�tutes a docu-
ment that may assist the applicant for prepara�on of an applica�on permi�ng the usage of addi-
�ves in animal nutri�on. According to that document, the study on the presence of DNA from the
produc�on strain in BAFASAL  prepara�on was performed. In this study the presence of  GalUniq3 –
a fragment characteris�c for Salmonella enterica serovar Gallinarum, SGphi11 – a fragment of
prophage SG12A, AMG-res – a fragment of aminoglycoside resistance gene (aac-6’Iaa gene), and
gyrA-res – a fragment of topoisomerase gene with point muta�on responsible for quinolone resis-
tance was checked by the PCR method.

In conclusion, none of  the analyzed DNA fragments specific for the produc�on strain was detected
in any of three batches of BAFASAL  in detec�on threshold of 0.01 ng/µl. BAFASAL  prepara�on is
deprived of DNA fragments specific for produc�on strain: genes characteris�c for Salmonella Galli-
narum serovar, prophage 

and an�bio�c resistance genes.
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bacteriophage Endolysin Lysis process

Identification and characterization of a novel endolysin from bacteriophage SSU5
infecting Salmonella Typhimurium
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Endolysins are pep�doglycan hydrolase produced by phages to lyse bacterial cell walls and release
offspring phages. Most of the double-stranded DNA phages have a holin-dependent system to se-
crete endolysin into the periplasm while certain endolysins containing a secre�on sequence or sig-
nal-arrest-release (SAR) sequence are exported via a holin-independent system such as Sec path-
way. In this study, we characterized a lysis system of core oligosaccharide-specific phage SSU5. In
silico analysis revealed that ORF26 and ORF27 of SSU5 are puta�ve holin and endolysin (LysSSU5),
respec�vely and that LysSSU5 contains two domains, one homologous to a virion protein D at the
N-terminal and the other one homologous to a transmembrane domain (TMD) at the C-terminal.
Overexpression of LysSSU5 alone in Salmonella Typhimurium LT2 resulted in host cell lysis, but co-
expression of LysSSU5 and a holin showed be�er cell lysis. When Sec inhibitor (NaN ) was treated
in both experiments, the lysis ac�vity was decreased concentra�on-dependently. The recombinant
LysSSU5 could not be purified due to rapid cell lysis but LysSSU5 with trunca�ng muta�on of TMD
(LysSSU5_ΔTMD) was successfully purified. In the presence of EDTA as an outer membrane perme-
abilizer, LysSSU5_ΔTMD (1 µM) showed significant reduc�on in op�cal density (600 nm) of S. Ty-
phimurium LT2, indica�ng that the domain homologous to a virion D has a pep�doglycan hydrolase
func�on. All these findings demonstrate that the SSU5 phage possesses a lysis system, in which en-
dolysin can be secreted through either the Sec pathway or holin for maximum release of LysSSU5 to
pep�doglycan layer. The virion protein D domain could be a valuable resource for the development
of Gram-nega�ve bacteria-targe�ng drug. 
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bacteriophage Salmonella enterica Poultry

The story of a phage cocktail: effectiveness of phage cocktail against S.
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Bacteriophages are seen as alterna�ve to an�bio�cs in fight against foodborne diseases both in ani-
mals and humans. They are also being used as an�microbial agent in food industry.

Salmonellosis is second most common foodborne disease, with over 1 million of cases every year.
Salmonella Typhimurium is the most common serovar causing salmonellosis in humans and is most
commonly associated with contaminated poultry meat, eggs and other poultry-derived produce.

In our work, we have isolated two bacteriophages against S. Typhimurium, combined them into an
experimental phage cocktail and assessed their effec�veness against this serotype using different
models. We have analysed phage ability to infect S. Typhimurium under standard laboratory condi-
�ons in planktonic culture and in biofilm. We have also analysed the effec�veness of the cocktail us-
ing mul�-species model of bacterial culture (planktonic and biofilm) and performed experiments in
microaerophilic condi�ons to mimic the growth condi�ons inside of gastrointes�nal tract. Finally,
we have assessed the effec�veness of phage cocktail using in vivo poultry model, with different
�mes of phage administra�on a�er Salmonella infec�on. We have also analysed the prevalence of
phages in chicken feces and the spread of phages through the chicken body.

We have observed, that experimental phage cocktail was effec�ve against S. Typhiumurium in all in
vitro trials. Furthermore, it proved effec�ve in vivo, regardless of the �me of administra�on in chick-
ens. We have also observed, that phages spread through chicken body as they were present in vari-
ous organs such as brain or liver. However, the prevalence of phage in feces and organs seemed to
depend on the phage and on the individual characteris�cs of the chicken.
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Bacteriophages Avian pathogenic Escherichia coli Poultry

From a single plaque to an effective phage preparation preventing colibacillosis in
poultry – the story of BAFACOL
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Nowadays, with the crisis of an�bio�c resistance, a lot of research is focused on the use of bacterio-
phages to fight pathogenic bacteria. One of the important issues is to eradicate APEC (Avian Path-
ogenic E. coli) in poultry farming. APEC is the significant e�ological factor of bird bacterial diseases
causing colibacillosis. Therefore, it is significantly important to develop the phage prepara�ons in-
tended also for that animals. Taking up this challenge, we have developed an innova�ve bacterio-
phage prepara�on BAFACOL, which includes 5 virulent phages with a broad spectrum of specificity
for APEC strains. The stability of the prepara�on and its effec�veness in vitro were confirmed. The
aim of the study was to assess in vivo effec�veness of BAFACOL on produc�ve performance of broil-
ers challenged with APEC bacteria. The research material consisted of 600 broilers, randomly divid-
ed into 5 equal groups. The first two groups were nega�ve and posi�ve controls, not infected and
infected by APEC strain, respec�vely. The next two groups were APEC strain infected, but broilers in
one of them were given BAFACOL in drinking water every other day, while broilers in the other
group were given enrofloxacin on days 9 to 13. The broilers in the fi�h group were not infected by
APEC strain but exposed only to BAFACOL, which was administered in drinking water every other
day. During the experiment period, mortality and zootechnical parameters were monitored. The
study showed that BAFACOL is effec�ve in the preven�on of colibacillosis and effec�vely reduces
the mortality of birds. BAFACOL significantly improves performance of birds and it has a posi�ve ef-
fect on birds welfare. It was demonstrated that prophylaxis with BAFACOL is be�er than an�bio�c
treatment, as a result BAFACOL could contribute to the reduc�on of the amount of an�bio�cs used
in poultry.

Research carried out under project no POIR.01.01.01-00-0149/16, co-financed by NCRD, “SGOP
2014-2020"
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bacteriophage gel prepara�on mas��s tolerance study
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Mas��s in ca�le is an infec�on of the mammary glands usually caused by bacteria, especially
Staphylococcus aureus and Escherichia coli. Mas��s is one of the largest problems in the dairy in-
dustry in the world. Due to limita�on of the use of an�bio�cs in dairy industry, it is necessary to in-
vent new, alterna�ve methods of controlling mas��s. The aim of the study was to prove the safety
of developed BAFACAM gel bacteriophage prepara�on intended for the preven�on of S. aureus and
E. coli udder infec�ons. BAFACAM contains 8 unique phages specific to E. coli and S. aureus causing
mas��s. The bacteriophage cocktail showed specificity for 98% and 100% of different mas��s caus-
ing strains of E. coli and S. aureus, respec�vely. The phage composi�on was designed to maintain
the ly�c ac�vity against resistant bacterial variants to individual phages contained in the prepara-
�on. Efficacy of phage cocktail in in vitro tests (biofilm destruc�on, ac�vity in milk) were proved. A
natural polymer used in pharmacy and food industry was used to prepare BAFACAM. The tolerance
study of the bacteriophage prepara�on BAFACAM was carried out on the group of 20 cows (10 cows
in test group, 10 in control group), in which BAFACAM was administered once to healthy cows dur-
ing the lacta�on period. In the study there were assessed parameters such as animal health, serum
immunological parameters, soma�c cell count (SCC), microbiological analysis of milk, bacteriophage
presence in milk, general and local side effects.

It has been shown that the prepara�on is safe for intramammary applica�on in cows. The research
results obtained so far prove the safe use of BAFACAM in cows and indicate its high poten�al in the
control of mas��s in dairy ca�le.

Research carried out under project no POIR.01.01.01-00-0016/16, co-financed by NCRD, “Smart
Growth Opera�onal Programme 2014-2020"
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phage ecology smear-ripened cheese

Bacteriophages infecting surface bacteria from a smear-ripened cheese are
persistent and contaminate the dairy plant
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Smear-ripened cheeses are well known for hos�ng high densi�es of microorganisms, comprising
mainly yeasts and bacteria. Bacteriophages, i.e. viruses infec�ng bacteria, are also present in dairy
products but most studies currently available focus on phages infec�ng lac�c acid bacteria (LAB)
starter cultures since they can be responsible for fermenta�on failure. However, their effect on bac-
teria colonizing cheese rind over the ripening period is not clear thus far. Recently, the composi�on
of the viral community present on the rind of smear-ripened cheeses was explored by using viral
metagenomic and culture-dependent approaches. The results collec�vely revealed a great diversity
of phages which, for the vast majority, have no sequence homology with known phages and, conse-
quently, no predicted hosts. The hypothesis of the present study is that phages have an important
ecological role in cheese ecosystem.

In order to explore this ques�on, isola�on of “indigenous bacteria” (e.g. non LAB starters) and their
associated-phages from the surface of a French smear-ripened cheese was conducted. We obtained
five virulent phages infec�ng Brevibacterium auran�acum, Glutamicibacter arilaitensis, Leuconostoc
falkenbergense and Psychrobacter aquimaris respec�vely. Their host range was very narrow since
they were only able to infect a few isolates of the same species obtained from the same studied
cheese. The analysis of their genome indicated that four of them are new, cons�tu�ng at least new
genera. Complementary analysis, performed using both microbiological (spot assays) and molecular
(viral metagenomic) approaches, confirmed the persistence of these phages on cheeses sampled
over a 6-years period and helped iden�fying three poten�al reservoirs within the dairy plant.
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DNA assembly Pseudomonas SEVA vectors

SEVAtile: a standardized DNA assembly method optimized for Pseudomonas
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Over the past decade, the genera�on of gene�c circuits has become a reproducible and efficient
process due to standardized DNA assembly techniques. Several of these techniques are based on
Type IIs restric�on enzymes (RE), including BioBrick and VersaTile, which enable the rapid construc-
�on of transcrip�on units and/or fusion proteins from standard DNA building blocks. While stan-
dard DNA assembly techniques originated in the field of synthe�c biology (SynBio) for model organ-
isms such as Escherichia coli and Saccharomyces cerevisiae, it would be beneficial to extend these
approaches to biotechnological research with other, non-model species including Pseudomonas.

As P. pu�da is gaining a�en�on as a valuable SynBio host, some SynBio standards and expression
systems have already been op�mized for this species. The Standard European Vector Architecture
(SEVA) database offers a wide array of standard, modular vectors for Gram-nega�ve species, espe-
cially P. pu�da. Due to their elegant design and the public accessibility, these SEVA vectors are con-
sidered the golden standard for the P. pu�da biotechnology research community. To introduce both
SEVA vectors and DNA assembly standards in the Pseudomonas community in a low-threshold man-
ner, we introduce the SEVA�le technique. SEVA�le is a Type IIs-based assembly approach, which en-
ables the rapid and standardized assembly of gene�c parts – or �les - to create gene�c circuits in
the established SEVA-vector backbone. Contrary to exis�ng DNA assembly methods, SEVA�le is an
easy and straigh�orward method, which is compa�ble with any vector, both SEVA- and non-SEVA.
To prove the efficiency of the SEVA�le method, fourteen gene�c constructs with up to six building
blocks were created with high efficiency (on average 5.39E+04 CFU per µg transformed DNA). Fur-
thermore, a three-vector system was successfully generated to independently co-express three dif-
ferent proteins in P. pu�da and P. aeruginosa.
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nanobody phage display Mycobacterium bovis

Nanobodies as a new diagnostic tool for Mycobacterium bovis
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Objec�ve

In this study, we aim to improve the M. bovis diagnos�cs by using the single variable domains of
heavy chain only an�bodies (nanobodies), derived from bovine tuberculosis (bTB) naturally infected
alpacas. The search of high affinity nanobodies targe�ng M. bovis will be performed by the phage
display technology. This powerful technique allows high-throughput screening of protein-protein
interac�ons by displaying proteins on the surface of phages.

Methods

As a first step, an alpaca nanobody displaying phage library was constructed with nanobody coding
sequences derived from B-cells isolated from alpacas at the Salictum alpacafarm. To this end, blood
samples were collected from alpacas and the peripheral blood mononuclear cells (PBMCs) were iso-
lated. Subsequently, the total RNA was extracted and converted into cDNA. Based on literature,
primers were op�mized and used to amplify the regions of the cDNA encoding for the nanobodies.
The nanobody fragments were cloned into a newly constructed phage display vector, transformed
to XL1 blue cells, crea�ng an alpaca nanobody library. In a last step, this library was infected by
phages to create the alpaca nanobody displaying phage library.

Results

In total, 10  PBMCs were isolated from 50 ml blood and a total of 62 μg RNA was extracted. Higher
yields of RNA were obtained by performing the RNA extrac�on immediately a�er PBMC isola�on.
All the RNA was converted into cDNA and resulted in 30 μg nanobody DNA fragments. An alpaca
nanobody library with 10 individual transformants was obtained and sequencing analysis con-
firmed successful cloning of the domains in the phage display vector.

Conclusions

The op�miza�on of the prepara�on of the alpaca nanobody displaying phage library will help to
efficiently create such a library with nanobodies derived from bTB naturally infected alpacas. The
phage display technology will be performed with this library to find a nanobody targe�ng M. bovis.
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Vibriosis is the most common disease leading to large-scale losses and mortality of aquaculture
which is considered as a significant problem with severe economic losses worldwide. Vibrio spp. are
usually associated with aquaculture diseases in shrimps and fishes. Bacteriophage is a poten�al al-
terna�ve treatment against Vibrio infec�on. This study aimed to develop a phage-based feed addi-
�ve for applying in aquaculture feed. In our study, 57 isolates of Vibrio spp. were obtained form
seafood including shrimps (Litopenaeus vannamei) and blood clams (Tegillarca granosa). The path-
ogenic and strain characteris�cs of each isolate were confirmed via 16s rRNA gene. Only Vibrio
parahaemoly�cus isolates were used to confirm the presence of pirVP gene causing acute he-
patopancrea�c necrosis disease (AHPND). Of 21 Vibrio phages isolated from sea, blackish and fresh
water samples (n = 51), only phage PVIB002 phage showed the highest phage ly�c ability up to
36.8% on the given hosts and was characterized as polyvalent phage infec�ng a variety of species in
the genus of Vibrio. Phage PVIB002 at the mul�plicity of infec�on 10 and 100 showed the reduc-
�ons of over 3 log CFU/mL (60.0±0.2%) and 5 log CFU/mL (100.0%) at 6 h post-treatment, respec-
�vely. For phage survivability test, phage PVIB002 survived at temperature up to 55°C (90.9% recov-
ery), at pH between 5 to 11 (100% recovery), and in the presence of available chlorine up to 5%
(v/v) (24.5% recovery). Phage PVIB002 was used to formulate the aquaculture feed. The phage
number showed a slight reduc�on during storage for 30 days (6 to 5.6 log PFU/g). Finding here sug-
gests that a phage-based feed addi�ve is effec�ve biocontrol alterna�ve for controlling pathogenic
Vibrio spp. in aquaculture produc�on.
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Bacteriophages Pseudomonas Milk
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Psychrotrophic bacteria are among the leading problema�c microorganisms in dairy industry.
Pseudomonas fluorescens (P. fluorescens) is frequently isolated from raw and pasteurized milk and a
prominent species with its extracellular enzymes. Since these enzymes can remain ac�ve even a�er
heat treatment, they cause problems such as gela�on, taste and aroma deteriora�on in both pas-
teurized/UHT milk and dairy products. For this reason, it is vital for dairy industry to prevent
Pseudomonas spp.  from reaching the numbers that can produce these enzymes. Phages are an im-
portant alterna�ve for comba�ng pathogenic or spoilage bacteria in food industry and used suc-
cessfully in many applica�ons. The number of isolated and sequenced P. fluorescens phages in the
literature is quite limited. The aim of the present work was the isola�on, iden�fica�on and compre-
hensive characteriza�on of phages for biocontrol of P. fluorescens and to determine the elimina�on
efficiency of these phages. For this purpose, P. fluorescens were isolated from raw milk. Then,
phages were isolated from similar sources using the isolated bacteria as host. The host range of
phages were determined, then their morphological characteriza�on was carried out using TEM
(transmission electron microscopy) and they were classified by RFLP (restric�on fragment polymor-
phism analysis. In order to determine the replica�on parameters of phages, one-step growth curves
were obtained.The elimina�on effec�veness of phages were carried out in a model milk environ-
ment. Thus, the efficacy of phages against P. fluorescens was elucidated and a method was estab-
lished for the natural and economic solu�on of problems that cannot be overcomed by the exis�ng
methods in the milk and dairy industry.
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phage therapy enterotoxigenic E. coli swine
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Enterotoxigenic Escherichia coli (ETEC) colonizes the intes�ne of young pigs causing severe diar-
rhoea and consequently bringing high producing costs. The rise of an�bio�c selec�ve pressure to-
gether with on-going limita�on on their use demands news strategies to tackle this pathology. The
per�nence of using phages to tackle this problema�c is being explored, and in this work, the effica-
cy of a T4-like phage vB_EcoM_FJ1 (FJ1) in reducing the load of ETEC O9:H9 (Sta, F5/F41) was as-
sessed. FJ1 has a 170,053 bp genome, and of the 270 coding sequences none corresponds to iden�-
fied undesirable proteins, such as integrases or transposases. Envisaging the oral applica�on to
piglets, FJ1 was previously encapsulated on CaCO /alginate. Assays were performed on 15-day cul-
tures of the intes�nal pig cell lineIPEC-1 seeded in transwell inserts. Phage treatment occurred 2
hours a�er ETEC infec�on, when, in average, 5x10 CFU.cm were adhered to cultured cells. Encap-
sulated phage provided reduc�ons of, approximately, 2.3 Log CFU.cm and 2.8 Log CFU.cm on ad-
hered bacteria, respec�vely 3 and 6 hours a�er administra�on. The repeated exposure of the host
to FJ1 led to the emergence of phage-insensi�ve mutants, phenotype that brought fitness costs to
the host strain: they were 90% more vulnerable to the pig complement system and less efficient in
adhering to cultured cells (in about 90%). Overall, FJ1 is presented here as promising to fight against
ETEC infec�ons through oral administra�on to piglets.
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Salmonella Poultry bacteriophage biocontrol
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Salmonella remains the major cause of food-borne diseases worldwide and poultry products are
recognized as the leading source of human infec�ons caused by Salmonella contamina�on. More-
over, Salmonella form challenging biofilms that contribute to their virulence and an�microbial resis-
tance. In our study, we focused on bacteriophages infec�ng Salmonella isolated from the poultry
environment. Five novel ly�c UPWr_S phages were biologically and gene�cally characterized.

All phages showed strong an�microbial ac�vi�es against various Salmonella serovars, including the
most prevalent serovars in poultry produc�on.

Based on the great poten�al of UPWr_S phages we further evaluate in vivo effec�veness of phage
cocktail UPWr_S134 composed of phages UPWr_S1, UPWr_S3 and UPWr_S4 to control Salmonella
Enteri�dis in experimentally infected animals. In a mouse model of acute typhoid fever, animals in
eight groups treated with phage cocktail showed significant (P < 0.05) delay in death from sepsis
caused by highly virulent S. Enteri�dis 327 lux strain irrespec�ve of dose and treatment schedule.
The above findings correspond to in vivo phages' ability to reduce Salmonella in the chicken model.
We demonstrated that UPWr_S134 cocktail significantly reduces (P < 0.05) the bacterial load by 2 -
3 log10 CFU/g in internal organs of the immune system such as bursa of Fabricius, cecal tonsils and
spleen.

Addi�onally, the phage cocktail showed a prospec�ve ability (P < 0.05) to reduce in vitro biofilm
formed on poultry drinkers and eradicated Salmonella from the abundant bacterial load on poultry
drinkers in an experimental chicken model.

Our results indicate that UPWr_S phages are effec�ve in comba�ng the highly invasive Salmonella
serovars and support the future applica�on of UPWr_S cocktail to target Salmonella infec�on in
poultry.
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Avian pathogenic Escherichia coli Poultry bacteriophage biocontrol

UPWr_E134 phage cocktail effectively control avian pathogenic E. coli in animal
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Marta Kuźmińska-Bajor , Paulina Śliwka , Maciej Kuczkowski , Paweł Korzeniowski , Anna Woź-
niak-Biel 

1. Department of Biotechnology and Food Microbiology, Faculty of Biotechnology and Food
Sciences, Wrocław University of Environmental and Life Sciences, Chełmońskiego St. 37, 51-630
Wrocław, Poland
2. Department of Epizoo�ology and Clinic of Birds and Exo�c Animals, Faculty of Veterinary
Medicine, Wrocław University of Environmental and Life Sciences, Grunwaldzki Square 45, 50-366
Wrocław, Poland

Correspondence:
marta.kuzminska-bajor@upwr.edu.pl

Avian pathogenic E. coli (APEC) are responsible for severe economic losses in the poultry industry.
APEC may cause a variety of diseases in the avian host, which are collec�vely termed avian colibacil-
losis. Moreover, avian pathogenic E. coli are frequently resistant to mul�ple drugs including an�bi-
o�cs, entailing the treatment and control of these infec�ons extremely difficult.

Four UPWr_E phages have been gene�cally and func�onally characterized and have the poten�al
for the preven�on and treatment of infec�ons caused by APEC and are also effec�ve against ESBL
Klebsiella pneumoniae strains. UPWr_E phages alone and mixed in cocktail exhibited great ac�vity
in biofilm removal. Moreover, gastric gavage with UPWr_E124 phage cocktail resulted in a highly re-
duced number of luciferase-expressing APEC strain in mice internal organs such as liver, spleen and
kidney. Both intraperitoneal and intragastric administra�on of a single dose of UPWr_E124 phage
cocktail effec�vely eradicated pathogens from the lungs. Interes�ngly, intraperitoneal injec�on of
phage cocktail in mice infected with APEC strain did not affect the bacterial number. Phages were
detected only in organs taken from mice from the group administrated with phages via gastric gav-
age. These data suggest that in the murine model the overall rate of phage absorp�on in the gas-
trointes�nal tract seems to be more efficient.

Addi�onally, the UPWr_E124 phage cocktail’s ability to eradicate APEC was confirmed in an experi-
mentally infected chicken model. APEC load in the internal organs was substan�ally reduced by over
3 log10 CFU/g and the number of APEC isolated from the blood was lower than 5 log10 CFU/g indi-
ca�ng great applica�on poten�al of UPWr_E124 phage cocktail in poultry produc�on.
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temperature Phage-host interac�on plant pathogenic bacteria Podoviridae

Too hot for infection: temperature affects interaction between plant pathogen
Dickeya fangzhongdai and its bacteriophage
Špela Alič , Julija Ržišnik , Tanja Dreo 

1. Department of Biotechnology and Systems Biology, Na�onal Ins�tute of Biology, Vecna pot 111,
SI-1000 Ljubljana, Slovenia
2. Biotechnical faculty, Jamnikarjeva ulica 101, 1000 Ljubljana

Correspondence:
spela.alic@nib.si

Bacterial plant pathogens represent a major challenge for agriculture. So� rots including those
caused by Dickeya spp. greatly reduce the yield of agricultural crops used to sustain the nutri�onal
needs of the increasing world popula�on. There is no efficient chemical management strategies im-
plemented and bacteriophage biocontrol strategies were proposed as a promising alterna�ve. Nev-
ertheless, bacteriophage biocontrol strategies are s�ll faced with many challenges, including resis-
tance development in bacteria and complex dynamics among bacteriophages, bacteria and their
environment, which is s�ll poorly understood.  Among environmental factors temperature is cri�cal
in disease development caused by Dickeya spp. and can directly affect physiology of the host cells.

In our study, we inves�gated the influence of the environmental temperature on bacteria-bacterio-
phage interac�ons on a comprehensively characterised bacteria - bacteriophage system based on
bacteria Dickeya fangzhongdai and a bacteriophage from family Podoviridae BF25/12. The bacteria
– bacteriophage interac�ons were followed in the system using spot and plaque assay, adsorp�on
assay and following bacterial growth kine�cs. All tested suscep�ble D. fangzhongdai strains showed
reduced bacteriophage suscep�bility at higher temperatures 28 °C. However, bacterial growth ki-
ne�cs did not differ significantly between tested temperatures. At 37 °C adsorp�on of bacterio-
phages could s�ll be detected at low levels to strain D. fangzhongdai B16. However, adsorp�on did
not lead to bacterial lysis despite bacterial growth.

The results of our study indicate the importance of the environmental condi�ons and the necessity
of understanding relevant environments for bacteria-bacteriophage systems. This is especially of a
great importance for bacteriophage biocontrol applica�ons in the field of agriculture and plant
health.
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phytopathogenic bacteria Xylella fas�diosa Bacteriophages biocontrol

Bacteriophages against the plant pathogen Xylella fastidiosa
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Xylella fas�diosa (Xf) is a worldwide important plant pathogen of the family Xanthomonadaceae,
which can cause serious diseases in strategic crops with devasta�ng effects. Its host range ex-
ceeds 500 plant species. Xf lives in the xylem of the plant, where it can form biofilms and obstruct
sap flow, and also in the foregut of xylem-feeding insects that act as vectors. This bacterium
presents a great gene�c diversity that results in different subspecies and sequence types (ST). In Eu-
rope there are several outbreaks, most of them located in the Mediterranean basin, affec�ng differ-
ent host plants, but mainly olive and almond trees, depending on the subspecies and ST of the
pathogen present in each area. Since there are no effec�ve therapeu�c measures and an�bio�cs
are forbidden in Europe, the control of Xf is mainly based on the eradica�on of infected plants and
the use of chemical compounds against insect vectors, but this is not enough. Efficient alterna�ve
strategies that are environmentally friendly are needed. Biological control using bacteriophages can
be a viable and sustainable tool in an integrated management of Xf diseases. Due to the inherent
difficulty in culturing Xf under laboratory condi�ons, Xanthomonas spp. strains were used as surro-
gate hosts for phage hun�ng in plant, water and soil samples from areas with ac�ve Xf outbreaks,
and also in wastewater samples. A total of 22 bacteriophages were isolated and amplified, and their
ly�c ac�vity was tested against more than 50 strains of Xanthomonas spp. and also on strains of
other phytopathogenic bacterial species. All bacteriophages were phenotypically and
genomically characterized and four of them with ly�c ac�vity against different strains of Xf were se-
lected for in vivo assays. Infected plants treated with phages showed less symptoms than control
plants. These results are very promising and suggest that some of the selected phages could be
used for control of Xf diseases.
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Salmonella spp. Decontamina�on Bacteriophage

Efficacy of Bacteriophage-containing Microaerosol in Volumetric Decontamination
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Introduc�on

Volumetric decontamina�on of confined environment raised substan�al interest because it allows
to simultaneously decontamina�ng pathogens, including in hardly accessible sites that is absolutely
impossible with conven�onal manual protocols widely accepted and prac�cing today. Use of bacte-
riophages for volumetric disinfec�on looks very promising for mul�ple scenarios. 

Aim

The aim of this study was to inves�gate the possibility of using bacteriophage-containing mi-
croaerosol in decontamina�on of salmonella-infected surfaces with a special medical nebulizer that
produces microaerosols.

Materials and Methods

The stock suspension of Salmonella phage cocktail of 10  PFU/ml and culture of S. typhimurium
1,1x10  CFU/ml concentra�on were used in the experiments. 100 µl of fresh S. typhimurium cells
were inoculated on a surface of solid nutri�on medium and on different types of coupons. Coupons
and plates were placed to enclosed plas�c chamber (volume 0,08 m ) and microaerosol composed
of Salmonella bacteriophage was fumigated to the chamber using medical nebulizer a�ached to it
to generate microaerosol (~2µm in diameter) and create phage droplets in the form of a cool fog.
Mul�ple controls were applied, including cells survival on the coupons without treatment, fumiga-
�on of microaerosol not-containing phage, etc. 

Results

Experiments revealed that the minimum �me leading to complete elimina�on of the pathogen was
1h. both on different types of coupons as well as on solid nutrient medium. At 1h of exposure, 5 ml
of phage concentra�ons completely eliminated the pathogen, and a�er applica�on of 3 ml of
phage, viable cells remained on coupons and the solid nutrient medium.

Obtained results demonstrates that the minimum exposure �me and minimum phage concentra-
�on was 5 ml phage at 1 h exposure.

Conclusion

Our experiment data suggest that bacteriophages can be successfully used as a useful biocontrol of
pathogenic microorganisms.
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Food Safety bacteriophage biocontrol Listeria Salmonella

Application of bacteriophages to enhance food safety from Pharm to Phork:
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In the face of recurrent foodborne outbreaks and product recalls, the need for safer foods remains
in the public interest. The extended overuse and misuse of an�bio�cs and other an�bacterial
agents in the food industry have further exacerbated the spread of foodborne pathogens with the
rise in an�microbial resistance. This increased demand for safer food products with clean label dri-
ves the con�nuous search for natural alterna�ves to control the growth of pathogenic bacteria. Bac-
teriophages have emerged as a legi�mate an�bacterial alterna�ve with a wide scope of applica�ons
which con�nue to be discovered and refined. From farm to fork, bacteriophages have been shown
as a viable op�on to treat diseases in animals and plants, reduce biofilm forma�on and contamina-
�on in food processing environment, and increase the safety and shelf-life of food products. In this
presenta�on, our research group effort in applica�on of ly�c phages to tackle selected bacterial
pathogens will be presented. Suggested approaches to overcome the challenges of phage ap-
plica�ons as biocontrol tools throughout the food supply chain will also be discussed. This presenta-
�on will start with developing a spry dried phage-carrier biopes�cide to control Erwinia amylovora,
the causal agent of fire blight disease in apple and pear. Then, the poten�al of Listeria ly�c phage to
disperse Listeria monocytogenes biofilm will be evaluated in a simulated food processing condi-
�ons. Finally, a smart and high throughput approach for developing a phage cocktail to mi�gate the
risk of Salmonella in poultry products will be presented.
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Erwinia amylovora bacteriophage biocontrol Agriculture

Evaluating candidate phages as biocontrol tools against fireblight disease in fruit
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Fireblight is one of the most important fruit diseases and has catastrophic consequences for apple
and pear trees. The development of an innova�ve strategy for an effec�ve fight against it is a priori-
ty challenge for fruit produc�on in France and worldwide. This disease is caused by the bacterium
Erwinia amylovora and a poten�al successful biocontrol strategy could be the use of phages, the
viruses of bacteria. To achieve this goal, a collec�on of 16 new Erwinia phages isolated in the south
of France were analysed to determine their morphology, their genome and their host range on a se-
lec�on of 44 E. amylovora strains. This phage collec�on represents 5 genera, including 1 new, and 7
different species, including 4 new ones. The phages observed are tailed, with a majority of myovirus
and a few podovirus morphological types. Phage lifestyle analysis determined that all phages are
virulent, as reported before for Erwinia phages. Ten phages showed a large host range, targe�ng
more than 20 E. amylovora strains, and 2 phages were capable of infec�ng 100% of the strains. A
selec�on of Erwinia phage candidates based on genomic diversity and host range extent criteria was
made for subsequent tests. Currently, the efficacy of the selected phages in controlling the bacteri-
um in vitro and on apple tree seedlings is under evalua�on. Overall, this project seeks to prove the
poten�al of phages as an efficient biocontrol tool against fireblight disease.
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RFLP Phage Therapy Escherichia coli O157:H7 Salmonella spp.

Classification and Characterization of Bacteriophages Effective Against Foodborne
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Phages that are effec�ve against Salmonella and E. coli can be used for different purposes when
considering human health and food safety. One of these is to replace phages with an�bio�cs in the
treatment of diseases caused by these pathogens. The others are the use of them in surface disin-
fec�on instead of chemical disinfectants, and/or the treatment of the food surface with phages in
order to ensure food safety. For phage therapy to be more effec�ve, more comprehensive, and pro-
duc�ve, it is of utmost importance that the characteris�cs of the phages are determined. Within the
scope of this study, S. Enteri�dis, S. Typhimurium, and E. coli O157: H7 phages were classified ac-
cording to their host specifici�es, morphological proper�es, and RFLP analyses. A�er that, they
were characterized by determining their replica�on parameters, and the possible genotoxic regions
of phages were tested. To perform all of these tests, phage �ters were increased to a suitable level
for the isola�on of DNA and determina�on of their host spectra. The DNAs of these phages were
then be isolated using isola�on kits and RFLP analyses, which are the basis for the classifica�on
studies, were performed. The differences of the phages were determined by using the fragments
that occur as a result of the enzyme diges�on. Later, whether the phages contain certain toxic gene
regions were checked. Addi�onally, the growth curves were subtracted, latent period and burst
sizes were calculated, and the adsorp�on rates were determined. Finally, mixtures of phages were
prepared according to the host spectra and RFLP results, and the elimina�on efficiencies of those
mixtures were determined. Thanks to a par�cular phage collec�on that was established in this
study, acquired phage products could be used both in human/animal experiments and that might
be usable at any stage of the food safety process.
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Aeromonas salmonicida Bacteriophages Aquaculture

Isolation and characterization of a new bacteriophage against Aeromonas
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Aeromonas (A.) salmonicida, a Gram-nega�ve bacteria belonging to the Aeromonadaceae family, is
a primary fish pathogen that causes furunculosis in salmonids, carp and perch, as well as sep�cemia
in a variety of fish. This species is considered as one of the main bacterial pathogens responsible of
important economic losses in aquaculture industry. Large amounts of an�bio�cs such as oxytetracy-
cline, quinolones and sulfonamides are used to treat this infec�on, which highly contributes to the
emergence of an�bio�c-resistant strains. The applica�on of bacteriophages (phages) in aquaculture
seems to be a promising solu�on to control pathogenic bacteria in this field because phages are
well adapted to aqua�c environments. The aim of this work was to isolate and characterize new lyt-
ic phages against A. salmonicida. The phage isola�on was performed by enrichment method,
against the ATCC 7965 strain of A. salmonicida. This method consists in mixing a centrifuged and fil-
tered water sample with a bacterial culture in exponen�al phase. When clarifica�on of the medium
is observed, the supernatant of this mixture is spread on the surface of LB agar and covered with a
bacterial overlay in exponen�al phase. Phage present in dis�nct clear lysis plaques is then purified
three �mes by subculturing. For this purpose, a sampling campaign of water from fish farming
ponds in the south of Belgium was carried out in January 2022. Out of 36 water samples, a new ly�c
phage was isolated. This phage remained ac�ve between 4 and 10 units of pH but shows a drop of
ac�vity at 37°C. A preliminary host spectrum test showed that this phage was not ac�ve against 3
other A. salmonicida strains. Further studies are now needed to analyse the genome and to assess
the in vivo safety and efficacy of this phage.
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Bacteriophage Erwinia amylovora bacteriophage biocontrol

Characterization and identification of lytic bacteriophages against Erwinia
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Fire blight is a bacterial disease that affect apple, pear and quince trees. Disease symptoms can be
seen all over the plant including blossoms, leaves, fruits, shoots, branches and rootstock. Erwinia
amylovora is a bacterium that causes fire blight disease. It is a Gram nega�ve, mo�le, non-sporulat-
ing bacterium. E. amylovora is able to produce exopolysaccharides that gives it pathogenicity. The
bacteria can penetrate plant �ssue, which enables the disease to spread all parts of the plant. An-
�bio�cs and chemicals are the most widely used control strategies for fire blight, but the recent
problem of resistance to an�bio�cs and chemicals has triggered the search for new methods. Today,
phage therapy is one of the methods seen as an alterna�ve to an�bio�cs and other chemicals in the
treatment of bacterial infec�ons. Bacteriophages, called phages for short, are viruses that only act
on bacteria. Today, ly�c phages can be used against pathogenic bacteria that develop an�bio�c re-
sistance to protect human and animal health, as well as in the field of food and agriculture, as a reli-
able alterna�ve to prevent bacterial contamina�on and thus infec�ons. Therefore, it is possible and
appropriate to use phages, a biological material, in a reliable and effec�ve way, instead of expensive
and environmentally harmful chemicals to protect plant health. It is of vital importance to charac-
terize the phage to be used for phage therapy, both in terms of genomic and developmental para-
meters. In this study, the isola�on characteriza�on of phages effec�ve against E. amylovora bacteria
was performed.  Phages were isolated using leaves and soil samples from areas where the disease
was seen. One-step growth curve, adsorp�on kine�cs, TEM image, RFLP and genomic characteriza-
�on steps were performed. Thus, phage cocktails can be created for use in field applica�ons.
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Phage Therapy Bacteriophage Galleria mellonella Escherichia coli K1
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Extra-intes�nal Escherichia coli express several virulence factors that increase their ability to colo-
nize and survive in different localiza�ons. The K1 capsular type is involved in several infec�ons, in-
cluding meningi�s, urinary tract, and bloodstream infec�ons. The aims of this work were to isolate,
characterize, and assess the in vivo efficacy of phages targe�ng avian pathogenic E. coli (APEC)
O18:K1, which shares many similari�es with the human strains responsible for neonatal meningi�s.
Eleven phages were isolated against APEC O18:K1, and four of them presen�ng a narrow spectrum
targe�ng E. coli K1 strains were further studied. The newly isolated phages vB_EcoS_K1-ULINTec2
were similar to the Siphoviridae family, and vB_EcoP_K1-ULINTec4, vB_EcoP_K1-ULINTec6, and
vB_EcoP_K1-ULINTec7 to the Autographiviridae family. They are capsular type (K1) dependent and
present several advantages characteris�c of ly�c phages, such as a short adsorp�on �me and latent
period. vB_EcoP_K1-ULINTec7 is able to target both K1 and K5 strains. This study shows that these
phages replicate efficiently, both in vitro and in vivo in the Galleria mellonella model. Phage treat-
ment increases the larvae survival rates, even though none of the phages were able to eliminate the
bacterial load.

This research was funded by the Walloon Public Service, BIOWIN project: Inteliphages
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Electric and magne�c fields influence the basic life processes of microorganisms. Electromagne�c
fields influence enzyme ac�vity, cell viability, metabolic ac�vity, and prolifera�on rate. Addi�onally,
the DNA synthesis, transcrip�on, and transla�on processes can be overregulated. The use of the ro-
ta�ng magne�c field (RMF) to enhance and support the biotechnological processes is a promising
idea. At this moment there are no field-based methods for the support and intensifica�on of bacte-
riophages produc�on. The aim of this study was to evaluate the influence of RMF on the selected
bacteriophages proper�es.

Obtained data showed that the RMF modified the bacteriophage lifecycle and ly�c ac�vity. It was
observed that the latent period of the ly�c cycle of T4-phage was shortened from 20 min to 15 min
(excluding the adsorp�on �me). Addi�onally, the burst size significantly increased from 103 PFU per
infected cell to approx. 330 PFU per infected cell. Addi�onally, the study showed increased lysis ac-
�vity of this phage on liquid cultures of E. coli when temporary (1h) exposi�on was used. These pre-
liminary experimental results showed the poten�al usage of RMF in bacteriophage research and
process bioengineering.

This study was supported by Na�onal Science Centre Poland [No. 2018/29/N/ST8/01043 and
2018/31/B/ST8/03170].
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Although it is well documented that virulent phages nega�vely impact lac�c acid bacteria, their im-
pact on ripening strains, such as Brevibacterium auran�acum, has been overlooked. Here, we aimed
to study the effect of B. auran�acum virulent phages on the produc�on of smear-ripened cheeses.
We used model cheeses at an industrial factory and monitored the development of the color of the
cheese rind as well as of its microbial composi�on under two condi�ons: a control group with no
added phages and a phage group, in which the virulent phage AGM9 was added. Our results show
that the presence of B. auran�acum phages significantly delayed the development of the orange
rind color in the model cheeses. Surprisingly in the final days of ripening, phages were also detected
in the control curds. Sequencing the genome of phage isolates from the control cheeses indicated
that they were different than phage AG9, sugges�ng contamina�on from the manufacturing and
storing environments. Our results highlight the risks of using a phage-sensi�ve strain in smear-
ripened cheese produc�on. To the best of our knowledge, this work is the first to report on the im-
pact of B. auran�acum phages in smear-ripened cheeses.
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Mycoviruses Fusarium culmorum Wheat

High-throughput sequencing reveals novel RNA mycoviruses in F. culmorum
isolates
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Fusarium culmorum is a causa�ve agent of several diseases of cereals including fusarium head
blight and foot and root rot. F. culmorum and its disease route has been studied extensively, howev-
er, mycoviruses infec�ng it remain an elusive factor poten�ally influencing its phenotype. While ma-
jority of the known mycoviruses do not appear to cause detrimental effects to their hosts, there
have been published reports showing the possibility of hypovirulence and their use as biocontrol
agents. With the objec�ve to inves�gate hypovirulent mycoviruses, we isolated F. culmorum from
several wheat (Tri�cum aes�vum) cul�vars and screened for mycoviruses. We extracted double
stranded RNA (dsRNA) and performed RNA-sequencing. Based on the RNA-dependent RNA poly-
merase domain analysis, we found a number of dsRNA but also a few ssRNA mycoviruses. Using
blast, we found a member of Hypoviridae family, two dsRNA viruses - within Unirnaviridae and Par-
��viridae families. In addi�on, two nega�ve sense ssRNA mycoviruses belonging to Mymonaviridae
and one distantly related to Aspiviridae were detected. Further efforts to sequence full genomes,
analyze phylogeny and characterize these viruses are s�ll ongoing.
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Bacteriophages an�phage Phagecontamina�on

Antiphage agents: Molecules, polymers and nanoparticles
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I plan on discovering or producing several an�viral agents that have vast areas of applica�on. The
aim is to aid industries that rely on bacterial products for commercial use in a broader aspect. Bac-
teriophages are ubiquitously available biological en��es that are currently most predominant, capa-
ble of being friends or foes. Phage contamina�on was first reported by Whitehead and COX in 1935
in a dairy culture, paving the way to a brand-new field of research. My poster will broadly cover
three categories of an�phage agents:

1.      Molecules: In this project, I showed a new method for the inac�va�on of bacteriophages. We
used a food addi�ve to decrease ac�ve virions in phage suspensions. The main aim of the research
is to explore an�phage agents that can be used directly in bioreactors. T

2.      Polymers: Associa�ons of bacteriophages and polymers find applica�ons in different research
fields, including targeted drug delivery, decontamina�on of microbial infec�ons, as an�bio�cs alter-
na�ves, bacteriophage entrapping and encapsula�on, and phage inac�va�on. The disrup�on of the
bacterial cell wall by varying propor�ons of [+] and [-] ligands tethered to the nanopar�cles has
been studied in the past. Inspired by mixed charge nanopar�cles against bacteria, my aim is to ar�-
ficially produce polymers of mixed charges and amphiphilicity to inac�vate bacteriophages

3.      Nanopar�cles: Nanopar�cles are emerging in the field of microbiology with the revela�on of
their an�microbial nature. I am exploring the efficiency of silver nanopar�cles in the presence and
absence of various ligands, along with silver, bismuth and an�mony alloys against bacteriophages.
An�mony and Bismuth have shown promising results. Moreover, I explore the effect of nZVI on bac-
teriophages, and establish how different phages react differently under the influence of the same
nanopar�cles.
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Phage Therapy Salmonella Poultry

Evaluation of the prophylactic and therapeutic effect of a phage cocktail to control
Salmonella Enteritidis
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Salmonella is one of the main causes of foodborne disease related to poultry product consump�on
and a public health concern. The use of ly�c bacteriophages could be a novel, safe and effec�ve ap-
proach to reduce the prevalence of Salmonella in poultry and subsequently reduce the incidence of
foodborne salmonellosis in humans.

This study evaluates the preven�ve and therapeu�c effect of phages, administered via drinking wa-
ter, on Salmonella levels in chickens. A 6-phage commercial cocktail, SalmoFresh™ (developed and
produced by Intraly�x, Inc., Columbia, MD, USA), with demonstrated in vitro efficacy against a vari-
ety of Salmonella serotypes was used.

First, the phages were demonstrated to persist in chickens’ gut for at least 3 days without
Salmonella challenge. The prophylac�c and therapeu�c poten�al of the cocktail was then evaluated
in vivo. 50 chicks were challenged by oral gavage with Salmonella Enteri�dis LA5 at 5x10  CFU/chick
at 7 days of age. Phages were administrated before the challenge via drinking water during the first
6 days of the chicks’ life and 2 days prior to the end of the trial. Salmonella enumera�on and phage
iden�fica�on and coun�ng were inves�gated during the 4-week trial.

Results showed that up to 4 days post infec�on, phages had a preven�ve effect and they significant-
ly (P<0.05) reduced Salmonella coloniza�on in the ceca and the feces by 2 to 4 logs. Salmonella lev-
els increased 7 days post infec�on, a�er phage treatment was paused. During this period, only 2
out of 6 phages were detected in the different gut segments. Resump�on of phage administra�on 2
days before the end of the trial reduced the Salmonella loads again by 1 log in the ceca.

This treatment showed encouraging results regarding the effect of phages on Salmonella levels in
chickens during cri�cal steps of poultry produc�on; data suggest that administra�on and dosing
regimen may need to be further op�mized for op�mal effect for the poultry industry.
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bacteriophage biocontrol Pseudomonas syringae Carrier bacteria Ly�c Phages

Bioassays and carrier bacteria experiments toward an effective use of phages
against Pseudomonas syringae
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Pseudomonas syringae species complex is rich with plant pathogens. Pseudomonas syringae pv. ac-
�nidiae (Psa, kiwifruit canker agent) and Pseudomonas syringae pv. phaseolicola (Pph, bean halo
blight agent) are two economically important plant diseases. For now in Europe only copper treat-
ments are used to prevent these pathologies. However, biocontrol using the natural bacteria ene-
mies, bacteriophages, is currently used against other phytopathogens. In our previous work we
iden�fied16 Pph phages isolates and 5 Psa phages isolates collected, 3 of which representa�ve of
species novel to literature: ‘Ceppovirus pphageB1’, ‘Mantavirus psageA1’ and ‘Nickievirus psageB1’
(h�ps://doi.org/10.3390/v13102083). Psa phages showed a wide host range, with the ability of in-
fec�ng Pph strains too. 14 phages were without temperate life associated genes nor toxin or an�bi-
o�c resistance genes. In this work, we applied two different strategies: non-pathogenic P. syringae
carrier strains, which seems to be able to prolong the stability of pphageB1 on bean phyllosphere,
and biossays using pphageB1 and a cocktail of pphageB1 and psageB1, those consistently showed
symptoms reduc�on in bean plants, if treated 1 h before inocula�on with a Pph strain from Pied-
mont. Furthermore, preliminary studies were conducted on development of products based on 7
different endolysins derived from these phage genomes, as biocontrol methods for the Pph and Psa
diseases.
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Bacteriophage Pseudomonas syringae pv. ac�nidiae bacteriophage biocontrol

A lipopolysaccharide-dependent phage infects a pseudomonad phytopathogen
and can evolve to evade phage resistance
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Bacterial pathogens are major causes of crop diseases, leading to significant produc�on losses. For
instance, kiwifruit canker, caused by the phytopathogen Pseudomonas syringae pv. ac�nidiae (Psa),
has posed a global threat to kiwifruit produc�on. Treatment with copper and an�bio�cs, whilst ini-
�ally effec�ve, is leading to the rise of bacterial resistance, requiring new biocontrol approaches.
Previously, we isolated a group of closely related Psa phages with biocontrol poten�al, which repre-
sent environmentally sustainable an�microbials. However, their deployment as an�microbials re-
quires further insight into their proper�es and infec�on strategy. Here, we provide an in-depth ex-
amina�on of the genome of ΦPsa374-like phages and show that they use lipopolysaccharides (LPS)
as their main receptor. Through proteomics and cryo-electron microscopy of ΦPsa374, we revealed
the structural proteome and that this phage possess a T=9 capsid triangula�on, unusual for my-
oviruses. Furthermore, we show that ΦPsa374 phage resistance arises in planta through muta�ons
in a glycosyltransferase involved in LPS synthesis. Lastly, through in vitro evolu�on experiments we
showed that phage-resistance is overcome by muta�ons in a tail fiber and structural protein of un-
known func�on in ΦPsa374. This study provides new insight into the proper�es of ΦPsa374-like
phages that informs their use as an�microbials against Psa.
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Aeromonas hydrophila MDR Bacteriophages Phagetherapy

New set of Aeromonas hydrophila – specific bacteriophages for control of
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A. hydrophila frequently causes disease outbreaks in wild and cultured fish worldwide. The use of
an�bio�cs is s�ll the most widely used approach to control fish infec�ons. The alterna�ve treat-
ment strategies are strongly advised because of the emergence of MDR strains. Phage therapy can
be an effec�ve alterna�ve to an�microbial chemotherapy for control of A. hydrophila infec�ons in
aquaculture.

In our recent work (Janelidze et al, 2022) we demonstrated high therapeu�c poten�al of A. hy-
drophila phage AhMtk13a in the experimental trials on Zebrafish. The aim of the presented work
was to create a reserve collec�on of characterized virulent phages ac�ve to A. hydrophila that could
guarantee a rapid response to emerging infec�ons in fish farms.

Up to 90 A. hydrophila strains were isolated in 2017-2020 from different sources in Georgia (dis-
eased fish, fish farm water and etc). Subtyping using ERIC PCR revealed a fairly high diversity among
these strains. Majority of A. hydrophila isolates showed mul�ple resistance to an�bio�cs commonly
used in aquaculture prac�ces.

A�er cloning and propaga�on 12 A. hydrophila phages out of 30 primary phage isolates obtained
from different water environments were selected for further characteriza�on. According to the TEM
studies, the virion morphology of 10 phages were consistent with the Myoviridae and 2 phages with
the Podoviridae morphotype. Selected phages showed different ly�c ac�vity and all together cov-
ered majority of tested strains (77%) due to overlapping ly�c spectrum. Phages demonstrated high
lysis stability in liquid culture along with the low frequency of occurrence of phage-resistant bacteri-
al mutants, also maintained the viability under changing environmental condi�ons (temperature,
pH and etc). Genomic studies of the selected phages are ongoing. For further evalua�on of the ther-
apeu�c poten�al of selected phages small scale field experiments on juvenile trout are planned.
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The effect of spray parameters on the survival of bacteriophages
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There have been numerous studies highligh�ng the efficacy of various bacteriophages (phages) and
phage cocktails in the reduc�on of pathogens in food. Despite approval from legisla�ve bodies per-
mi�ng phage use in food processing environments, applied via spray or dip, there is s�ll no infor-
ma�on on which spray parameters should be used for successful implementa�on. The study here
inves�gates phage survival diluted to 1% in dis�lled water (dH O) and prepared bo�led water
(PBW), followed by a subsequent spray applica�on through a fixed nozzle (530 μm) and strainer size
(74 × 74 μm), with pressures of 3, 5, and 6 Bar. The survival of the phage was determined through
sampling the outputs of the spray system and performing double agar overlay plaque assays. PBW
decreased the phage concentra�on (p = 0.18) more than the dH O (p = 0.73) prior to spray applica-
�on. It was found that the PBW phage solu�on was less affected by the various spray parameters
(p = 0.045) than the dH O (p = 0.011). The study showed that unchlorinated water (dH O), as well
as a pressure of 3 Bar, had the highest output phage concentra�on through the nozzle and strainer,
providing valuable informa�on for industrial implementa�on.
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Bacterial canker of kiwifruit (Ac�nidia spp.) caused by Pseudomonas syringae pv. ac�nidiae (Psa),
causes significant yield and financial losses. The use of copper-based products and an�bio�cs are
the current techniques for Psa control. These compounds are phytotoxic and also promote copper
and an�bio�c resistance. The isola�on and characteriza�on of (bacterio)phages for the control of
Psa was the focus of this research, mo�vated by the demand for safe and effec�ve biocontrol tech-
niques against this disease. A Portuguese collec�on of Psa strains was characterized by molecular
and phenotypic tests. Phages were isolated from branches, buds, leaves and flowers of kiwifruit
plants in the North of Portugal. Phages were isolated by the enrichment procedure with Psa strains
CFBP 7286 and P84 as possible hosts, and the ly�c spectra of 6 selected one’s were tested against
the Psa collec�on. The two phages displaying broader host ranges (between 71% and 84% of effica-
cy among Psa strains) were stable between -20ºC and 50ºC, pH range of 3 to 11 and UV light at 366
nm. Transmission Electron Microscopy was used to characterize phages morphology. In vitro effica-
cy studies revealed that, with MOI=1, phage 177T decreased the number of CFUs a�er 4 hours of
inocula�on while maintaining a low bacterial load for up to 24 hours. Over 24 hours, phage VC3
maintained the bacterial growth stable. Preliminary ex vivo and in vivo assays on kiwifruit leaf discs
and directly applied to the plant, showed differences between the phage applica�on and the con-
trol a�er 12 days of inocula�on. One phage has been sequenced and confirmed to be lysogenic,
data that corresponded to the ex vivo results. Even so, this lysogenic phage showed poten�al to be
used as a biological control agent against Psa.

This work was supported by the project GesPSAKiwi - Ferramenta Operacional para gestão susten-
tável do cancro bacteriano (Psa) da Ac�nídea. NORTE-01-0247-FEDER-033647- (NORTE2020).
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Salmonella spp. Bacteriophage stability

Silica Vesicles Increase Stability of Salmonella-Specific Phages in Environments
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Non-typhoidal Salmonella (NTS) enterica serovar Enteri�dis is one of the major causes of foodborne
infec�ons worldwide. This NTS serovar is mainly transmi�ed to humans through poultry products.
Bacteriophages (phages) are a promising alterna�ve to an�bio�cs to reduce NTS incidences in poul-
try farms. The ability to survive the harsh environment encountered in the chicken gastrointes�nal
tract (GIT), such as low pH, high temperature and enzyma�c diges�on, can be valuable in selec�ng
phages with high therapeu�c poten�al. In this study, we characterized 13 newly isolated Kenyan S.
Enteri�dis-specific phages for their ability to survive in pH-adjusted media, different temperatures,
and simulated gastric and intes�nal fluids (SGF and SIF, respec�vely). Furthermore, we evaluated
the possibility of using silica vesicles (SV) to increase the stability of these phages in these environ-
ments. All phages were rela�vely stable from pH 4 to 12 and from 25℃ to 42℃ following 12 hours
of incuba�on. At pH 3, phages lost up to 3 logs in viral �tres a�er three hours of incuba�on. They
remained more stable at pH 9, with phage �tres 2 logs higher than at pH 3.  In SGF, they were stable
for 20 minutes; a�erwards, they started losing their viability up to 5 logs, while they were rela�vely
stable in SIF for up to two hours. Moreover, significant differences were observed among the differ-
ent phages in surviving these environments. Encapsula�ng phages with SV demonstrated a slow but
long rate of phage release upon adsorp�on for 96 hours. Preliminary data indicate that SV 140 C
can protect phages longer than other silica vesicles tested. In contrast, free phages in SGF had an
average reduc�on of 7 logs PFU/ml a�er 60 minutes of incuba�on. These data suggest that a num-
ber of these phages can poten�ally survive through the chicken GIT and that SV can be an ideal
technology to prolong the stability of phages in acidic environments.
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Are endolysins promising agents in controlling E. coli associated post-weaning
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Enterotoxigenic Escherichia coli (ETEC) associated infec�ons are the major cause of piglets’ mortali-
ty in weaning and post-weaning period, resul�ng in significant economic losses to the swine indus-
try. Furthermore, the increase of mul�drug resistant ETECs have been recognized a public health
danger due to the poten�al transfer of resistance into the food chain. Bacterio(phages) endolysins
are enzymes produced in the end of phage ly�c cycle that are responsible for cell lysis. So far, no re-
sistance has been reported, which make endolysins an a�rac�ve alterna�ve to an�bio�cs. In the
present work, endolysins were exploited to tackle ETECs in piglets. Two enzymes previously cloned
were tested against ETEC SP23 strain exponen�al cells. First, Lys68 (used herein as proof of concept)
was tested alone or in combina�on with 5 different organics acids (already implemented in the
piglets’ diet) – citric, malic, formic, lac�c and sorbic acids – in 20 mM HEPES, 149 mM PBS and
140.33 mM simulated intes�nal fluid (SIF). Later, PlyF307 endolysin was also tested with malic and
citric acids in SIF. Results demonstrated that both enzymes reduced ETEC concentra�on in more
than 4 orders of magnitude in HEPES. Lys68 together with malic acid displayed the best an�bacterial
ac�vity in PBS, being able to reduce approximately 1 order of magnitude. However, enzymes effica-
cy was dras�cally reduced when tested in buffers that mimicked physiological condi�ons. In SIF,
Lys68 and PlyF307 did not display an�bacterial ac�vity. In summary, phage endolysins revealed to
be ineffec�ve to treat ETEC bacterial load in more complex environments.
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Utilisation of bacteriophage to combat soft-rot disease in potatoes
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So�-rot is a bacterial disease that primarily affects vegetable but also ornamental plants. Within the
potato industry, worth £1.1 billion in the UK, so�-rot causes annual losses of £750 million world-
wide. Spread through contaminated farming equipment, there is currently no commercially avail-
able treatment other than rigorous sani�sa�on procedures. Strict regula�ons severely limit ar�ficial
addi�ons to crop and therefore it is cri�cal that alterna�ve treatments are inves�gated. Bacterio-
phages, viruses that infect bacteria, that are capable of infec�ng the offending bacteria seem a nat-
ural op�on. However the library of published bacteriophage that could be used to treat so�-rot-
causing bacteria is limited and requires much expansion. Through collabora�on with APS biocontrol,
I have successfully iden�fied over 30 novel bacteriophage against so�-rot-causing Pectobacterium
and Dickeya species. Comprehensive host range analysis of these bacteriophage show wide host
ranges, with many infec�ng greater than 50% of all strains screened. These novel bacteriophage will
enable the op�misa�on of an already commercially available bacteriophage cocktail addi�ve. Addi-
�onal analysis of the bacteriophage cocktail dynamics will ensure no antagonis�c effects. Cocktail
effec�veness will be conducted in vitro and through a potato slice assay to ensure an op�mal reduc-
�on in so�-rot disease progression and that any resistance development does not alter pathogenici-
ty. The outcomes of this work will ul�mately assist in the evolu�on of the first commercially avail-
able treatment for so�-rot disease. Furthermore, it'll lessen the economic burden of so�-rot dis-
ease, raise awareness of the importance of understanding bacteriophage cocktail dynamics and
how bacteriophage resistance may alter disease progression.
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Evolution of Listeria phage LP-125 to improve Efficacy Under Specific Food
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Listeria monocytogenes is a foodborne pathogen that causes illness with a rela�vely high mortality
rate (~20%). It is par�cularly challenging to control in food environments as it can grow at refrigera-
�on temperatures. Currently, there are several phage products available for use in many countries
as control agents for L. monocytogenes. Previous work has shown that Listeria phages can evolve in
vitro to overcome challenging resistance types. The goal of this study is to (i) determine if evolu�on
of Listeria phages can be exploited to improve their efficacy under specific food condi�ons and (ii)
iden�fy the phage muta�ons that are selected under food-specific condi�ons. One-step growth
curves showed that LP-125 infec�on kine�cs were significantly different in oat and whole milk (n =
3). The average burst size was 47 ± 2 phages per cell in oat milk, compared to 34 ± 2 phages per cell
in whole milk (P<0.05). In addi�on, the latent period was reached at an average of 70 min in oat
milk, compared to 87 min in whole milk (p<0.05). LP-125 was passaged through 10 rounds of infec-
�on in each milk condi�on; phage growth kine�cs were observed for each round of infec�on, and
we found that the resul�ng lysate concentra�ons trended up over �me. Three phages were plaque
purified from each of the final milk adapted lysates. DNA was extracted from each of the 6 milk-
adapted phage isolates, and DNA was also extracted from each of the two milk-adapted phage
lysates (represen�ng the total mutant phage popula�on). These DNA samples were sent for Illumi-
na sequencing, and phenotypic assays are underway to compare milk-adapted phages to ancestral
phages. We hypothesize that we will see significant differences between the ancestral phages and
the milk-adapted phages, and that we will iden�fy muta�ons responsible for conferring those differ-
ences. We an�cipate that this knowledge may be used to improve the efficacy of phage applica�ons
in food safety.
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Belgium holds a long-standing tradi�on in microbial virus research, da�ng back to early works of
André Gra�a on Staphylococcus aureus phages and the first experimental therapeu�c use of phages
by Richard Bruynoghe and his student Joséph Maisin, both in 1921. Pioneering work con�nued with
the discovery of posi�ve regula�on of gene expression in phage lambda by René Thomas and
coworkers in 1966, the first viral genome (MS2) sequenced by the group of Walter Fiers in 1976,
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and more recently, a highly advanced regulatory framework for phage therapy ac�vely applied in
Belgian hospitals, known as the Magistral Phage.

On May 11, 2022, the Belgian Society for Virus of Microbes (BSVOM) was founded. BSVOM aims to
sustain and improve the dense Belgian research and development network on viruses of microbes
by bringing together all stakeholders from academia, government and industry. In spite of the small
geographical size of Belgium, at least sixteen en��es are currently ac�ve in the field of viruses of
microbes. Our society adopts the triple helix model, providing an interdisciplinary perspec�ve rang-
ing from basic research to industrial developments and biotechnological & clinical applica�ons.
BSVOM pursues the intensifica�on of this fer�le Belgian ecosystem on viruses of microbes, with a
par�cular focus on suppor�ng young and future genera�ons in the field.

The inaugural BSVOM symposium scheduled on September 23, 2022, will be the first highlight of
the society with an impressive line-up of (interna�onal) speakers, blended with talks from estab-
lished research groups and a pitch session with young talent (www.bsvom.be). There will be ample
and excellent opportuni�es to discuss most recent advances, including a social ac�vity to foster the
interac�ons.
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Salmonella enterica Poultry An�bio�c resistance

New Bacteriophages from Kenyan Poultry Farms Reveal Ubiquity, Diversity and
Capacity to Kill Field Strains of Salmonella
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Current methods of controlling Salmonella enterica infec�ons in poultry farms include an�bio�cs.
However, the emergence of mul�drug-resistant (MDR) bacteria in poultry farms due to unrestricted
use of an�bio�cs indicates the need for more sustainable nonan�bio�c interven�ons. Bacterio-
phages infec�ng S. enterica are widespread in natural environments and offer a poten�al means for
controlling this bacterium. Yet rela�vely li�le is known about these phages in Kenyan poultry farms.
In our goal of developing phage therapy to tackle MDR in poultry farms, we examined the preva-
lence of S. enterica and its phages from chicken feces and water samples from poultry farms in
Nairobi and Kiambu coun�es in Kenya in 2019. CRISPR-typing of the iden�fied Salmonella strains re-
vealed three common serovars, S. Enteri�dis, S. Kentucky and S. Heidelberg. We inves�gated the
presence of an�microbial resistance genes in these isolates and found that at least 12.5% are mul-
�drug-resistant. Salmonella-specific phages were isolated from 57 poultry farms and five slaughter-
houses. Analysis of 631 crude lysates encompassing 103 water and 528 chicken samples revealed
that 67% presented Salmonella phages. The most prevalent being against serovars S. Heidelberg
(58%), S. Cholerasius (45%), S. Braenderup (29%), S. Brandenburg (20%), S. Enteri�dis (12%), S. Pul-
lorum (8%), S. Kentucky (5%) and S. Typhimurium (2%). Of these crude lysates, 63 phages were se-
lected based on host range and restric�on profiling. Preliminary whole-genome sequencing data re-
veal that these phages cluster within the Myoviridae, Siphoviridae and Podoviridae families. The se-
lec�on of therapeu�c phage candidates for poultry and their detailed characteriza�on is ongoing
and will be tested in a Salmonella infec�on model in chicken. Key results indicate that Kenyan poul-
try farms present a diversity of Salmonella phages that can be used to develop a phage-based strat-
egy to control Salmonella infec�on in chicken.
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Mycoviruses Cryphonectria hypovirus Chestnut blight
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Mycoviruses are widespread viruses in filamentous fungi considered ubiquitous in all groups.
Cryphonectria hypovirus 1 (CHV1) of the Hypoviridae family is included in the genus Hypovirus. Hy-
povirus are well-studied biological control agent of chestnut blight a lethal disease of Castanea sa�-
va Mill. Unlike many mycoviruses, which are cryp�c or latent in their host, CHV1 reduce virulence,
reduce pigmenta�on and sporula�on and induce female sterility in its host the Cryphonectria para-
si�ca fungus. Chestnut blight was introduced in Portugal and rapidly became a severe lethal disease
in all chestnut regions in the 90’s. Ini�al epidemics had a very rapid spread and no or few cases of
hypovirulence was reported. Besides scien�fic issues are obtained therapeu�c hypovirulence was
introduced as a biological control to mi�gate disease impact. Later, in 2013 chestnut blight appears
in sca�ered stands of the coast north Minho region where natural spread is the dominant way of
hypovirulence spread. In this study we inves�gate and specifically addressed the ques�on of the
massive natural spread of hypovirulence. We studied vegeta�ve compa�bility system (vic genes) of
the host fungus, presence and characteriza�on of CHV1 subtypes and  hypovirus transmission ca-
pacity, issues that play a key role in hypovirus spread. Although some different results are obtained
major key determinants and driven forces to improve natural hypovirus spread are s�ll unclear and
new approaches as (HTS) high throughput sequencing will be valuable to understand the driven
forces of natural dissemina�on that will greatly increase field sustainability of therapeu�c ap-
plica�ons of hypovirulence and chestnut recovered
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Introduc�on: Endolysins are a class of an�microbials that are on the verge of break-through in (vet-
erinary) medicine. Although the ac�vity and engineering of these proteins is well-studied, insights
regarding their stability, pharmaco-kine�cs & -dynamics are limited in an eukaryo�c cell environ-
ment or upon administra�on to either animals or humans. Objec�ve: Our groups developed a
method that allows the purifica�on of non-pyrogenic endolysins purified from E. coli applied to our
previous research in the context of bovine mas��s. Materials, Methods and Results: ClearColi®
BL21 (DE3), an E. coli line knocked-out for immunogenic lipopolysaccharide (LPS), was used for the
expression of a polyhis�dine (his)-tagged endolysin. A�er sonica�on on ice, the centrifuged lysate
was applied to a HisTrap column on an Äkta Pure system, which was pretreated with 1M NaOH to
disintegrate residual LPS. The column was washed with lysis buffer containing 0.1% EMPIGEN® de-
tergent to remove any residual LPS le� in the sample. Next, this detergent was removed from the
column by washing with lysis buffer, a�er which his-rich host cell proteins were likewise removed
with 50 mM imidazole. An isocra�c elu�on with 400 mM imidazole yielded the his-tagged protein.
Finally, buffer exchange was executed by centrifuga�on in a Pierce™ protein concentrator, also cor-
rec�ng the volume to the desired molarity. As a proof-of-concept for non-pyrogenicity, bovine
mammary epithelial cells (boMECs) and a limited number of mouse mammary glands (n = 6) were
incubated or intramammarily injected with 8 or 2.5 µM of purified endolysin, respec�vely. Neutral
red staining evaluated cytotoxicity on the boMECs and histology on the mouse mammary glands
also confirmed safety. Conclusion: Our method successfully purified one selected endolysin without
precipita�on or disintegra�on loss. This purified endolysin was regarded safe both in vitro and in
vivo upon its administra�on to boMECs and mice.
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Food is o�en contaminated during processing and packaging through contact with equipment sur-
faces. To avoid it, an efficient sanita�on is necessary. However, several studies have demonstrated
that although sani�zers reduced the levels of foodborne pathogens they might induce cells of food-
borne bacteria into a viable but non-culturable (VBNC) state. We already confirmed that sodium
hypochlorite and perace�c acid induce VBNC state in E. coli and that those VBNC cells can be de-
tected by flow cytometry. These VBNC cells can “resuscitate” and recover their virulence resul�ng in
a serious risk to human health. Thus, it is urgent to establishing an efficient disinfec�on protocol to
food contact surfaces.

The main aim of this work was to develop a targeted solu�on for controlling risks associated with
Staphylococcus aureus VBNC cells in food processing surfaces. For that, clinical isolates of S. aureus
were subjected to disinfec�on with sodium hypochlorite (SH) and the bacteriophage LM12 was as-
sessed as an an�microbial agent to target the remaining VBNC cells.

The results showed that to completely eliminate 1x10  CFU/ml of S. aureus adhered to stainless
steel surfaces it is necessary a concentra�on of 275 mg/l of SH with a contact �me of 5 minutes. A 1
log reduc�on is observed to 200 mg/l of SH. An increase of contact �me, as expected, leads to low-
er concentra�ons needed for reduc�on. When phage is used as the an�microbial agent, at contact
�mes of 30 and 60 minutes, it was observed that S. aureus presented suscep�bility with more than
1 log reduc�on.

Despite some vulnerability of bacteriophage LM12 to high concentra�ons of SH, we are currently
exploring the applica�on of LM12 to tackle S. aureus VBNC cells a�er disinfec�on of stainless steel
surfaces with sodium hypochlorite.

1,2 1,2 1,2 1,2

8

mailto:pilar@ceb.uminho.pt


452

Poster ID: AgroV.325(PS3-R5.20)

Paenibacillus larvae prophages Bacterial fitness Bacterial virulence

Analysis of intact prophages in genomes of Paenibacillus larvae, an important
pathogen for bees
Henrique G. Ribeiro , Anna Nilsson , Luís D. R. Melo , Ana Oliveira 

1. LIBRO – Laboratório de Inves�gação em Biofilmes Rosário Oliveira, Centre of Biological
Engineering, University of Minho, Braga, Portugal
2. LABBELS – Associate Laboratory, Braga, 4800-122 Guimarães, Portugal
3. Department of Ecology, Swedish University of Agricultural Sciences, Uppsala, Sweden

Correspondence:
henrique.ribeiro@ceb.uminho.pt

Paenibacillus larvae is a highly contagious spore-forming bacteria, responsible for the American
Foulbrood (AFB) disease, lethal to honeybee brood. Integrated in bacterial genomes, prophages are
o�en able to provide new genes or to alter phenotypic characteris�cs of bacteria. The poten�al role
of prophages in the performance of P. larvae has been studied.

A total of 55 intact prophage genomes from 11 P. larvae strains were annotated and analysed. The
main focus was to infer the influence of their genes with some type of virulence trait (e.g.: toxins),
or func�ons such as an�bio�c resistance, metabolic func�on, germina�on/sporula�on or trans-
porter of nutrients, which could improve bacterial fitness. We also aimed at understanding if spe-
cific traits were provided to a given genotype (ERIC I-V).

A total of 67 puta�ve genes with different func�ons were iden�fied. Some were present in all geno-
types, as for example, genes encoding phosphomannomutase, HicB and MazE an�toxins, while oth-
ers were exclusive from a specific genotype. In ERIC I, were found genes encoding a DNA internaliza-
�on protein or an enhancin-like toxin, in ERIC II, genes responsible for a SocA an�toxin or a DNA
mismatch repair protein, in ERIC III, a gene for a lipid phosphatase, in ERIC IV, genes encoding pro-
teins associated to iron–sulfur uptake and nitrogen fixa�on and in ERIC V, genes for an aroma�c acid
exporter family protein, for an epsilon-toxin type B or for an epithelial and chi�n-binding protein.

Although several prophage-derived genes are closely linked to metabolic processes, only ERIC V
strains appear to have a compe��ve advantage since prophages contained mul�ple genes that
could contribute to a more aggressive infec�on.

Despite the low representa�veness on P. larvae strains diversity, we definitely contribute to leverag-
ing studies in a subject with recent and short knowledge.
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Ac�vated-sludge is the most widely used biological process to remove pollutants from wastewater
worldwide, mainly due to its economic advantages. Bacteria sum up around 95 % of the total micro-
bial community of the ac�vated-sludge, being responsible for most of the water depura�on. Fila-
mentous bacteria are normal components of these ar�ficial ecosystems but their excessive growth
leads to poten�al problems, mainly on the sludge se�ling (filamentous bulking) or on the forma�on
of scums (filamentous foaming), drama�cally reducing the efficiency of the wastewater treatment
plants (WWTP). Rhodococcus erythropolis is a gram-posi�ve filamentous bacterium previously iden-
�fied as one of the sources of foams in ac�vated-sludge.

The present work aimed at isola�ng and characterizing phages infec�ng R. erythropolis, using
sewage water and mixed liquor from an urban WWTP as phage source.

Two phages were isolated (one from mixed liquor and the other from sewage) and further charac-
terized gene�cally and biologically. The TEM analysis revealed that both phages belong to the
siphovirus morphotype but with different sizes. The one step growth curve, carried at 28 °C in LB
medium, revealed that the Rhodococcus phage isolated from mixed liquor and the one isolated
from sewage have significant differences with latent periods of 110 min and 35 min, respec�vely,
and burst sizes of 5 PFU/infected and 106 PFU/infected cell, respec�vely. Both phages were stable
between 4 and 28 °C and between pH values from 7 to 10, which suggests good stability in the
WWTP environment. Moreover, phages were able to maintain a R. erytropolis suspension at low
levels for up to 30 h post-infec�on, using MOIs of 0.1, 0.5, and 1. Infec�on with the mixed liquor
phage, maintained the bacterial reduc�on for 48 h in all MOIs tested. These results demonstrate
the poten�al of using phages to control the problem of bacterial foaming in WWTP.
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An�bio�c-resistant P. aeruginosa is one of the most common pathogens contribu�ng to wound in-
fec�ons following surgery or injury, resul�ng in a high mortality and morbidity rate in severe cases
and listed as a cri�cal pathogen by the World Health Organiza�on. However, mul�ple in vitro and in
vivo studies have been shown that bacteriophage (phage) therapy could be a promising alterna�ve
to an�bio�cs against P. aeruginosa. Consequently, this study aims to isolate and characterize a novel
phage ( ZCPA1) from sewage water targe�ng P. aeruginosa followed by examining its efficacy both in
vitro and in vivo. The infec�vity profile showed that ZCPA1 could infect 58% of tested an�bio�c re-
sistance P. aeruginosa clinical isolates. Moreover, the ZCPA1 phage revealed high stability against
high temperatures (˂80 °C), a wide range of pH values (4–10), and UV for 60 min. Also, it displayed a
significant ly�c ac�vity and elimina�on of biofilm against P. aeruginosa evidenced by inhibi�on of
bacterial growth in vitro in a dose-dependent pa�ern with a complete reduc�on of the bacterial
growth at a mul�plicity of infec�on of 100. Regarding in vivo assessment, phage-treated P. aerugi-
nosa inoculated wounds displayed 100% wound closure with a high quality of regenerated skin, evi-
denced through histological examina�on compared to the untreated and gentamycin-treated
groups due to complete elimina�on of bacterial infec�on.
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Salmonella enterica is a major foodborne pathogen worldwide. Poultry products, especially eggs
and meat, are the main responsible for human salmonellosis cases. Culture-based methods require
at least 3 days to detect Salmonella posi�ve samples. To facilitate food chain processes and provide
a rapid response to food outbreaks, a simple and rapid detec�on method is necessary. For this pur-
pose, nucleic acid amplifica�on-based techniques are a poten�al solu�on. Loop-Mediated iso-
thermal AMPlifica�on (LAMP) has emerged as an alterna�ve to qPCR due to the simple equipment
necessary to perform the analysis while allowing the detec�on of living cells when combined with
bacteriophages. The aim of this work was to develop a same-day protocol based in the combina�on
of LAMP and a Salmonella phage (vB-SenS_PVP-SE2) to detect viable Salmonella Enteri�dis cells in
chicken meat. Specific LAMP primers were designed to target the capsid and endolysin genes of
Salmonella phage vB-SenS_PVP-SE2. Two different detec�on strategies were developed: real-�me
fluorescence; and colorimetric (naked-eye detec�on). The LAMP method developed could detect
down to 0.2 fg/µL of pure phage DNA and concentra�ons of viral par�cles in buffered peptone wa-
ter (BPW) of 10  pfu/mL. A�er op�miza�on in spiked chicken samples, a 3 h sample pre-enrichment
diluted 1/10 in BPW before phage addi�on to the samples followed by a co-incuba�on (with phage)
of 4 h was established. The proposed method could determine the presence of S. Enteri�dis in less
than 8 h including sample processing, DNA isola�on and LAMP analysis with a LOD  of 1.5 cfu/25g
and a LOD  of 6.6 cfu/25g, both by fluorescence and naked-eye observa�on. The results were in
close concordance with the reference method for Salmonella spp., the ISO 6579-1:2017. The de-
scribed method represents a promising alterna�ve for the rapid detec�on of Salmonella in the food
chain.
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Enzybio�cs are considered as one of the most promising alterna�ves to conven�onal an�bio�cs.
They are derived from enzymes used by bacteriophages to degrade the bacterial cell wall, also
called phage ly�c proteins. We have created PhaLP (h�ps://www.phalp.org/), an elaborated and
comprehensive database of phage ly�c proteins with 17,356 entries (and growing). PhaLP aims to
serve as an open portal for the phage community, par�cularly those researchers interested in phage
ly�c proteins. The database is easily searchable through two user-friendly web interfaces and inte-
grates nine data types origina�ng from mul�ple source databases.

PhaLP can be used as a star�ng point to explore the broad diversity of phage ly�c proteins, for ex-
ample to study their host-specific evolu�on. In addi�on, PhaLP can also serve as a resource to per-
form protein engineering with phage ly�c proteins. Indeed, due to their modular architecture, they
can be engineered by recombining protein domains of na�ve phage ly�c proteins to create new
modular variants with improved proper�es. Here, we describe a dataset that describes a complete
design space of 780 modular variants. Every possible variant was constructed in a ra�onal way using
the VersaTile technique, star�ng from a small number of diverse building blocks (six enzyma�cally
ac�ve domains and three cell wall binding domains) selected from PhaLP. The muraly�c ac�vity of
each variant against vancomycin-resistant Enterococcus faecalis was determined in synthe�c urine
as a surrogate condi�on for a urinary tract infec�on, yielding hits that by far exceed the ac�vity of
the bulk of the variants.
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The emergence of mul�drug-resistant bacteria has posi�oned bacteriophage (phage) therapy as
one of the most promising alterna�ves to an�bio�cs. However, phages are highly specific and this
hampers their therapeu�c use, especially against highly diverse bacteria. An interes�ng example is
Klebsiella pneumoniae, a major threat pathogen, with more than 100 capsular types described.
Here we design a broad-spectrum phage cocktail against K. pneumoniae, capable of comba�ng mul-
�ple Klebsiella strains. For this purpose, we used the 77 reference capsular types (collec�on pur-
chased at the Staten Serum Ins�tute, Copenhagen, Denmark) to isolate novel phages from waste-
water. Remarkably, the 82 isolated showed enormous phenotypic and genomic diversity. Each
phage-bacteria combina�on was then tested to obtain a cross-infec�on matrix. The results showed
that about 40% of the phages were capsule-dependent, and only seven were considered broad-
spectrum phages (infec�ng at least 10 capsule types). Using the infec�on matrix the Cytoscape app
PhageCocktail provided a candidate cocktail combining 12 phages that was modified to take into ac-
count some preference criteria, such as the incidence of capsular types in clinics. The resul�ng cock-
tail is expected to infect more than 70% of the capsular types. Experimental valida�on of the cock-
tail against reference and clinical strains of K. pneumoniae is currently under study, as well the eval-
ua�on of phage-phage interac�ons and the emergence of phage-resistant bacteria.
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Cu�bacterium acnes (C. acnes) plays a significant role in the pathogenesis of acne vulgaris. Recently,
the prevalence of an�bio�c-resistant C. acnes strains is on the rise. One promising alterna�ve treat-
ment against an�bio�c-resistant bacteria is bacteriophage (phage) therapy. 

Herein, we tested the in vitro suscep�bility of 36 clinical isolates of C. acnes to five commonly used
an�bio�cs. then, we assessed their suscep�bility to eight new isolates of C. acnes phages. we have
observed full coverage of the tested C. acnes strains by a combina�on of phages (88%) and an�bi-
o�cs (69.4%). in vivo acne mice model was induced through the intradermal injec�on of C. acnes
combined with a topical applica�on of ar�ficial sebum to ICR mice. Mice were assigned to two
groups; each group was treated daily for five days topically with a vehicle gel with or without C. ac-
nes phages. The presence of bacteria and inflammatory lesions at the site of C. acnes injec�on was
evaluated. The treated mice had significantly superior clinical scores over the placebo group and
showed a significant reduc�on in neutrophil percentage compared to the control group. These re-
sults demonstrate the prevelacne of an�bio�c resistance strains in our region is on the rise, and
that with phages full coverage might be achieved. more over, topically applied ly�c phages on C. ac-
nes-induced lesions lead to clinical improvement and a reduc�on of neutrophil migra�on, which is
an essen�al part of acne vulgaris pathogenesis, thus having therapeu�c poten�al in acne vulgaris
treatment.
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Phage therapy has been considered as an alterna�ve solu�on to treat infec�ons caused by an�biot-
ic-resistant bacterial strains. Some bacteria are associated not only with severe infec�ons but are
also considered to be responsible for the development of various malignancies. Bacteroides fragilis
is a commensal bacteria inhabi�ng the intes�nal mucosa and is involved in various physiological
processes such as diges�on and matura�on of the gut immune system. The carriage of enterotoxi-
genic strains of B. fragilis (ETBF) producing e-cadherin degrading metalloprotease toxin, increases
the risk of developing colorectal carcinoma (CRC). We propose that phage therapy can be consid-
ered to diminish or eradicate the ETBF load in the colon and decrease the likelihood of CRC develop-
ment. Bacteriophage Vb_bfrs_va7 ac�ve against ETBF strains was previously isolated from the
wastewater in Tbilisi, Georgia, and morphologically characterized with TEM as phage with long non-
contrac�le tail_ siphovirus. The sequence analysis of the phage genome revealed the absence of
any undesirable genes associated with virulence, resistance, or horizontal gene transfer. HCT 116
human colon cell culture was used to evaluate the an�bacterial as well as an�-cancerogenic ac�vity
of VA7. The IL-8 levels as one of the major cytokines involved in the mechanism of ETBF-induced
CRC and the bacterial count of B. fragilis have been measured. The cell culture assay showed two
log-phase lower bacterial counts a�er 3h of the phage applica�on and lower IL-8 levels compared
to the control. The low IL-8 levels could be decreased due to the an�bacterial ac�vity of the VA7.
Based on the results of our preliminary study, we suggest that the phage VA7 carries a high poten-
�al to be used for the preven�on or treatment of colon cancer. In the future more comprehensive in
vitro as well as in vivo research is foreseen to define the mechanisms of an�-tumorigenic potency of
the ETBF specific phage VA7.
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Sonodynamic therapy (SDT) represents a promising non-invasive an�cancer treatment for solid tu-
mors, combining the use of sonosensi�zer molecules and deeply penetra�ng ultrasound. Ultrasonic
sonosensi�zer excita�on leads to the genera�on of reac�ve oxygen species (ROS), with consequent
cytotoxicity to the target tumor cells. The specific targe�ng of sonosensi�zers to cancer cell is fun-
damental for the development of safe approaches, represen�ng one of the major transla�onal chal-
lenges for SDT.  Here, we conjugated an engineered M13 bacteriophage with sonosensi�zer mole-
cules to provide a potent an�-cancer SDT vector pla�orm.  M13 was gene�cally modified to display
an Epidermal Growth Factor Receptor (EGFR) targe�ng nanobody fused at the N-terminal of the pIII
protein. The phages were then chemically conjugated on the capsid surface with hundreds of Rose
Bengal molecules. The efficient retarge�ng of phage to tumor cells was qualita�vely and quan�ta-
�vely proved through flow cytometry and confocal microscopy experiments on the epidermoid car-
cinoma EFGR overexpressing cell line A431. The efficacy of the phage vector in SDT was demonstrat-
ed in vitro by using a classical ultrasonic water bath as well as a medical approved ultrasound gener-
ator device. The results of this proof-of concept study reveal important features regarding the po-
ten�al of filamentous phages to serve as modular vector pla�orm for an�cancer SDT.

1* 1 1 2
2 2 1

mailto:paolo.costantini4@unibo.it


462

Poster ID: BioH.334(PS1-R5.30)

biotechnology Effec�veness of commercial phage cocktails bacteriophage

New Form of Phage Preparation- Phage Pastilles
Ia Kusradze , Irine Chkonia , Na�a Karumidze , Sophio Rigvava , Teona Dvalidze , Salome
Barbakadze , Nino Tatrishvili , Aliko Bakuridze , Lasha Bakuridze , Marine Goderdzishvili 

1. G. Eliava Ins�tute of Bacteriophages, Microbiology and Virology, lab of General Microbiology,
Tbilisi, Georgia.
2. European University, Tbilisi, Georgia.
3. Caucasus Interna�onal University, Tbilisi, Georgia
4. Tbilisi State Medical University, Department of Pharmaceu�cal Technology, Georgia.
5. Pharmaceu�cal company LLC Neopharmi, Georgia

Correspondence:
Ia Kusradze:iakusradze@pha.ge

Phage therapy covers a wide range of diseases. Different commercial phage prepara�ons are avail-
able on market in Georgia, most of them are in a liquid form. High efficiency and effec�vity of a Liq-
uid form of phage prepara�ons are confirmed by laboratory inves�ga�ons and long-term
experience.

However, for the effec�ve treatment of certain bacterial infec�ons, a new, solid form of phage
prepara�ons would be more effec�ve. It has been established that the lozenges form of the drugs
are always more effec�ve against upper respiratory and oral cavity infec�ons than the liquid form.
According to this, we developed the produc�on technology of a new solid form of phage prepara-
�on – Phage Pas�lles.

Phage Pas�lle is a new prepara�on that as API contains (1) biologically and gene�cally fully charac-
terized, wide host range Staphylococcus spp, Streptococcus spp, E. coli and Enterococcus spp specific
phages. Those phages are part of commercial phage prepara�ons of “Pyo Bacteriophage” and “In-
tes� Bacteriophage” produced by LDT “Eliava Bioprepara�ons”; and (2) Eucalyptus extract- which is
characterized with an�-inflammatory and an�viral ac�vity.

Small-scale batches of Phage pas�lles were produced and determined of good quality indicators.
Study of Ac�vity and Stability of phage prepara�on was performed as well and all the results indi-
cated that pas�lles meet the all requirements of commercial phage prepara�ons.

Phage Pas�lles represent bacteriophage depots releasing phages in a prolonged �me period. Ac-
cordingly, their local ac�on is also prolonged un�l complete disintegra�on of the form that itself in-
creases treatment effect of the pas�lle. Due to its safety the Phage Pas�lle will be recommended to
be used for both prophylac�c and therapeu�c purposes and can be used by any person regardless
of age or physical condi�on.
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Mul�drug resistance (MDR) in pathogenic bacteria is one of the major public health problems
worldwide. Staphylococcus aureus is a Gram-posi�ve bacterium that has the ability to form biofilms
on both bio�c and abio�c surfaces, thereby protec�ng itself from an�bio�c treatments and an�mi-
crobial disinfec�on agents. This microbe is currently considered a priority pathogen, according to
the WHO, being necessary to develop new strategies to overcome and prevent staphylococcal infec-
�ons. In this context, phage therapy is being proposed as an alterna�ve safe strategy to conven�on-
al an�microbials that could help to control the spread of an�bio�c resistance. However, more re-
search is s�ll needed to maximize the efficacy of phage therapy in different se�ngs. For instance, it
would be useful to determine if the combina�on of phages with other an�microbials or bacterio-
phage-encoded polysaccharide depolymerases, proteins that degrade the extracellular matrix, can
enhance their ability to kill the target pathogen.

In this work, the poten�al synergis�c effect between a bacteriophage-encoded exopolysaccharide
depolymerase, Dpo7, and the virulent staphylophage phiIPLA-RODI was inves�gated. To do that, 24-
old S. aureus biofilms were formed and then treated with the phage, the protein or a combina�on
of both compounds. Samples were taken a�er 24 h of incuba�on and the results were compared to
an untreated control. The number of viable cells in the biofilm was significantly reduced when using
the combina�on of both an�microbials; however, there was no reduc�on in biomass when the pro-
tein Dpo7 was applied alone.

Overall, the results show the existence of a synergis�c effect between phiIPLA-RODI and the bacte-
riophage-encoded exopolysaccharide depolymerase Dpo7 in reducing bacterial density in S. aureus
biofilms.
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The increase in bacterial an�bio�c resistance has encouraged the revival of phage-inspired an�mi-
crobial approaches. Also photodynamic therapy (PDT) is considered a very promising research area
for the protec�on against infec�ous diseases. Yet, very few efforts have been made to combine the
advantages of both approaches in a modular, retargetable pla�orm. Here, we propose the M13 bac-
teriophage as a mul�func�onal scaffold enabling selec�ve photodynamic targe�ng of bacterial cells.
We took advantage of the well-defined molecular biology of the phage to func�onalize its capsid
with hundreds of photo-ac�vable chemical sensi�zers (Rose Bengal) and contemporarily target this
suicide vector to different bacterial species via pIII-phage-display of bacteria-binding pep�des or
nanobodies. By this method, we managed to concentrate the number of sensi�zers per binding
event, thereby increasing PDT efficacy.

Chimeric phages were engineered to target specifically Gram (-) bacteria including the human
pathogens Pseudomonas aeruginosa and Acinetobacter baumannii. Specificity was inves�gated
with flow cytometry and furhter validated in PDT assays, in which photoac�ve phages displaying a
LPS binding pep�de killed P. aereuginosa and A. baumannii cells while causing minimal damage to
Staphylococcus aureus, used as Gram (+) control.

The modularity and versa�lity of the M13 phage as delivery agent for an�microbial PDT was further
demonstrated by specifically retarge�ng M13 against A. baumannii through the display of a
nanobody an� – BAP (Biofilm Associated Protein), a surface protein of A. baumannii bacteria.

Together, these results contribute to the development of new an�microbial solu�ons, tailored to
target selec�vely different pathogens with the same scaffolding pla�orm.
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Bacteriophages (phages) have been used for more than a century to combat bacterial infec�ons,
par�cularly in Poland and in the former Soviet Union. The capacity of phages to specifically target
pathogenic strains (sparing commensal bacteria), to adapt to these strains, and to rapidly overcome
bacterial resistance, makes them suitable for flexible therapeu�c approaches. To exploit these ad-
vantages phages offer over conven�onal ‘sta�c’ drugs such as tradi�onal small molecule-type an-
�bio�cs, it is important that these sustainable phage products are not submi�ed to the tradi�onal
(long and expensive) medicinal product development and licensing pathways. This poster discusses
the Belgian ‘magistral prepara�on’ phage therapy framework and the extrapola�on of this frame-
work to the European level, enabling an expedi�ous re-introduc�on of personalized phage therapy
into Europe. The magistral prepara�on pathway is a short and feasible pathway allowing pa�ents’
access to personalized and sustainable phage therapy products. Physicians, pharmacists, phage Ac-
�ve Pharmaceu�cal Ingredient (pAPI) producers and EDQM reference laboratories each play their
specific roles. Physicians prescribe personalized (tailored) phage prepara�ons for use in specific pa-
�ents. Pharmacists prepare these phage products according to the individual prescrip�ons, using
pAPIs. Industry and non-profit players produce these pAPIs according to a phage monograph, and
reference laboratories perform the QC release tes�ng of these pAPIs. Industry can market these pA-
PIs. Pharmacists can also outsource the produc�on of magistral phage prepara�ons to industry. A
general phage chapter, once included in the European Pharmacopoeia (Ph. Eur.), can (non-restric-
�vely) guide the quality of the produced and released pAPIs. Further efforts are needed to incorpo-
rate general- and specific phage monographs into the Ph. Eur. This process should be driven by in-
dustry, if and when they feel the need.

European regulatory aspects of phage therapy: magistral phage preparations
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Photodynamic therapy (PDT), which combines the use of photosensi�zer molecules and light, is
gaining increasing interest as non-invasive an�cancer treatment for solid tumors, with the main
challenge being the specific targe�ng of photosensi�zers. Accordingly, different proteins were used
to create stable bioconjugates for the delivery of sensi�zers to cancer cells. Among these, human
serum albumin (HSA) was recently used as delivery agent of oligo�ophenes for the photodynamic
treatement of cancer cells. Here, we compare the theranos�c proper�es of an engineered M13
phage with HSA. The M13 phage was gene�cally engineered to express an EGFR (Epidermial Growth
Factor Receptor) binding pep�de in fusion with the N-terminal of the minor capsid protein pIII. HSA
and M13  were then chemically conjugated with the oligo�ophene molecule ECB04 and tested
on different cell lines. M13  demonstrated significantly be�er theranos�c proper�es compared
to HSA in terms of both targe�ng and killing of cultured cancer cells, as well as a major selec�vity
for the EGFR overexpressing cell line A431. These performances were confirmed also on 3D spher-
oids, in which conjugated phages demonstrated superior penetrance and killing. Furthermore,
phage-mediated PDT triggered programmed cell death mechanisms on cancer cells, while HSA-me-
diated PDT mainly induced necro�c events. In conclusion, this study highlights mul�ple advantages
in the use of engineered M13 bacteriophages as phototheranos�c agents.
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Melioidosis is a life-threatening disease in humans caused by the Gram- nega�ve bacterium
Burkholderia pseudomallei. As severe sep�cemic melioidosis can lead to death within 24 to 48 h, a
rapid diagnosis of melioidosis is cri�cal for ensuring that an op�mal an�bio�c course is prescribed
to pa�ents. Here, we report the development and evalua�on of a bacteriophage tail fiber-based la-
tex agglu�na�on assay for rapid detec�on of B. pseudomallei infec�on. Burkholderia phage E094
was isolated from rice paddy fields in northeast Thailand, and the whole genome was sequenced to
iden�fy its tail fiber (94TF). The 94TF complex was structurally characterized, which involved iden�-
fica�on of a tail assembly protein that forms an essen�al component of the mature fiber. Recombi-
nant 94TF was conjugated to latex beads and developed into an agglu�na�on-based assay (94TF-
LAA). 94TF-LAA was ini�ally tested against a large library of Burkholderia and other bacterial strains
before a field evalua�on was performed during rou�ne clinical tes�ng. The sensi�vity and specificity
of the 94TF-LAA were assessed alongside standard biochemical analyses on 300 pa�ent specimens
collected from an area of melioidosis endemicity over 11 months. The 94TF-LAA took less than 5
min to produce posi�ve agglu�na�on, demonstra�ng 98% (95% confidence interval [CI] of 94.2% to
99.59%) sensi�vity and 83% (95% CI of 75.64% to 88.35%) specificity compared to biochemical-
based detec�on. Overall, we show how a Burkholderia-specific phage tail fiber can be exploited for
rapid detec�on of B. pseudomallei. The 94TF-LAA has the poten�al for further development as a
supplementary diagnos�c to assist in clinical iden�fica�on of this life-threatening pathogen. 
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It remains unclear how much the accessory genome contributes in the processes of establishment
and virulence of bacterial infec�ons. Meanwhile, more and more people suffer from persistent in-
fec�ons. P. aeruginosa, a common opportunis�c human pathogen, is a major cause of persistent in-
fec�ons associated with severe morbidity and mortality in cys�c fibrosis (CF) pa�ents. Genome-in-
tegrated viruses, aka prophages, are frequent elements of this bacterium’s large accessory genome
and can contribute to the virulence of P. aeruginosa via the expression of non-essen�al genes. How-
ever, the effect of long-las�ng prophage-host rela�onships to the evolu�on and fitness of the ubiq-
uitous P. aeruginosa in different environments has not been clarified systema�cally. This ongoing
study sets out to inves�gate the role of ac�ve prophages in the in-pa�ent fitness of clinical P. aerug-
inosa isolates. We have assessed a collec�on of more than 500 clinical airway isolates of P. aerugi-
nosa to single out a cohort of 12 young CF pa�ents with a high-resolu�on history of persistent infec-
�on. Nanopore MinION technology was used to sequence one early isolate per CF pa�ent to gener-
ate whole-genome sequences of high con�guity. To trace poten�ally intact prophages and deter-
mine their in-pa�ent frequency, we scanned assembled genomes and genomes of longitudinal, fol-
low-up isolates with a machine-learning based tool. We then evaluated prophage ac�vity by per-
forming manually-curated genome annota�ons followed by an�bio�c-assisted prophage induc�ons.
Two different CRISPR-Cas systems are currently being employed to cure ac�ve and longitudinally-
frequent prophages from their host’s genome. Finally, we plan to perform compe��on experiments
to quan�fy the rela�ve fitness of cured versus wild type versions of host P. aeruginosa isolates.
Besides elucida�ng the role of ac�ve prophages, we expect findings to assist in developing novel di-
agnos�cs of P. aeruginosa persistence.
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Phage Therapy Complement system Pseudomonas aeruginosa

Human complement system inhibits binding of phages of the Myoviridae family to
Pseudomonas aeruginosa
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Bacteriophage (phage) therapy is gaining momentum as an alterna�ve to an�bio�cs. However, the
interac�ons of phages with our immune system might limit their success as therapeu�c agents.
Here, we have studied the ac�vity of phages targe�ng Pseudomonas aeruginosa in presence of hu-
man serum.

We developed a method based on a fluorescent dye that stains the DNA of both phages and dam-
aged bacteria, emi�ng a signal as bacteria lyse and new phage progeny is produced. Using P. aerug-
inosa strain PAO1 as a host, we screened a panel of phages in presence of serum. Our results reveal
that human serum reduces the ability of phages from the Myoviridae family to infect bacteria. The
effect was observed, among others, with phage 14-1, known to be used in therapeu�c cocktails.
Phage ac�vity was not compromised when using heat-inac�vated serum, which suggests an involve-
ment of the complement system. Compsta�n, a C3 cleavage inhibitor, can also counteract the nega-
�ve effect of serum on phage ac�vity.

Next, we fluorescently labelled Pseudomonas myovirus PB1 to monitor its binding to PAO1 by
means of flow cytometry and confocal microscopy. In this way, we were able to detect that human
serum prevents phage PB1 from binding to its host.

We conclude from our data that human serum has an inhibitory effect on phages of the Myoviridae
family. This effect is likely mediated by the early stages of the complement system, and takes place
at the stage of host recogni�on and binding. Phages currently used in the clinic to treat P. aerugi-
nosa infec�ons could be rendered ineffec�ve as a result of this phenomenon. Our findings highlight
the importance of considering the human immune system when applying phage therapy, and may
impact the design and content of future phage cocktails.
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Klebsiella pneumoniae bacteriophage Galleria mellonella urinary tract infec�on
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An�bio�c resistance represents a major public health concern nowadays. New alterna�ves are
needed, and phage therapy seems to be a promising one. Klebsiella pneumoniae belongs to the “ES-
KAPE” bacteria and can cause urinary tract infec�ons (UTIs). In this work, two bacteriophages were
firstly isolated against a ST13 K. pneumoniae isolated from a UTI and iden�fied as a K3 capsular type
by the wzi gene PCR. Both bacteriophages were characterized in vitro and, then, their in vivo effica-
cy was assessed in the Galleria (G.) mellonella larvae model. Genomic analysis showed that these
bacteriophages, named vB_KpnP_K3-ULINTkp1 and vB_KpnP_K3-ULINTkp2, belong to the
Drulisvirus genus. They showed resistance to different temperatures and pH. The bacteriophage
vB_KpnP_K3-ULINTkp1 had the narrowest host spectrum (target only K3) compared to the second
which also infected other Klebsiella types. Short adsorp�on �mes and latent periods were observed
for both bacteriophages. In vivo experiments showed their ability to replicate into G. mellonella lar-
vae and to decrease the bacterial �ters. Moreover, both bacteriophages improved the survival of
the infected larvae. In conclusion, these two bacteriophages had different in vitro proper�es and
showed in vivo efficacy in the G. mellonella model with a be�er efficiency for vB_KpnP_K3-
ULINTkp2.
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Bacterial urinary tract infec�ons (UTIs) are among the most common microbial diseases and major
contributors to the injudicious use of an�bio�cs. Rapid and accurate pathogen iden�fica�on directly
from urine improves clinical UTI management, alleviates the socioeconomic impact and facilitates
an�bio�c stewardship. Highly specific and rapid pathogen detec�on can be achieved through bacte-
riophage-mediated delivery and host-dependent expression of luciferase reporter genes, a diagnos-
�c approach known as “reporter phage”. Here, we engineer six dis�nct reporter phages and devel-
op a urinalysis assay that detects and differen�ates the three predominant UTI pathogens E. coli,
Klebsiella spp. and E. faecalis. Our phages posi�vely iden�fied 89% of clinical isolates from pure cul-
tures. Diagnos�c assay performance was assessed alongside rou�ne clinical tes�ng of ~200 fresh
pa�ent urine samples collected from two local hospitals in Switzerland over five months. The re-
porter phage assay led to reliable detec�on of E. coli, E. faecalis, and Klebsiella spp. with high speci-
ficity (97, 98, 98%) and sensi�vity (66, 81, 81%) at a resolu�on of ≥10 CFU/mL. This phage-based
diagnos�c pla�orm offers opportuni�es for prompt bacterial UTI diagnosis in point-of-care se�ngs
and is currently being inves�gated as a companion diagnos�c to determine pa�ent eligibility for
phage therapy.
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The global tuberculosis (TB) epidemic affected 10 million people and caused 1.4 million deaths in
2020 alone. Mul�drug-resistant TB is successfully treated in less than 60% of cases by long, expen-
sive and aggressive treatments. One vaccine protec�ng children has been developed but despite re-
cent developments, none is currently effec�ve for adults. Addi�onally, diagnos�c technologies are
limited by low sensi�vity, long processing, specialized infrastructure and cost. Mycobacteriophages
have the poten�al to redefine TB immuniza�on, treatments and diagnos�cs. Addi�onally, the engi-
neering of mycobacteriophages is a powerful approach to further improve their proper�es for these
applica�ons. In order to reliably assess the performance and quality of phage-based products, one
needs to effec�vely evaluate many parameters related to phage physiology and infec�on, including
virulence. In previous work, our group developed the virulence index, a metric for quan�ta�ve
analysis of phage virulence. In this method, reduc�on curves of bacteria inoculated at different mul-
�plici�es of infec�on (MOI) are used to establish a quan�ta�ve assessment of phage infec�on dy-
namics under various condi�ons. In this work, we adapted the virulence index method to sta�c cul-
tures and biofilms. We then evaluated the virulence index of different mycobacteriophages, used
alone and in combina�ons, against Mycobacterium smegma�s (a model bacterium for TB) under
different growth condi�ons. The results inform us about mycobacteriophage infec�ons and their dy-
namics in cocktail formula�ons, serve as a basis for the proposal of mycobacteriophage engineering
strategies to enhance virulence, and are the star�ng point for the development of a standardized
method for evalua�on of the virulence of phages when targe�ng biofilms.
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Development of a bioluminescent ex vivo wound model to characterize novel
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Phage-derived lysins are currently being tested in phase III clinical trials as a promising alterna�ve to
the conven�onal an�bio�cs. Advanced engineering of these enzybio�cs improving pharmacological
proper�es such as half-life and immunogenicity may unlock their clinical poten�al even further.
Such engineering approaches result in so-called third-genera�on lysins. Protein engineering re-
quires appropriate screening approaches that strike a balance between the best possible mimic of
the eventual applica�on and a feasible throughput. As in vitro screening condi�ons differ signifi-
cantly from the final in vivo se�ngs, the ac�vity of the component might be lost under those in vivo
condi�ons. Therefore, we developed a medium throughput bioluminescent ex vivo wound infec�on
model based on pig skin. In this way, the poten�al of a wide variety of enzybio�cs can be assessed
in more realis�c se�ngs, which will improve clinical translatability of promising, in vitro developed
lysins.
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Bacterial an�microbial resistance is a global problem and efforts to achieve an alterna�ve therapeu-
�c approaches are in need. Bacteriophages are re-emerging as a poten�al treatment op�on, espe-
cially when considered as a personalized therapy with minimal collateral damage of an�microbial
resistance. Aiming to find a phage for each pa�ent's bacterial infec�on, we developed a database to
process requests for phage therapy. From January 2019 un�l March 2022, a total of 109 requests
from Israel and abroad, including Switzerland, Australia and the US were reviewed in the Israeli
Phage Therapy Center (IPTC). Of them, 8 Israeli pa�ents received intravenous (IV) phage therapy
(7.3%). Pseudomonas aeruginosa, Staphylococcus aureus and Acinetobacter baumannii were
amongst the top organisms of interest in requests, compromising 80% of cases, with Pseudomonas
aeruginosa as the predominant pathogen. Respiratory and skin and so� �ssue infec�ons were
amongst the most common infec�ons, accoun�ng for 52.2% of requests. In 35 cases, phage hun�ng
process resulted in a potent phage, yet only 8 received therapy due to lack of phage availability for
IV use. In 21 cases no suitable human pharmaceu�cal-grade prepara�on was available and thus
were not treated even when a potent phage was found. For this reason, we focused on requests in
which bacterial strains had an available human-grade phage prepara�on. 6 out of the 8 pa�ents had
MDR/XDR Pseudomonas aeruginosa, and received Pa14NøPASA16 as the available potent phage.
Phage treatment was administered as an adjuvant to standard of care an�bio�c therapy. Treatment
period ranged between 14 - 60 days with a twice daily regimen of IV injec�ons. Half of the pa�ents
had an outcome of par�al to full recovery. Developing a database for phage therapy requests can
serve a useful tool for iden�fying pa�ents who may benefit the most from such treatment and will
enable be�er processing framework and analysis of each request.
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Enterobacter cloacae complex (ECC) have been associated with several hospital outbreaks reported
worldwide that are o�en linked to mul�-drug resistant clones, and more importantly, carbapenem-
resistant ECC clones, with pa�ents o�en requiring cri�cal care and having a high mortality rate. Giv-
en the limited an�bio�c treatment op�ons for such infec�ons, bacteriophages (phages) can serve
as an alterna�ve avenue for treatment. However, phages are very specific to their host and in
vitro screens for ly�c ac�vity are typically required prior to therapeu�c use. This presents a chal-
lenge for the phage treatment, causing delays in the delivery of treatment and substan�al personal-
isa�on when preparing viable phage therapeu�cs. Therefore, we aim to develop a phage cocktail
using broad-spectrum phages, each with dis�nct receptors for strains of the targeted pathogen,
that could be used as empirical therapy. We isolated 25 novel phages across 36 gene�cally diverse
ECC, which were clinically isolated from hospital-acquired infec�ons. We tested the ly�c ac�vity of
phages against all ECC using plaque assay, which revealed broad-spectrum phages that lysed up to
50% of tested strains. Based on these results, we combined three phages, which had 65% coverage
across the hosts. All three phages are ly�c as observed from gene�c and morphological features
and have high killing efficiency. Our molecular analysis revealed each phage in the cocktails targeted
dis�nct receptors, including glycosyl-transferase (LPS), uridyl-transferase (cell wall) and siderophore.
Combining these three characterised phages into a single treatment cocktail has produced a phage
cocktail, with broad-spectrum ac�vity, reduced frequency of phage resistance that has been tai-
lored to combat nosocomial, mul�-drug resistant ECC infec�ons. The cocktail implements concepts
of intelligent design and will be used as empirical therapy in the treatment of mul�drug-resistant
ECC infec�ons.
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Water-borne diseases such as diarrhea, cholera and typhoid fever were caused by contaminated fe-
cal pathogens and reported to be transmi�ed generally through fecal-oral route. Currently, col-
iforms and enterococci are used as indicator bacteria, but it is difficult to differen�ate the original
source between human and animal feces. Recently, CrAssphage was discovered only in human fecal
samples and it is generally abundant only in human gut environment, sugges�ng it could be used as
an alterna�ve indicator of human fecal contamina�on. In this study, 139 human fecal samples and
89 animal fecal samples including chicken (n=3), cow (n=7), dog (n=15), pig (n=20), pigeon (n=7) and
mouse (n=37) were collected. For rapid iden�fica�on of fecal sources, TaqMan Real-Time PCR meth-
ods have been developed to detect CrAssphage in the fecal samples. Five different primer-probe
sets (RQ, CPQ056, and CrAssBP, previously published; CrAssPFL1 and CrAssPFL2, this study) were
selected. The CrAssPFL1 and PFL2 primer sets were designed targe�ng to ORF00018 encoding DNA
polymerase and ORF00044 encoding hypothe�cal protein in the CrAssphage genome (GenBank ac-
cession no. JQ995537.1), respec�vely. Of the 139 human samples, detec�on rates of CrAssphage
are as follows: 23% by RQ, 30.2% by CPQ056, 28.8% by CrAssBP, 20.1% by CrAssPFL1, and 30.9% by
CrAssPFL2, respec�vely, sugges�ng it revealed the highest detec�on rate and the highest detec�on
sensi�vity. (up to >10  ng/ul). However, no CrAssphage was detected in all animal fecal samples,
sugges�ng this method works for detec�on of fecal sources from humans. In addi�on, Real-Time
PCR was performed with sewage samples collected from five sewage treatment plants. Interes�ng-
ly, CrAssphage was detected in all sewage samples, sugges�ng that they were contaminated with
human feces. Therefore, newly developed Real-Time PCR targe�ng CrAssphage would be a useful
method for differen�a�on of human fecal contamina�on in foods.
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With uncontrolled an�microbial resistance on the rise, developing new and improved an�bacterial
strategies is impera�ve. Today, bacteriophage-encoded lysins are a highly promising new class of an-
�bacterials that respond to this call. These bacterioly�c enzymes are featured by their rapid mode-
of-ac�on based on ac�ve pep�doglycan degrada�on. Addi�onally, due to their modular nature and
wide abundance, they are ideal candidates for protein engineers. By recombining different lysin
building blocks with varying func�ons, the lysin ac�vity, stability and specificity can be modified.
Hence, we can envision crea�ng applica�on-specific lysins for virtually any bacterial species, both
Gram-posi�ve and Gram-nega�ve. An increasing number of such modular lysin variants is analyzed.
Yet, �me-consuming protein expression, purifica�on and high-throughput evalua�on of these lysin
variants s�ll impede us from reaching this goal. A recent proof-of-concept paper has shown that
lysins can be displayed in ac�ve form on the yeast cell surface. Baker’s yeast S. cerevisiae is engi-
neered to associate or display the lysins on its cell wall and as such, each yeast cell becomes
‘armed’ with about 10  to 10  copies of bacterioly�c enzymes that can collec�vely dismantle their
target pathogen. Here, we evaluate this new and innova�ve strategy for lysin selec�on based on
yeast surface display of specific lysins. Crea�ng a popula�on of yeast cells, all displaying unique lysin
variants, will avoid laborious and �me-consuming protein expression and purifica�on, represen�ng
a big step forward on the road towards tailor-made lysins.
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Staphylococcus aureus is an important human pathogen causing a broad spectrum of diseases.
Many of these infec�ons are difficult to treat with conven�onal an�bio�cs for several reasons, in-
cluding an�bio�c resistance and the ability of S. aureus to form abscesses, biofilms, and intracellu-
lar persisters. Pep�doglycan hydrolases (PGHs), including phage endolysins, are promising novel an-
�microbials featuring rapid bactericidal ac�vity, high pathogen specificity, and a low probability of
resistance development. Despite these advantages, systemic administra�on of PGHs has been ham-
pered by several limita�ons, including a lack of cell-penetra�ng proper�es, insufficient accumula-
�on at infec�on sites, and short serum circula�on half-life. Our lab has compiled a large collec�on
of engineered PGHs, which can be rapidly screened for enzymes ac�ve under relevant condi�ons.
To target intracellular staphylococci, we iden�fied PGHs exhibi�ng high ac�vity under intracellular
condi�ons and fused them to cell-penetra�ng pep�des (CPPs), thereby enhancing their cellular up-
take. These PGH-CPPs killed intracellular S. aureus in mul�ple eukaryo�c cell lines and proved effec-
�ve in a murine subcutaneous abscess model. When coupling PGHs to osteoblast-specific cell-pene-
tra�ng homing pep�des (CPHPs) iden�fied by phage display, the enzymes were targeted to the
bone upon systemic administra�on and reduced S. aureus burden in a murine model of os-
teomyeli�s. PGHs highly ac�ve in blood were fused to an albumin-binding domain (ABD) to extend
their circula�on half-lives in mice. Upon intravenous injec�on, the ABD mediates high-affinity bind-
ing to serum albumin, thereby reducing renal filtra�on and lysosomal degrada�on of the complex.
In a murine bacteremia model, we showed that half-life extension translates into increased treat-
ment efficacy. Overall, our results corroborate the high poten�al of PGHs as therapeu�cs for treat-
ment of S. aureus infec�ons.
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Ff (f1, fd and M13) filamentous phage of E. coli have been the workhorse of phage display technolo-
gy over the past few decades. Their use has expanded in recent years into nanotechnology, where
they serve as filament-like-templates (≥890 x 6 nm) for assembly of nanostructures, nanomaterials,
and as carriers of agents used for diagnos�c and therapeu�c purposes. Ff-derived nanorods, on the
other hand, are protein-DNA complexes that cannot replicate independently and contain no coding
sequences in contrast to standard Ff-derived vectors that replicate in E. coli and contain an�bio�c-
resistance genes. Helper-phage-assisted nanorod produc�on is laborious and �me-consuming, mak-
ing it difficult to upscale for obtaining a high yield of nanorods free of contamina�ng full- length
phage. We developed a novel method high-efficiency produc�on and purifica�on of short Ff-de-
rived nanorods and showed their use as detector par�cles in the immunodetec�on assays.
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Differences in the structure of phage par�cles may correlate with different immunogenicity. The
purpose of this work was to assess the immunogenicity of phylogene�cally diverse phages and ef-
fect of phage immuniza�on on subsequent therapeu�c efficacy in mice. Pseudomonas aeruginosa
myophages, siphophages and podophages were tested in vitro for cytokine effects using human
whole blood samples and for human Toll-Like Receptor (TLR) ac�va�on in HEK-Blue TLR Reporter
Cell Lines. To evaluate phage effects on immune system in vivo, mice were immunized with single
phages or a 6-phage cocktail (PAM3). Dorsal wounds were created both in immunized and naïve
mice, infected with P. aeruginosa PAO1::lux and treated with phage or saline. Tes�ng human blood
samples showed that all phages mildly induce produc�on of pro-inflammatory cytokines IL-1β, IL-6,
IL-10, and TNF-α. Both LPS control samples and all phage prepara�ons ac�vated TLR4, TLR2/6, and
TLR3 but not TLR8. We noted down-regula�on of pro-inflammatory cytokines IL-1β, IL-6 and TNF-α
in murine plasma 24 h a�er immuniza�on with PAM3. In parallel, upregula�on of an�-inflammatory
cytokines IL-4 and especially IL-10 was detected. There were also some phage-specific effects. Sera
of 7/20 (35%) immunized mice caused significant reduc�on of phage plaques, only at low serum di-
lu�ons. Infected wounds in all mice treated with the PAM3 cocktail showed no luminescence and
closed on day 15 compared to prolonged luminescence and delayed wound healing in mice treated
with single phages or saline. There was no significant difference in phage therapeu�c efficacy be-
tween immunized and naïve mice. These results suggest that phages can be administered repeated-
ly, without a risk of their notable inac�va�on by the immune system and reduc�on of the therapeu-
�c effect, which is important for the development of phage therapeu�cs.
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Infec�on with resistant bacteria has become an ever-increasing problem in modern medical prac-
�ce. Bacteremia is a serious and poten�ally lethal condi�on that can lead to sepsis without early in-
terven�on. Staphylococcus aureus is a leading cause of bacteremia and methicillin resistant S. au-
reus (MRSA) accounts for more than a third of the cases. Rapid diagnos�cs for each of the “super-
bugs” has been a priority for health organiza�on the world over. Bacteria can be tagged with dyed
phage and processed through a photoacous�c flow cytometer where they are detected by the
acous�c response.  We have previously demonstrated that Salmonella can be detected and discrim-
inated from E. coli using this method. This demonstrates the capabili�es to discriminate and enu-
merate any bacteria using a bacteriophage tag. Staph. aureus is a leading cause of bacteremia and
methicillin resistant Staph. aureus (MRSA) accounts for more than a third of the cases. Compared to
methicillin sensi�ve Staph. aureus, MRSA is more than twice as likely to be fatal. We describe the
use of our system to iden�fy an�bio�c resistant infec�ons and characterize those bacterial popula-
�ons based on the penetrance of an�bio�c resistance. This research presents an innova�ve way of
iden�fying and differen�a�ng bacterial strains, sub popula�ons, and an�bio�c sensi�vity. This
method can be further developed for use with other bacterial pathogens in blood cultures repre-
sen�ng a major step forward in clinical prac�ce. O�en the limi�ng factors for treatment of pa�ents
is the �me spent wai�ng for results. Bacterial plate cultures and Gram staining are 19  century
technologies that have been the gold standard for decades, but current trends in resistant bacteria
have necessitated a move towards more rapid and quan�fiable diagnos�c tools.
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Helsinki Phage Therapy Ini�a�ve was launched in 2013. The aim of the ini�a�ve is to set up a phage
therapy unit that could provide personalized phage cocktails to pa�ents for whom an�bio�cs do not
help. The work packages in the Phage Therapy Ini�a�ve include: 1) Se�ng up a large phage collec-
�on, 2) The development of methods for fast phage suscep�bility screening, 3) The development of
methods for produc�on of clinical-grade phage products, 4) Se�ng up a quality system and guide-
lines to promote regulatory framework of phage therapy, and 5) The prepara�on of phage cocktails
for compassionate treatments. We currently have a phage collec�on of ~500 phages, most of which
infect ESKAPEE species bacteria (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoni-
ae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp., and Escherichia coli. We
have set up a phage suscep�bility assay that can be performed in 4-5 h total �me, and are currently
op�mizing analysis methods for quality control for therapeu�c phage products. Un�l now, we have
produced phage cocktails for eight pa�ents, two of whom had infected burn wounds, three had
chronic sinusi�s, two had chronic/recurrent infec�ons in lower respiratory tract, and one had
chronic urinary tract infec�on. The e�ological agents were P. aeruginosa, K. pneumoniae, S. aureus,
and E. coli. The efficacies of the treatments were variable, but only minor side effects were
reported.
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The rapid emergence and spread of mul�- and extensively drug-resistant bacteria are a major public
health threat. An�bio�c-resistant bacteria are projected to kill 10 million people by 2050, thereby
outnumbering cancer-related deaths. Today, no new an�bio�c classes have been introduced since
over 50 years. The once successful Waksman pla�orm for the discovery of natural an�bio�cs is
largely depleted. So, the spreading an�bio�c resistance and the unprecedented void in the discov-
ery of novel an�bio�cs increasingly leads to a highly reduced number of therapeu�c op�ons. There-
fore, new discovery pla�orms are needed to iden�fy new an�bacterials to replenish the por�olio of
an�bio�cs. Lysins or bacteriophage-encoded pep�doglycan hydrolases are a novel, alterna�ve po-
ten�al class of an�bio�cs. They are generally highly specific at the species level and thus have a nar-
row spectrum. Yet, we and others claim that more novel lysin candidates must be discovered to
feed the (pre)clinical pipeline. Given the natural abundance of bacteriophages, lysins can be found
against any bacterium. The largely unexplored metagenome from uncul�vable bacteriophages is
s�ll a prac�cally infinite reservoir of poten�ally powerful lysins. In this regard, we elucidate a con-
cept about the development of a highly performant discovery pla�orm for novel lysin-based an�bi-
o�cs. The pla�orm is driven by func�onal metagenomics, star�ng from the untapped metagenomic
reservoirs.
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While broad-spectrum an�bio�cs are effec�ve in trea�ng acute bacterial infec�ons, the detrimental
effects of broad-spectrum an�bio�cs on the microbiome are becoming increasingly clear. Therefore,
a current paradigm shi� focuses on the elimina�on of the disease-causing bacteria while conserving
and even restoring a healthy balance in the microbiome during the treatment of infec�ons.  

Lysins are enzymes encoded by bacteriophages that degrade the pep�doglycan layer of the bacteri-
al cell wall, resul�ng in osmo�c lysis of the bacterial cell. Because lysins are specific to certain bacte-
ria, they could play a role in mee�ng the need for new, narrow-spectrum an�bio�cs. The first lysins
are currently tested in clinical trials, emphasizing their poten�al as a new class of an�bio�cs. How-
ever,  certain hurdles need to be taken to make lysins applicable as an an�bio�c treatment against a
variety of bacterial infec�ons. One of these hurdles is the establishment of a pla�orm enabling a
fast discovery of lysins targe�ng diverse bacteria.

The aim of this research project is to adapt a pla�orm for high-throughput discovery of lysins tar-
ge�ng Enterococcus in a representa�ve gut environment. Because enterococci are natural inhabi-
tants of the gut, feces will be used as start material. However, the pla�orm will be adjustable to use
diverse start materials and to target diverse bacteria as well. Therefore, such a generic pla�orm
could contribute to the establishment of lysins as a new, narrow-spectrum an�bio�c class with a
mul�tude of possible applica�ons.
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The results of recent years showed that tail proteins of phages (TPs) are not just structural compo-
nents of that part of the phage. They are dual-func�on molecules that may exhibit addi�onal bio-
logical features such as an�-biofilm and hydroly�c ac�vity, adhesion, and recogni�on of the bacteri-
al host cell. Among the bacteriophage tail proteins, there are the tail tubular and the tail fiber pro-
teins, abbreviated as TTP and TFP, respec�vely. These proteins are the result of the co-evolu�on of
phages and their hosts. In silico studies of the phage genes encoding polysaccharides tail hydrolyses
showed that 120 of the 160 different phage hydrolyses are coded in the same open reading frame
as structural proteins (tail and fibers proteins). Analysis of the genomes of Klebsiella pneumoniae
(KP) and Yersinia enterocoli�ca (Ye) phages confirmed the presence of three tail proteins, which are
most likely involved in the process of bacterial infec�on. Proteins appeared in the UniProt database
only as hypothe�cal proteins, and the only way to learn about their proper�es was through experi-
mental studies. Summarizing our efforts, to characterize the phage tail proteins we described ten
proteins belonging to KP and Ye phages. All TTPs from KP phages were exopolysaccharide depoly-
merases and had bacteriosta�c ac�vity. TTP from Ye phages showed inhibi�on of bacterial biofilm
forma�on. We described the 3D structure for KP TTP and determined the binding site of the saccha-
ride moie�es. The binding and the cataly�c domain of TTPA were predicted using in silico analysis
and confirmed by the point muta�ons. We also found that one of the Y.enterocoli�ca TFP is very se-
lec�ve adhesin toward the pathogenic O:3 serotype and can serve as a diagnos�c tool.
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The clinical development of phage therapy faces the challenge of deciphering the dynamics of
phage-bacteria interac�ons in the in vivo context. In par�cular, the self-amplifica�on of phages and
the rapid development of phage-resistant clones are rarely address in vivo.

By coupling an in vivo imaging tool to longitudinally follow animals over �me with a mathema�cal
model, we characterized the interplay between phages and bacteria during the treatment, by a sin-
gle dose of the virulent phage 536_P1, of a murine pneumonia induced by the Escherichia coli
strain 536. The model highlights several key parameters for phage therapeu�c efficacy, such as the
dose and route of administra�on, the burst size, the synergy with the immune system and impor-
tantly, emphasizes the cri�cal role of a refractory popula�on of bacteria that include bacteria inac-
cessible to phages and/or bacteria resistant to phages (1).

In infected and treated mice, we found that the phage resistance rate reached as much as 44% at 48
hours post-infec�on. Resistant clones carry a single modifica�on of cell surface components, with
75% of muta�ons located in genes involved in LPS biosynthesis and 20% in genes coding the K15
capsule. The fitness of these mutants was moderately affected in vitro, while a virulence assay in
mice showed that LPS-related but not capsule-related mutants lost their virulence. Ongoing work
aims to refine the mathema�cal model by integra�ng the data from phage-resistant bacteria. Ul�-
mately, the model will help taking decisions on the design of phage therapy clinical trials as well as
for compassionate use.
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As the emergence of mul�drug-resistant bacteria has caused a public health problem, the demand
for an alterna�ve to an�bio�cs has been increasing. Endolysin, a bacteriophage-derived cell wall-
degrading enzyme, is drawing a�en�on as a promising solu�on for controlling them because it lyses
cell rapidly without the problem of resistance development. However, endolysin cannot control the
Gram-nega�ve bacteria effec�vely because the outer membrane of the Gram-nega�ve bacteria pre-
vents external endolysin from accessing the pep�doglycan. Peptoids, N-subs�tuted glycines, are a
class of pep�domime�cs that can have an�bacterial ac�vity without cytotoxicity. Some peptoids are
known to have membrane permeabiliza�on ac�vity that we studied the possibility of peptoids as a
novel poten�ator that can extend the use of endolysin to the Gram-nega�ve bacteria. Peptoids 2
and 3, in which NLys-Nspe-Nspe residues are repeated 2 or 3 �mes, respec�vely, were selected as
the candidates because they had low an�bacterial effects but could penetrate the bacterial outer
membrane with li�le hemoly�c ac�vity. Maximal an�bacterial ac�vi�es were 4 log reduc�on in the
presence of 500 µM of peptoid 2 and 5 log reduc�on in the presence of 62.3 µM of peptoid 3
against Escherichia coli MG1655. Endolysin LysB4 that is derived from Bacillus cereus bacteriophage
B4 cannot lyse E. coli due to its outer membrane. However, the combina�on of 545 nM of LysB4 and
25 µM of peptoid 2 treatment showed 2.5 log reduc�on even though 25 µM of peptoid 2 alone
showed 0.3 log reduc�on of E. coli growth. The similar effect was seen with peptoid 3; the combina-
�on of 545 nM of LysB4 and 12.3 µM of peptoid 3 exhibited 3.43 log reduc�on even though 12.3
µM of peptoid 3 alone reduced 1.7 log of E. coli growth. These results suggest that peptoids can po-
ten�ate the an�bacterial effect of endolysin against the Gram-nega�ve bacteria.
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Bacteriophages are ideal alterna�ves to target pathogens where conven�onal an�microbial treat-
ment has failed. While naturally occurring phage variants are a viable op�on for phage therapy,
steady advances in synthe�c biology and genomic engineering allow for targeted altera�ons in func-
�onality to improve phage therapeu�cs, e.g., through the introduc�on of structural changes and/or
an�microbial gene�c payloads. S. aureus is an important Gram-posi�ve opportunis�c pathogen,
causing a variety of diseases that are difficult to treat due to circula�ng an�microbial resistant vari-
ants, including methicillin- and vancomycin-resistant isolates. Members of the Herelleviridae family
of strictly ly�c, broad host-range Staphylococcus phages are currently the most promising therapeu-
�c candidates. However, due to their large genome sizes, these phages are notoriously difficult to
engineer. Using bacteriophage K as a model, we developed a simple and efficient engineering plat-
form based on homologous recombina�on and CRISPR-Cas9 assisted counterselec�on. To this end,
we engineered a nanoluciferase-expressing reporter phage, K::nluc. While the plaquing host range
of phage K::nluc covered ~80% of 73 clinical strains tested, the bioluminescence detec�on range
covered >98 % of isolates. Using a rapid (<5 hours) K::nluc-based protocol, we detected 173 CFU/mL
S.aureus in vitro and ~10  CFU/mL in a complex matrix such as whole human blood. Our engineer-
ing technology can provide novel diagnos�c applica�ons and opens avenues for design and engi-
neering of Herelleviridae phages to combat circula�ng and newly emerging pathogenic S. aureus
strains.
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Necro�zing enterocoli�s (NEC) is a severe gastrointes�nal disease affec�ng premature infants, char-
acterized by gut inflamma�on and dysbiosis. It was demonstrated in a preterm piglet model that
donor faecal filtrate transplanta�on from a healthy donor fully prevented NEC and decreased rela-
�ve abundance of mucosal Proteobacteria. Based on this, we hypothesize that specific phages in
the filtrates may provide protec�on against NEC by reducing the abundance of Proteobacteria.

Bacterial isolates were obtained from the ileum of premature piglets following NEC induc�on by for-
mula feeding. Pathological �ssue specimens were asep�cally collected for mucosa isola�on, and se-
rial dilu�ons of homogenized mucosa were plated on MacConkey agar. Individual bacterial colonies
were iden�fied at species level by MALDI-TOF mass spectrometry and further differen�ated by
Pulsed-Field Gel Electrophoresis (PFGE). Faecal filtrates were prepared from colon contents of 10-
day old healthy pigs from various Danish farms by centrifuga�on and filtra�on. Suspensions of sin-
gle bacterial isolates and individual filtrates were incubated, with con�nuous monitoring of the bac-
terial growth up to 18 hours. Single plaques were obtained from the medium showing growth inhi-
bi�on and further purified to prepare phage stocks.

In total, 33 bacterial isolates were obtained from nine animals, and further separated into 21 differ-
ent PFGE profiles, most represen�ng Enterobacter cloacae and Escherichia coli. The screening
against 18 donor faecal filtrates showed a quick decrease in the bacterial density from four filtrates,
sugges�ng bacteriolysis by one or more phages. Our ongoing work has resulted in successful isola-
�on of 23 phages for two E. coli isolates and six phages for two E. cloacae isolates.

Further isola�on and characteriza�on will provide a consor�um of phages from donor faecal fil-
trates with the poten�al for therapeu�c effect against NEC, and to test in vitro and in vivo.
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In an era of unprecedented emergence of an�bio�c resistant bacteria, alterna�ve therapeu�cs are
being urgently sought. There is a renewed interest in phage - viruses that replicate within and lyse
bacteria cells - therapy to combat pathogenic infec�ons. Phage therapy has been demonstrated to
be effec�ve against bacterial infec�on. However, a be�er understanding of phage-host interac�ons
and how they are affected by the environment is s�ll needed in order to improve the prospects of
future treatments. 

We inves�gate how spa�al barriers effect the rate of phage a�achment to host cells using the
Pseudomonas aeruginosa pathogen. We have developed a system to track infec�on events both on
popula�on and single cells levels using fluorescent and bioluminescent markers. Bacteria used for
these experiments express the fluorescent protein GFP. We can also detect infec�on events through
a nano luciferase reporter gene system, in which the nanoLUC gene has been introduced into the
genome of a phage. When the genome of the phage enters the host cell, the luciferase gene is ex-
pressed, and the enzyme is produced, it breaks down its substrate to create a bioluminescent signal
that can be detected. This allowed us to record two indica�ons of infec�on : the disappearance of
the fluorescent signal when cells die upon phage infec�on, and the appearance of the biolumines-
cent signal indica�ng that the cells are being infected by the phage. We have shown that we can de-
tect luminescence from different bacteria infected by the luciferase producing phage in liquid cul-
ture using a microplate reader. We also detected infec�on events on a single cell level using a high
throughput confocal microscope.
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Phage resistance emergence during phage therapy is a phenomenon that clinicians, regulatory
agencies, and researchers want to avoid. Unfortunately, the phage-bacteria co-evolu�on is con�nu-
ous and answers to the natural selec�on pressure that each partner exerts on the other. We studied
the frequency of appearance of phage resistant mutants of Pseudomonas aeruginosa against four
therapeu�c phages, two myoviruses and two podoviruses. It led to the discovery that psl genes, en-
coding an exopolysaccharide, were essen�al for the synthesis of the surface receptor for the two
podovirus phages, which both belonged to the Luz24 species, a well-known phage which receptor
was previously unknown. However, although adsorp�on of the Luz24 phages depended only on the
presence of this receptor, their virulence also depended on the LPS O chain. The LPS O chain imped-
ed Luz24 phages to form plaques in rich medium. In parallel, and as expected, the same LPS O chain
was found to be the receptor of the two myovirus phages, which belonged to the Ab27 species.

These results are very interes�ng in a phage therapy perspec�ve, as strains that were first suscep�-
ble to the two myoviruses and resistant to the podoviruses, upon becoming resistant to the my-
oviruses became at the same �me, and due to the dual role of LPS O chain, suscep�ble to the
podoviruses. A combina�on of phages from the two families decreased the resistant mutant
frequencies.
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O��s media, the main reason an�bio�cs are prescribed in childhood, is o�en caused by Streptococ-
cus pneumoniae. The exogenous use of recombinantly produced endolysins, pep�doglycan hydro-
lases encoded by bacteriophages at the end of their ly�c cycle, has shown effec�veness against this
pathogen. The endolysins’ bioavailability could be increased if they could be directly applied to the
ear. This would also reduce the probability of recurrent or chronic middle ear infec�on. However,
the endolysins need to be encapsulated into delivery systems with permea�on enhancing charac-
teris�cs that can surpass the barrier provided by the tympanic membrane. Therefore, this work
aimed to develop a novel endolysins delivery system for a transtympanic treatment of pneumococ-
cal o��s media.

The MSlys endolysin was encapsulated into deformable liposomes composed of L-alpha-lecithin and
sodium cholate (L:SC:MSlys) or PEG2000 PE (L:PEG:MSlys) with an efficiency of approximately 35%
on average, being released in a controlled manner. Liposomes loaded with MSlys showed no cyto-
toxicity against kera�nocyte and fibroblast cell lines. Moreover, MSlys-loaded liposomes interacted
with S. pneumoniae cells, significantly reducing planktonic and biofilm cells. Transtympanic perme-
a�on studies demonstrated that PEGylated liposomes significantly enhanced the transport of MSlys
through human tympanic membranes in an ex vivo model, showing an�pneumococcal effect a�er 2
hours. Nevertheless, degrada�on of MSlys occurred during extended incuba�on at 37 ºC, which af-
fected its effec�veness.

In conclusion, endolysin-loaded liposomes are promising for transtympanic treatment of o��s me-
dia caused by S. pneumoniae. Nevertheless, further op�miza�on is required in order to increase
effec�veness.

1,2,3,4* 2 3,4 1 2
3 2

mailto:mdanielasilva@ceb.uminho.pt


493

Poster ID: BioH.365(PS2-R5.30)

Phage Therapy Phage Cocktails Phage-Phage Synergy

Synergistic Interactions Reveal a Novel Therapeutic Role for Lysogenization-
Capable Phages
Philip Lauman , Jonathan J. Dennis 

1. University of Alberta

Correspondence:
lauman@ualberta.ca

The increasing prevalence and worldwide spread of mul�drug resistant bacteria is an imminent
danger to public health and threatens virtually all aspects of modern medicine. Par�cularly concern-
ing are opportunis�c, hospital-transmi�ed pathogens such as the members of the Burkholderia
cepacia complex (Bcc), which cause life-threatening infec�ons in immunocompromised pa�ents and
have a high degree of both innate and acquired an�microbial resistance.

One poten�al solu�on to this crisis is the use of phages, bacterial viruses which target and destroy
specific strains of bacteria, in what is known as phage therapy. Phages are dichotomously catego-
rized as either ly�c or lysogenic, with the la�er category having canonically been considered thera-
peu�cally subop�mal since these phages, if they form stable lysogens, can poten�ally transfer an-
�microbial resistance or virulence factors to their lysogens and do not always kill the cells they tar-
get. Recognizing that the tendency to form lysogens is not predicated solely on the ability to do so,
we propose the term lysogeniza�on-capable (LC) to describe phages which have the gene�c capaci-
ty to form lysogens and occupy points on a gradient in terms of their tendency to form stable lyso-
gens, and we introduce lysogeniza�on frequency (f ) as a novel metric with which to quan�fy
this variable.

We found that among Bcc phages, f  varies substan�ally with environmental condi�ons such as
host, temperature, and infec�on medium, and is inversely correlated with the Growth Reduc�on
Coefficient (GRC), a novel metric used to quan�fy the an�bacterial effects of phages. Moreover,
many high-f  LC Bcc phages engage in mathema�cally defined synergis�c interac�ons with low-
f  counterpart phages to produce powerful an�microbial effects, in both in-vitro and in-
vivo se�ngs. Taken together, these findings re-examine our understanding of lysogeniza�on, and
reveal a novel therapeu�c role for LC phages.
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An endolysin is a bacteriophage-encoded enzyme that degrades bacterial cell wall when a bacte-
riophage bursts out in a ly�c replica�on cycle. Recombinant endolysins provided extracellularly
could serve as alterna�ve to an�bio�cs. While wild-type endolysins are promising, protein engi-
neering offers many opportuni�es to increase its efficacy. An endolysin’s ac�vity might be ham-
pered due to the presence of outer membrane in Gram-nega�ve bacteria when provided from
outside. An�microbial pep�de cecropin A crosses the outer membrane by self-promoted uptake,
causing distor�ons of the membrane. We fused Cecropin A to endolysins from E. coli phages 10-
24(13), PBEC30, and PBEC56. Cecropin A-fused endolysins showed improved efficacy against vari-
ous Gram-nega�ve bacteria including ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobac-
ter spp.) with minimum inhibitory concentra�ons as low as 4 µg/ml. The distor�on of the outer
membrane may facilitate uptake of cecropin A-fused endolysins as well as cecropin itself, leading
to a much higher an�bacterial efficacy of the fusion protein. As a conclusion, engineered en-
dolysin could be used strong candidates that replace tradi�onal an�bio�cs.
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For decades, numerous an�bio�cs have been developed to kill Gram-posi�ve and Gram-nega�ve
pathogens, but bacteria con�nued developing resistance to the drugs. Bacteriophage endolysins are
enzymes that are emerging as alterna�ves to an�bio�cs. Endolysins are enzymes used by bacterio-
phages at the end of their replica�on cycle to break down the pep�doglycan of the bacterial host
from the inside, resul�ng in cell lysis and release of progeny virions. In this experiment, whether
bacteriophage endolysins synergis�cally acted with an�bio�cs to combat bacterial pathogens was
tested. Endolysins derived from Staphylococcus aureus phages and those derived from
Pseudomonas aeruginosa phages were tested. In order to determine whether synergis�c effects are
shown between various an�bio�cs and endolysins, minimal inhibitory concentra�ons (MICs) were
measured against selected pathogens. Although not all an�bio�cs showed synergis�c effects, com-
bina�on of some an�bio�cs and endolysins showed synergis�c effects in an�bacterial efficacy. In
frac�onal inhibitory concentra�ons (FICs) tests, Staphylococcus endolysin SA11 showed synergis�c
effects with ampicillin or streptomycin. Pseudomonas endolysin LNT103 showed synergis�c
effects with chloramphenicol, sulfamethoxazole, ciprofloxacin, or trimethoprim. Some�mes the syn-
ergy was shown depending on which target bacteria was tested.
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Interac�ons between bacteriophages and mammals strongly affect possible applica�ons of bacte-
riophages. This has created a need for tools that facilitate studies of phage circula�on and deposi-
�on in �ssues. We propose red fluorescent protein (RFP)-labelled E. coli ly�c phages (HAP1) as a
new tool for the inves�ga�on of phage interac�ons with �ssues and organs. RFP-labeled phages
were applied in a murine model of phage circula�on in vivo. Phages administered by three different
routes (intravenously, orally, rectally) were detected through the course of �me. The intravenous
route of administra�on was the most efficient for phage delivery to mul�ple body compartments:
20 min a�er administra�on, virions were detected in lymph nodes, lungs, and liver; 30 min a�er ad-
ministra�on, they were detectable in muscles; and 1 h a�er administra�on, phages were detected
in spleen and lymph nodes. Oral and rectal administra�on of RFP-labelled phages allowed for their
detec�on in the gastrointes�nal (GI) tract only.
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Func�onal metagenomics is a key tool to iden�fy an�bio�c resistance genes (ARGs) in the environ-
ment and the routes where these ARGs transfer. However, func�onal metagenomic studies usually
use a single expression host, most commonly a laboratory strain of Escherichia coli. This limita�on
results in a lower coverage of resistomes as certain genes cannot be expressed in this strain. To find
a solu�on this problem, our aim was to extend the host range of func�onal metagenomics by devel-
oping a new method called DEEPMINE. This method u�lizes gene�cally reprogrammed bacterio-
phage par�cles, with altered host specificity that is achieved by exchanging the phage tails between
different bacteriophages. In our study these par�cles were used to introduce metagenomic libraries
into three pathogenic hosts besides E. coli. Interes�ngly, one of the host bacterium, a Klebsiella
pneumoniae strain iden�fied more than half (62%) of the ARGs, indica�ng that this species might
have a higher poten�al to express environmental genes than the conven�onal hosts, in agreement
with a previous study. Therefore, our next aim is to create K. pneumoniae specific bacteriophage
par�cles to involve more K. pneumoniae strains in the study. By genera�ng and screening func�onal
metagenomic libraries from diverse environments we intend to inves�gate the poten�al role of
K.pneumoniae in trafficking ARGs from the environment to the clinic.
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The growing number of joint replacement surgeries is a consequence of increasing life expectancy
and obesity, as well as improvements in surgical techniques. Prosthe�c joint infec�on (PJI) is a dev-
asta�ng post-opera�ve complica�on with a consistent rate of 1.4–3.3% over the years. The effec-
�veness of an�bio�c treatment is limited by increased an�bio�c resistance, and the forma�on of
bacterial biofilms, which virtually eliminate the possibility of treatment success without removal of
the implant. Bacteriophages are being considered as a supplementary treatment for PJI and are cur-
rently used as expanded access therapy. Their use would be more reliable, if guidelines were estab-
lished for the op�mal treatment dose, treatment dura�on, and means of administra�on. We aim to
develop a mouse model to assess the efficacy of bacteriophages against PJI. Here we present ini�al
steps in model op�miza�on star�ng with characterisa�on of clinical strains of Staphylococcus epi-
dermidis and evalua�ng various parameters a�er bacteriophage treatment in vitro and in vivo. As
frequent pathogen of PJI, the model strain Staphylococcus epidermidis was selected from a panel of
clinically relevant isolates that were characterized for an�bio�c resistance, biofilm-forming ability
and MLST. Bacteriophages against these strains were isolated from environmental samples and
their safety and ly�c poten�al was evaluated. The behaviour of the selected bacteriophage-host
pair was tested using established mouse models. Pharmacokine�cs of the phage was evaluated us-
ing local and systemic administra�on of bacteriophage COP-80B at different doses. The selected
strain was further tested in several modes to establish chronic infec�on of a prosthe�c mouse joint.
Different materials and shapes of implants as well as different routes of inocula�on were tested.
Presented results will lead to the development of clinical protocols for treatment of PJI with bacte-
riophages in humans.
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In Czechia, the history of phage therapy research dates back to interwar Czechoslovakia, but cur-
rently, phage therapy is almost unavailable there. Over the last decade, MB PHARMA has been
working on phage research and has developed the phage cocktail DUOFAG®. This cocktail comprises
phages ac�ve against Staphylococcus aureus and Pseudomonas aeruginosa. DUOFAG® is intended
for diabe�c foot infec�ons treatment but has the poten�al for curing other types of infec�ons too.

DUOFAG® comprises two phages ac�ve against S. aureus and one phage ac�ve against
P. aeruginosa. The phages characterized on morphological and genomic levels have their host
ranges examined on hundreds of clinical isolates of bacteria. DUOFAG® is manufactured in a Czech
GMP-cer�fied facility. Elaborate release tes�ng discussed with the State Ins�tute for Drug Control
ensures the quality of DUOFAG®. The stability of phages is evaluated regularly. MB PHARMA has es-
tablished a seed lot system for phages and propaga�on bacteria.

DUOFAG® was examined in preclinical animal studies. Acute dermal toxicity study on rats and local
dermal tolerance study on rabbits confirmed the safety of DUOFAG®. Follow-up preclinical studies
focusing on subcutaneous administra�on of DUOFAG® are currently underway. Single and repeated
dose toxicity and toxicokine�cs studies of DUOFAG® are performed on rats.

According to data from Czech hospitals, S. aureus and P. aeruginosa are the main causa�ve agents
of diabe�c foot infec�ons. The upcoming clinical evalua�on of DUOFAG® focuses on proving the
safety, tolerability, and efficiency of mul�ple doses of DUOFAG® in subjects with infected diabe�c
foot ulcers. The first cohort of pa�ents will be observed for safety evalua�on of DUOFAG®, and pos-
sible adverse effects will be monitored. In Cohort 2, the study will con�nue as a double-blind, ran-
domized add-on study of DUOFAG® vs. placebo. The wound healing rate and the microbiological
load will be evaluated.

We kindly acknowledge the financial support of the research projects:

FX01030019, Ministry of Industry and Trade of the Czech Republic (MB PHARMA)
CZ.01.1.02/0.0/0.0/21_374/0027103, Ministry of Industry and Trade of the Czech Republic
(FAGOFARMA)
NU21J-05-00035, Ministry of Health of the Czech Republic (Masaryk University)

1,2 1,2,3 3 1,2 1,2
1,2 1,2,4

mailto:stverakova@mbph.cz


500

Poster ID: BioH.372(PS2-R5.37)

bacteriophage phageome Human Gut Microbiota

Exploring and characterizing the genetic characteristics of bacteriophages
associated with the human system
Gábor Apjok , Bálint Kintses , Andrey Shkoporov 

1. Synthe�c and Systems Biology Unit, Ins�tute of Biochemistry, Biological Research Centre of the
Hungarian Academy of Sciences, Szeged, Hungary
2. Doctoral School in Biology, Faculty of Science and Informa�cs, University of Szeged, Szeged,
Hungary
3. APC Microbiome Ireland, University College Cork, Cork, Ireland

Correspondence:
Gábor Apjok: agabor723@gmail.com

The rapid spread of an�bio�c resistant pathogenic species is an ever-growing healthcare threat
claiming millions of vic�ms throughout the globe. Studies predict it will become the leading cause
of deaths by 2050 if effec�ve measures are not taken. One of the most promising approaches to
ward off the spread of an�bio�c resistance is the therapeu�c applica�on of bacterial viruses (bacte-
riophages or phages), the so-called phage therapy. However, there are numerous aspects of phage
therapy about which we have insufficient understanding. Cri�cal among these our incomplete
knowledge how phages interact with the human body. This can ul�mately undermine phage-based
therapeu�c approaches, since not all phages equally tolerate or are tolerated by the human organ-
ism. While it is well-known that the human body, especially the gut, is richly inhabited by phages,
the molecular determinants of this rela�onship remain underappreciated and understudied. Impor-
tantly, (i) how the phages and the immune system interact, (ii) how phages are able to enter and re-
main in the body and (iii) which are the niches of the body that can be inhabited by phages, among
others. These therapeu�cally crucial features are hypothesized to be governed by certain structural
forma�ons prevalent on phage structural proteins. Despite their poten�ally key therapeu�c value,
the exact characteris�cs of these domains are gravely uncharted. Our aim is to screen bacterio-
phages isolated from human samples for such domains, in a high throughput manner, u�lizing three
types of human cell lines as model-system followed by bioinforma�cal analysis. The research focus-
es on discovering and characterizing domains responsible for the adherence to gut mucosal or mu-
cus-free cell surface and/or invasion into human cells. We expect to reveal therapeu�cally impor-
tant domains that could be subsequently integrated into phages with therapeu�c poten�al and thus
aid efforts aiming to improve phage therapy.
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Bacteriophage (phage) therapy is considered a promising solu�on to the an�microbial resistance
crisis. Conven�onal phage therapy is focused on the cura�ve proper�es of phages, which are used
to treat already established infec�ons. However history shows that phages also have a poten�al for
prophylaxis by preven�ng bacterial diseases. Given the posi�ve impact a preven�ve phage therapy
approach could have for mortality and morbidity related to bacterial diseases, it is puzzling why this
is not pursued with more effort nowadays. The main reason might be the lack of a mechanism to
jus�fy and improve phage-based prophylaxis in modern standards. The bacteriophage adherence to
mucus (BAM) model proposes an ancient symbiosis between phages and metazoans, in which
phages a�ached to mucosal layers protect animals from invading bacteria. Inspired by this model
we were able to show that phage binding to mucus mediates preven�ve protec�on against
Flavobacterium columnare infec�ons. To expand these finding to other targets we evaluated mucos-
al interac�ons between Pseudomonas aeruginosa and a phage collec�on isolated at the Eliava Ins�-
tute. Even though the tested phages do not differ regarding binding to mucins in vitro, we verified
that some respond differently to infec�ons in the presence of mucins or not. Following the trend
seen for F. columnare phages, two P. aeruginosa phages had improved growth if the host was ex-
posed to mucins before infec�on. This indicates that mucosal associated phages can be found for
different bacterial species, and that the biological mechanisms behind phage-bacteria mucosal in-
terac�ons have poten�al of being exploited to achieve prophylac�c phage therapy.
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BACKGROUND: On top of the emerging an�bio�c resistance crisis, bacterial infec�ons are o�en
complicated by the forma�on of biofilms, especially in the se�ng of orthopedic implants. These
(poly)microbial micro-communi�es, are known to be much more resistant when compared to their
planktonic counterparts, thereby causing difficult to treat infec�ons.

AIM: Devising a novel treatment modality for biofilm-related infec�ons on orthopedic implants by
inves�ga�ng the synergy between bacteriophages and rou�nely used an�bio�cs.

METHODS: 79 phage clones ac�ve against P.aeruginosa were de novo isolated from a wide variety
of environmental sources. 20 phages with broad host range and ly�c ac�vity against P.aeruginosa
PAO1 were iden�fied and tested on PAO1 biofilms.  Five phages showing an�biofilm ac�vity, have
been tested in combina�on with ciprofloxacin, meropenem and ce�azidime for their effects on CFU
counts, biomass and metabolic ac�vity. Scanning electron microscopy was performed for PAO1
biofilms grown on �tanium coupons to gain more insight on biofilms structure a�er different treat-
ment protocols. Gene�c sequencing iden�fied the phages as a Yuavirus, a Pbunavirus and a
Bruynoghevirus.

RESULTS:  When using an�bio�cs at their MIC in combina�on with bacteriophages, significant re-
duc�ons are seen for both CFU counts as for biomass evalua�ons. When increasing an�bio�c con-
centra�ons to 10xMIC, an even higher decrease on biomass & viable popula�on was observed
(biofilm reduc�on of more than 50%). These findings have been confirmed with metabolic assays
(Omnilog Biotyper) and scanning electron microscopy for PAO1 biofilms grown on �tanium
coupons.

CONCLUSIONS: A combina�on of phages and an�bio�cs is capable of reducing CFU counts, thereby
reducing biofilm respiratory rate as seen with Omnilog assays, as well as the biomass of PAO1
biofilms grown in-vitro and on �tanium coupons more efficiently than each type of agent alone.
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The misuse of an�bio�cs has fostered the emergence of mul�drug-resistant bacteria promp�ng the
search for alterna�ve therapies such as the use of phages, bacteria-specific viruses. Mycobacterium
abscessus, an opportunis�c mycobacterium that causes serious complica�ons, especially in pa�ents
with cys�c fibrosis. Here, we searched for phages against M. abscessus using Mycobacterium smeg-
ma�s mc  155 as an intermediate host. For this purpose, more than 300 samples from different en-
vironments including wastewater were used and a total of 33 M. smegma�s phages were isolated,
while none of the samples gave rise to direct lysis of M. abscessus. Of these, 4 phages showed ly�c
ac�vity against various clinical strains of M. abscessus from pa�ents with cys�c fibrosis enrolled at
the Hospital Universitari i Politècnic La Fe (Valencia, Spain) although with a lower efficiency of plat-
ing (EOP), suppor�ng the use of an intermediate strain. Plaque morphologies, transmission electron
micrographs, and genomic analyses, showed a high variability of the isolated phages. Moreover, a
phage cocktail will be tested and subsequently op�mised by directed evolu�on, to improve ly�c ac-
�vity in M. abscessus clinical strains. 
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For highly pathogenic bacteria, such as Yersina pes�s or Bacillus anthracis, rapid and unambiguous
detec�on is crucial for �mely an�bio�c therapy of infected pa�ents. Polymerase chain reac�on
(PCR) is the gold standard for diagnos�cs of most infec�ous diseases. While detec�on of specific
genes by PCR can be achieved within a few hours, the presence of intact bacteria can only be veri-
fied a�er one to several days usually by culture based methods. For decades, plaque assays using
highly specific bacteriophages are being widely used as low-tech alterna�ves to PCR. However,
phage suscep�bility assays are �me consuming and typically require pure cultures of suspect
pathogen isolates. Using phage receptor binding proteins (RBPs) in lieu of whole phages can facili-
tate and accelerate phage-based pathogen detec�on. RBPs, which may be, e.g., phage tail-fibers or
-spikes, are employed by the virus to recognize specific surface structures on bacterial host cells.
Therefore, RBPs typically determine phage specificity. Here, we iden�fied various RBPs of several
commonly used diagnos�c phages specific for Y. pes�s, B. anthracis and other highly pathogenic
bacteria. Recombinant RBPs were produced from gene�c fusions with different reporter proteins,
such as fluorescent proteins or enzymes. From these RBP-reporters, we developed a set of novel
tools for the facile, rapid and highly specific detec�on of these notorious pathogens not only in pure
cultures but also in clinically relevant matrices. In addi�on, RBPs were coupled to magne�c beads to
serve as highly specific capture molecules for bacterial pathogen enrichment or isola�on approach-
es. Recently, an outbreak of an anthrax among ca�le in southern Germany provided a first �me,
real-life opportunity to apply and successfully validate these new RBP-based tools for rapid anthrax
diagnos�cs and outbreak inves�ga�on.
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Human skin is colonized by a wide variety of microbial communi�es that individually or collec�vely
impact the skin health. Species of Staphylococcus are highly abundant in different region of the skin.
The coagulase-nega�ve S. epidermidis is among the most frequently found bacteria on skin. While
previous studies have shown that the rela�ve abundance of Staphylococcus spp. differs across skin
sites, the temporal factors that influence their abundance are unknown. Studies have shown that
the skin virome influences the dynamics of bacteria in the skin microbiome.

Our study aims to inves�gate the contribu�on of skin bacteriophages in regula�ng the
Staphylococcus spppopula�on dynamics on the skin in health and disease. For that, we collected
swabs from over 80 healthy volunteers across different skin sites to isolate cutaneous phages that
infect different Staphylococcus spp. So far, we have isolated, purified and inves�gated 42 phages
that infect 8 different Staphylococcus species present on the skin. We sequenced the genomes of
the skin-isolated bacteriophages using Oxford Nanopore Technology. We assessed qualita�vely the
degree of phage resistance using a wide host range of 122 Staphylococcus strains of the 8 species.
Our results iden�fy that, among the coagulase-nega�ve staphylococci, S. hominis exhibits high resis-
tance to phage infec�on. Based on our observa�on, we hypothesize that S. hominis encodes a
phage resistance mechanism to limit phage infec�on, and we will examine this further in our stud-
ies. In addi�on, we determined that S. aureus is highly resistant against the phages isolated from
the skin that infect coagulase-nega�ve staphylococci.

We will examine interac�ons of the phages with staphylococci to be�er understand their infec�on
lifecycles and seek to interrogate metagenomic data to inform the poten�al contribu�ons of the
iden�fied bacteriophages to popula�on dynamics and dysbiosis. 
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As an�bio�c resistance become a world health issue, new interest in phage therapy has risen all
around the world. In Belgium, phage therapy has a special status as phages are considered “Ac�ve
Pharmaceu�cal Ingredients” (APIs) and as such can be prepared and combined according to a
monograph by an hospital pharmacist . This special status has made Belgium the most ac�ve coun-
try in the EU regarding phage therapy . This monograph states that clinical phage product (API)
have to be prepared in a GMP facility (Queen Astride Military Hospital) and their quality controlled
by a na�onal approved laboratory (Sciensano). This process starts with the construc�on of a gene�c
passport containing informa�on regarding the phage’s lifestyle, genome size and content, and ca-
pacity for horizontal gene transfer. The bacterial produc�on host’s genome is also checked for the
presence of ac�ve prophages and phage-inducible chromosomal islands. Secondly, each produc�on
lot is checked for microbial contamina�on, endotoxin levels, pH and presence of the specific ac�ve
component. The obtained results are condensed in a Cer�ficate of Analysis which is returned to the
manufacturer, and then transferred to the hospital pharmacy to enable prepara�on of the  formula-
�on upon a physician’s prescrip�on. To this day, this process has insured the quality and safety of
more than 40 different phage product lots, and prevented the administra�on of contaminated prod-
ucts to pa�ents.

Overall, we will present this phage product quality control process in details, acknowledge its limita-
�ons and discuss its evolu�on in the future.

 

1. Pirnay, J.-P. et al. The Magistral Phage. Viruses 10, 64 (2018).

2. Djebara, S. et al. Processing Phage Therapy Requests in a Brussels Military Hospital: Lessons Iden-
�fied. Viruses 11, 265 (2019).
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Mul�-drug resistant Klebsiella pneumoniae is a major health threat because of its increasing inci-
dence, high infec�on mortality rates, and lack of alterna�ve treatment. Phage therapy is gaining in-
terest as therapeu�c op�on against this pathogen. The GENPH Collec�on aims to provide a charac-
terized phage bank, including microscopy, DNA sequencing, and phage life cycle, and as a resource
for researchers and clinicians. Using a large and sequenced K. pneumoniae collec�on, that includes
mostly carbapenemase-producing isolates with a broad diversity of sequence types (ST) and cap-
sules type (KL), we recover phages targe�ng these clinically relevant strains. We have isolated 100
phages against 15 interna�onal clones. The majority display a myoviral morphology, assed by trans-
mission electron microscopy. The host range was determined by challenging the phages against se-
lected K. pneumoniae clones, iden�fying five phages with a broad host range. These were able to
infect up to seven different ST/KL. Three phages isolated against the highly virulent lineage ST23-
KL1, display podoviral morphology, show specific ac�vity against the isola�on strain and produce
haloes around the plaque, likely due to depolymerase ac�vity. The phages are being sequenced.
Seven siphoviral phages against the hypervirulent lineage ST14-KL2 were also isolated mainly show-
ing specific ac�vity against these strains. For the 15 phages showing ac�vity against isolates ST258-
KL106, ST258-KL107 and ST512-KL107 we selected 80 strains belonging to the clonal complex
(CC)258 (i.e., ST11, 258, 512, 437) to test their host range within the CC. Phages displayed varying
degrees of specificity, ranging from low ac�vity evidenced by turbid plaques to high ac�vity in up to
71% (n=54) of the strains used. In parallel to the phage sequencing, we are selec�ng and sequenc-
ing spontaneous resistant K. pneumoniae variants to determine naturally occurring mechanisms of
phage resistance.
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Phages are immunogenic and induce specific immune responses, including phage-specific an�bod-
ies. This applies to both phages present in the human body (phageome) and phages delivered by
various routes in phage therapy. To successfully and safely conduct phage therapy, it is essen�al to
understand the natural phage interac�ons in the human microbiome. An�bodies induced by one
phage may cross-react with another phage. Phages are composed of mul�ple proteins displaying
mul�ple epitopes; thus phage-specific an�bodies are in fact the sum of the responses to various
phage proteins. Is it possible to iden�fy common phage epitopes, especially those that are highly
immunogenic and predispose the phage to be highly visible to the immune system? So far, there is
no data or methodology to trace the history of phage exposure in our lives, and in par�cular, the
typical phage epitopes that are most o�en recognized by the human immune system are unknown.
However, such epitopes are well recognized in the case of eukaryo�c viruses, and the epitope data-
bases have recently been supplemented thanks to the use of high-throughput technology, the so-
called VirScan. We have modified VirScan to PhageScan that enables iden�fica�on of an�genic epi-
topes for which specific an�bodies can be found in human pa�ents. This analysis method combines
immunoprecipita�on and mass sequencing (NGS) of phage display libraries containing pep�des rep-
resen�ng tested an�gens. The main goal of the research was to create the first database of iden�-
fied bacteriophage epitopes in the context of en�re phage popula�ons occurring in human organ-
isms. The created database allowed for: (1)providing key informa�on for personalized phage thera-
py; (2)tracing the history of phage exposure. This work was co-financed by the European Union un-
der the European Social Fund (Interdisciplinary Environmental Doctoral Studies KNOW in the field of
Biotechnology and Nanotechnology, grant POWR.03.02.00-I037/16-00).
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Bacteriophage T5 capsid is an icosahedral structure 90nm in diameter. This capsid auto-assembles
from a major protein which makes the faces and ver�ces of the icosahedron, a portal protein that
forms the gate at one vertex for the genome transport, and a matura�on protease. Following capsid
assembly and DNA encapsida�on, the decora�on protein pb10 binds onto 120 sites on the capsid
outer surface[1,2]. These nanopar�cles can be func�onalized thanks to pb10, which can be fused to
heterologous proteins of interest, thus allowing their exposure onto the capsid surface[3]. Building
on this property, we fused the model an�gen ovalbumin (Ova) to pb10 and we assessed the poten-
�al of T5 capsids displaying the chimera pb10-Ova as a vaccina�on pla�orm. We showed that mice
immunised with these nanopar�cles elicited strong and long-las�ng immune responses without the
need for external adjuvant. These results suggest a natural adjuvant effect of the capsids and
demonstrates the strong immunogenicity of Ova mul�merised onto the capsid. By their ability to
expose a “modular” decora�on protein, T5 empty capsids cons�tutes a polyvalent pla�orm for the
development of therapeu�c applica�ons, notably for vaccina�on. In order to facilitate the produc-
�on of T5 empty capsids, we set up a capsid assembly system independent of phage infec�on by ex-
pressing the genes encoding for the capsid proteins in E. coli cells. This biosynthe�c system yields
Capsid Like Par�cles (CLP), which show similar characteris�cs as the capsids assembled during
phage infec�on. New vaccina�on trials are underway to assess the capacity of this recombinant T5
CLP to trigger immune responses against pathogens of public health concern.
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The gut microbiome is a dynamic and complex community of microorganisms that work together
allowing humans to maintain health. An�bio�c treatment of gastro-intes�nal infec�ons can have
long-las�ng effects on the microbiome composi�on, which can result in a state of dysbiosis. Bacte-
riophage (phage) therapy is a poten�al alterna�ve to combat the infec�on and several prepara�ons
can be purchased “over-the-counter” in certain countries, but li�le is known about how these
prepara�ons affect the na�ve members of the gut microflora. To inves�gate the effects of phage
therapy and simulate the dynamics, we modelled the gut using batch culture fermenters seeded
with faecal samples from three healthy adults. The faecal slurries were sampled over �me, total mi-
crobial DNA was extracted and sequenced. The resul�ng sequences were analysed with various
bioinforma�c profiling tools including MetaPhlAn3 and Kraken2, to observe changes in the microflo-
ra. Upon seeding, each donor sample contained a unique combina�on of detectable bacterial
species. At the bacterial genus and species level, limited differences between phage-treated and
control samples were observed. Some of the phages increased and decreased in abundance over
the �me course in a donor-dependent manner, sugges�ng produc�ve infec�on. Overall, our experi-
ment shows that addi�on of the phage cocktail had minimal effects on the healthy gut microbiota
at the bacterial species level. The donor-dependent phage bloom further indicates phage-host
strain-level effects that warrant further inves�ga�on.
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Pseudomonas aeruginosa and Klebsiella pneumoniae are Gram-nega�ve bacteria responsible for
many infec�ons globally, and increasingly are mul�drug-resistant (MDR) with few treatment op-
�ons. These infec�ons also o�en involve biofilms that make the bacteria recalcitrant to an�bio�c
ac�vity. New an�microbials, including bacteriophages (phages), are needed as addi�onal treatment
op�ons combined with standard-of-care an�bio�cs to improve pa�ent outcomes. To further the de-
velopment of robust fixed cocktails of ly�c phages against MDR-bacteria, Walter Reed Army Ins�-
tute of Research (WRAIR) and its overseas laboratories implemented phage collec�ons from various
sources in Thailand, Kenya, and Georgia to add to an established inventory of therapeu�c phage
candidates isolated from the Washington DC region. Of the 446 ly�c phages isolated by the WRAIR
Overseas Labs, 279 were specific for P. aeruginosa and 223 for K. pneumoniae. Ini�al whole genome
sequencing of 40 phages (24 from AFRIMS/Thailand and 16 from USAMRD-A/Kenya) increased the
Army P. aeruginosa phage panel to 128 therapeu�c candidates that span five virus families and 13
genera, adding the genus Phikzvirus (a ”jumbo“ phage). Eight of the phages isolated in Thailand and
Kenya had broad host ranges (40 - 63% coverage) in plaque assays against a diverse global P. aerugi-
nosa panel of 100 MDR clinical isolates. Poten�al cocktail formula�ons of these phages had predict-
ed ly�c spectra of up to 89% of this MDR panel. Whole genome sequencing of 30 ini�al K. pneumo-
niae phages from the WRAIR Overseas Labs (21 from Thailand, 9 from Kenya) revealed two new
genera and increased the Army K. pneumoniae phage panel to 133 therapeu�c candidates spanning
five virus families and 11 genera. Twelve promising phages from Thailand and Kenya were selected
and tested against a 100-strain MDR K. pneumoniae diversity panel. A theore�cal cocktail of eight of
these was predicted to cover 56% of this strain panel.
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The inherent proper�es of phages – such as high host specificity, rapid replica�on rates, high num-
ber of progenies, and low-cost produc�on – make them an excellent biotechnological tool for a
wide range of applica�ons. Phage engineering provides opportuni�es to further expand phage
proper�es and accelerates the development of phage-based technologies toward phage therapy,
pathogen detec�on, biocontrol, and more. Be�er approaches to phage engineering require a be�er
understanding of phage gene�cs and of the design of gene�c parts and expression casse�es. In
most cases, we want to ensure that modified phages retain or improve their ability to recognize and
kill their host while impar�ng the desired new trait or expression levels of a gene of interest for a
given applica�on (e.g., biosensors). The present study presents a systema�c evalua�on of the ac�vi-
ty of 8 different promoters in expression casse�es in engineered T4 phages carrying reporter genes
(gfp, nanoLuc, modified cobA). Phage variants were created using the acriflavine gene selec�on
method. We demonstrate these promoters can be used to modulate gene expression. Moreover,
we evaluated the impact of expression on phage infec�on through the assessment of the virulence
index for the different phage variants developed. This works provides valuable informa�on on the
impact of phage gene�c modifica�on on virulence and establishes a por�olio of promoters for the
modula�on of heterologous gene expression.
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The growing need for the treatment of infec�ons caused by mul�drug-resistant pathogens is forcing
both clinicians and poten�al pa�ents to look for alterna�ve therapeu�c agents. Currently, phage
therapy is considered as an effec�ve alterna�ve or addi�on to standard an�bio�c therapy in cases
of cri�cal infec�ons for pa�ents. However, given the growing popularity of this approach and only
emerging interna�onal legisla�on, �mely and adequate recommenda�ons for the ra�onal use of
bacteriophages for therapeu�c purposes are required. On the basis of the Hannover Medical
School, we organized a Center for Phage Therapy. Here we present our experience including pro-
cessing requests for phage therapy, assessing the validity and possibility of using bacteriophages for
medicinal purposes, isola�ng and characterizing new bacteriophages, preparing and using individu-
alized prepara�ons for pa�ents.
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Reason - WHO calls for development of new an�bacterial treatments alterna�ve to tradi�onal an-
�bio�c. Endolysins (phage lysins) are poten�ally useful proteins that cause lysis of bacteria through
destruc�on of cell-wall main component – PEG (pep�doglycan). This leads to dissolu�on of the cell-
wall and usually imminent death. We address the need to understand how endolysins work and
how they can be used for medical purposes.

We provide a way to measure bacterioly�c ac�vity with use of DNA dyes:

- rapidly (few minutes of measurements),

- in a wide range of bacteria concentra�ons (from over 10^7 CFU/sample to under 10^3
CFU/sample),

- in real �me,

- by measuring metabolically ac�ve bacteria,

- in a wide range of lysin concentra�ons (from 200 mg/l to 0.2 mg/l)

We’ve published this use of DNA dyes (Harhala et al., 2021, DNA Dye Sytox Green in Detec�on of
Bacterioly�c Ac�vity: High Speed, Precision and Sensi�vity Demonstrated With Endolysins)

We expand our work and show how various strains of Streptococcus sp. respond to the same con-
centra�on of bacterioly�c agent (phage lysins: Pal and Cpl-1). Our results show significant differ-
ences in suscep�bility of bacteria strains to bacterioly�c agents that go far beyond simple suscep�-
ble/not suscep�ble labels. We also propose a mathema�cal way to quan�fy detected differences to
simplify comparisons between strains and lysins.

Financed from NSC grant UMO-2019/35/N/NZ6/02564
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Phages for Global Health is a nonprofit organiza�on that facilitates phage applica�ons in Africa and
Asia, where 90% of the deaths from an�microbial resistance are expected to occur. We accomplish
this mission by working in four areas:

(1) Capacity Building Programs

Since 2017 we have delivered 4 in-person laboratory training workshops in East and West Africa (in-
cluding par�cipants from 11 countries), plus our first virtual workshop in 2022 for scien�sts in
Southeast Asia (with par�cipants from 5 countries). Par�cipants learn key essen�als of phage biolo-
gy, techniques for isola�ng and characterizing phages, and poten�al applica�ons in people, agricul-
ture and aquaculture. They also develop rela�onships with other phage researchers in their region
and with instructors from around the world. The par�cipants have already taught phage biology to
>1200 others through their home ins�tu�ons, ini�ated >50 phage projects, and won grants totaling
>$945,000.

(2) Product Development Projects

We collaborate with interna�onal, mul�disciplinary teams to co-develop phage products for public
health problems in developing countries. Our goal is to create products that are both technically ef-
fec�ve and socially accepted within the local cultural context.

(3) Promo�ng Phage Banks

We have been advoca�ng for the establishment of centralized phage banks in developing countries,
beginning in East Africa. Local governments could poten�ally use such banks to rapidly and cost-ef-
fec�vely respond to an�bio�c-resistant outbreaks in their countries.

(4) Communica�ng About Regulatory Systems

Regulatory agencies in many countries have begun clarifying how phages might be evaluated
through exis�ng or adapted drug regulatory systems, but that process has not yet begun in most de-
veloping countries. Thus, we are gathering input from regulatory leaders in North America, Europe
and Oceania, aiming to share that informa�on with regulatory authori�es in Africa and Asia.
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Bacteriophages are ge�ng closer to a regular applica�on in human clinical care. This requires the
development of various ways of administra�on of drug products based on bacteriophages to the
human body. MB Pharma focused on two perspec�ve methods of administra�on for two different
purposes.

The first way was nebulisa�on of phage lysate and distribu�on into the human respiratory system. 
The aim is to target pathogens causing lower respiratory tract diseases, like pneumonia, cys�c fibro-
sis etc. Commercially available nebulisers of various types were used for the experiments. The pre-
senta�on describes the survival of the an�-Pseudomonas aeruginosa phages a�er the nebulisa�on,
and the viability of the phages in several �me intervals a�er the nebulisa�on to determine, whether
the phages would be viable a�er administra�on. Moreover, the biodistribu�on of phages in 3D
printed models of the human respiratory system was tested.

The second way of applica�on was the incorpora�on of the an�-Staphylococcus aureus bacterio-
phages into nanofibrous materials. The main goal of such applica�on was to reach a controlled re-
lease of the bacteriophages to infected areas like topical wounds, skin burns etc. Polymers selected
for phage incorpora�on were used and behaviour of bacteriophages in the designed condi�ons was
tested.
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The term Burkholderia cepacia complex (BCC) refers to a group of 24 Burkholderia species that are
notorious for their drug resistance. BCC infec�ons are a serious problem, especially among persons
with cys�c fibrosis (CF) in whom they can cause life-threatening respiratory tract infec�ons.

Phage therapy is currently a promising solu�on for treatment of BCC infec�ons. Tailored phage ther-
apy with accurate Clinical Phage Microbiology for BCC infec�ons may allow effec�ve treatment with
minimal effects on the microbiome, effec�ve respiratory biofilm decomposi�on (a major problem
with BCC), and when needed, can be adapted and “trained” specifically to the pa�ent's bacterial
isolate.

In order to create an infrastructure for phage therapy for BCC infec�ons we first created a unique
phage library that aims to target clinical isolates of BCC. To this end, we screened 35 BCC isolates,
most from people with CF, from the collec�ons of the of the Hebrew University and the CFF BCC lab
in Michigan  , with hundreds of environmental samples for phage isola�on.

So far, our screen yielded 20 phages from different sources. Phage characteriza�on included whole-
genome sequencing, electron microscopy, host range determina�on, ly�c ac�vity profile, plaque
morphology, and more. We found that some of these phages have unique characteriza�ons. Five of
them are megaphages with a genome size of up to 200 Kb, and one has been iden�fied as belong-
ing to the unique family of PurZ that uses the 5th nucleo�de in their genome and was recently
described.

In our screen, we found at least one matched phage to 80% of the clinical isolates (40/50), where
some of them matched only a�er adapta�on by “phage training”. Currently, several of the phages
are in various steps towards clinical applica�on.

This project provides new hope for numerous CF pa�ents with BCC infec�ons around the world.
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Without a doubt, undergraduate involvement in ac�ve research is a catalyst for stronger interest in
science. For a budding research field like bacteriophage biology, the bounds of knowledge cannot
be explored if research engagement is not encouraged at all levels of learning. The seeming disinter-
est of undergraduate students in pursuing a scien�fic career has been blamed on its poor financial
prospects. An aspect of this discussion gradually coming to the fore is the design of structured train-
ing models that encourages ac�ve par�cipa�on and a sense of scien�fic ownership for undergradu-
ates, regardless of their prior knowledge and academic strengths. Bacteriophage research in par�c-
ular will profit greatly from such training models owing to a higher number of undergraduates, easy
to tailor research minds, and the inherent inquisi�veness displayed at the prospects of discovery. A
successful undergraduate training in bacteriophage research should be designed for voluntary par-
�cipa�on, incorporate hands-on laboratory experimenta�on, be reflec�ve of a well-laid out re-
search process to address day-to-day research ques�ons, afford a degree of independence for self-
learning, outline the prospects of con�nued par�cipa�on, emphasize the impact of the research on
global health and more importantly afford sustainable mentor-mentee rela�onship. A major obsta-
cle to the success of this model would be the seeming idea of abstrac�on that comes with concerns
about the immediate impact of research findings on humanity. Purposeful research intent can be
achieved in bacteriophage research by emphasizing the available transla�onal pipelines. The gains
of research discovery should also not be replaced by grades or publica�ons. This might shi� the at-
ten�on of the students from the sense of fulfilment to a silent 'means to end mindset'. If bacterio-
phage research is going to achieve its fullest poten�al, this integral aspect of training must not be
je�soned.
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Bacteriophages (phages) are considered one of the most important alterna�ves to conven�onal an-
�bacterial drugs. In recent years, interest in applica�on of phages in medicine and different fields of
industry has been constantly growing. Therefore, researchers try to establish new strategies of ex-
ploi�ng phages as a therapeu�c treatment through in-depth analysis of their nature.

Working with phages entails the need for seeking prac�cal solu�ons and techniques, which makes
this effort easier and more effec�ve. One of the most important and necessary methods used in
phage-related laboratories is amplifica�on of phage par�cles. Because currently methods of phage
stabiliza�on are not widely available, and �me-dependent decrease in phage �ter is inevitably asso-
ciated with phage storage, amplifica�on must be rou�nely performed prior to experiments.

Considering the above, the objec�ve of our studies was to develop the op�mal method of phage
amplifica�on. In our previously published research, we pointed out the difficul�es of selec�ng uni-
versal method of phage amplifica�on due to many variables which may influence this process. In
the present study, we have taken a step further and tried to op�mize one of the previously inves�-
gated methods - the plate wash method. We op�mized the technique for four phages including E.
coli specific T4, LO5 (specific to Enterobacter cloacae) and TO1/6F and TO1/7F (both specific to
Enterococcus faecalis). The efficacy of the technique was challenged at different volumes of the
washing broth as well as at the different washing �mes. Op�mal volume of the washing broth used
in the experiments was 10 mL for three out of four tested phages and the op�mal washing �me for
all phages was 20-30 min. While the ini�al phage �ter in prepara�ons used in the experiments was
1 x 10  pfu/mL, all the combina�ons applied for the proposed protocol resulted in obtaining phage
�ters not lower than ^10  pfu/mL.
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The Eliava Phage Therapy Center (EPTC) in Tbilisi, Georgia is one of only a few phage therapy facili-
�es worldwide. EPTC was established in 2009 as a part of the Eliava Consor�um, which, apart from
the well renowned G. Eliava Ins�tute of Bacteriophages, Microbiology and Virology includes spin-off
companies focused on diagnos�c services and phage produc�on. EPTC clinicians collaborate closely
with Eliava scien�sts.

Most pa�ents visi�ng EPTC come from different countries but with similar stories: a failure to clear
chronic infec�ons a�er numerous conven�onal (an�bio�c) treatments. Such pa�ents suffer from
infec�ons of different organs and systems (e.g., genitourinary and respiratory systems, skin and so�
�ssues). Some are surgical pa�ents with chronic wounds, prosthe�c-associated infec�ons, diabe�c
foot ulcers, etc. Others contact EPTC because of microbiome disorders (SIBO, IBS) and also, due to
secondary infec�ons (cys�c fibrosis pa�ents).

Bacterial pathogens, which are logically the most frequently targeted with phages at EPTC include
E.coli, P.aeruginosa, A.baumannii, E.cloacae, different species of Klebsiella, Enterococci, Proteus,
Streptococci and Staphylococci. Phages used for treatment are not limited to readily available poly-
valent bacteriophage cocktails, but also include individual phage prepara�ons targe�ng specific clin-
ical strains.

Substan�al knowledge and data have been accumulated in more than 20 years of EPTC’s experience
with phage-based therapy addressing various infec�ous complica�ons. In this work we provide a
visual representa�on of a summary of such data, which were collected in the years 2018-2021.

Pa�ent data have been analyzed according to their country of origin, gender, disease and bacterial
pathogens targeted. Phage suscep�bility of bacterial strains also has been considered. In total, 4295
EPTC pa�ents from the 4 years (2018-2021) have been considered for the prepara�on of presented
visualiza�ons.
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Ruminococcus gnavus is a strictly anaerobic Gram-posi�ve bacteria, which is a  member of the
healthy human gut microbiome. However, an overabundance of this bacteria has been observed in
pa�ents with irritable bowel disease (IBD). IBD is an incurable chronic inflammatory illness of the
gastrointes�nal tract caused by an atypical response to gut microflora whose treatment is mainly
focused on the management of symptoms. A high level of R. gnavus could be treated using an�mi-
crobials with a specific or narrow spectrum of ac�vity, removing the undesired bacteria, and con-
serving the desired gut popula�on. A technology that has this capability is endolysins, enzymes with
ly�c ac�vity used by bacteriophages at the end of their replica�on to degrade the pep�doglycan of
its specific bacterial host. The goal of this study was to characterize four endolysins against R.
gnavus: Lys 84, Lys 210 (in silico derived lysins), Lys 507/2-1 (phage derived lysin) and Lys 84/2-1 (a
chimeric lysin created by combining the enzyma�c ac�ve domain of Lys 84 and the cell wall binding
domain of 507/2-1 to narrow spectrum of ac�vity to R. gnavus alone). Biochemical characteriza�on
of these endolysins was achieved by turbidity reduc�on assays using R. gnavus dead cells to deter-
mine the endolysin concentra�ons, pH, temperatures and NaCl concentra�ons op�mal for lysis. All
four endolysins display a broad range of ac�vity for the condi�ons tested. Ac�vity was observed for
pH’s between 6-11, temperatures 25°C-50°C, NaCl concentra�ons up to 150mM and across en-
dolysin concentra�ons between 1-0.25µM. From these experiments it is clear that Lys 84, 210,
507/2-1 and 84/2-1 are ac�ve across a broad range of condi�ons, and therefore should remain ac-
�ve in the gut environment (pH 5.9 - 7.8; 36.5 - 37.5 °C; and NaCl concentra�on ~150 mM) reducing
R.gnavus numbers.
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Acne treatment o�en requires long-term use of an�bio�cs, which contributes to the forma�on of
resistant strains not only C. acnes but also other bacteria inhabi�ng the skin. As a result, bacterio-
phage therapy is now considered to be a promising treatment subs�tute. This study aimed to iso-
late, characterize, and evaluate the poten�al use of bacteriophages to control С. acnes.

C. acnes bacteriophages were isolated from the skin swabs of healthy volunteers. Standard double-
layered agar method coupled with anaerobic cul�va�on was used for phage isola�on. The host
range of the isolated phages was examined using the spot assay method against a variety of clinical
isolates and type strain of C. acnes. The size and phage morphology were determined using TEM.

Three ly�c bacteriophages infec�ng C. acne were successfully isolated in this study. These phages
showed effec�ve ly�c ac�vity against target bacteria. The electron micrograph revealed that the
three phages under study had typical morphology of Siphoviridae family with an icosahedral head
and long thin tail. Isolated bacteriophages displayed ac�vity against a wide range of clinical isolates
and type strain of C. acnes.

Considering strong ly�c ac�vity, broad spectrum, and stability, phages isolated in this study are con-
sidered as poten�al candidates for in vivo inves�ga�ons. The biological proper�es of these phages
allow us to propose them as poten�al biocontrol agents for use in the treatment of C. acnes-driven
pathology. C.acnes bacterophages have been previously described in different laboratories, howev-
er this is the first a�empt to isolate these viruses in Ukraine and newly isolated viruses could useful-
ly replenish the phage collec�on.
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Objec�ves

Few an�bio�cs against Gram-nega�ve pathogens have been newly introduced over the last two
decades. The rapid development of an�microbial resistance to exis�ng an�bio�cs is threatening hu-
man health, and thus, new an�bio�cs are urgently needed. Phage endolysins are a poten�al candi-
date, but the presence of an outer membrane in Gram-nega�ve bacteria hinders the a�ack of re-
combinant endolysin from outside. Here, we sought to mine an endolysin effec�ve against Gram-
nega�ve pathogens from a bacteriophage bank and improve its efficacy by protein engineering.

Methods

Puta�ve endolysin genes from 400 different phages were cloned, expressed, and the proteins puri-
fied and subjected to an�bacterial ac�vity tests. An endolysin encoded by phage PBPA90 was se-
lected and its an�bacterial ac�vity was improved by subs�tu�ng 15 amino acids and by fusing ce-
cropin A to its N-terminus.

Results

The resul�ng engineered endolysin, LNT103, showed a strong an�bacterial ac�vity against various
Gram-nega�ve pathogens including Acinetobacter baumannii, Pseudomonas aeruginosa,
Escherichia coli, Klebsiella pneumoniae, and Enterobacter aerogenes, with minimum inhibitory con-
centra�ons as low as 8 mg/ml. The engineered endolysin rendered bacterial membrane permeable
and combina�on use with colis�n showed a synergis�c effect in an�bacterial efficacy. Minimal cyto-
toxic effect and hemoly�c ac�vity were observed from LNT103. Unlike colis�n, bacterial resistance
to LNT103 was none to minimal in vitro. Its in vivo efficacy was verified in a mouse infec�on model.

Conclusion

LNT103 is an engineered endolysin highly effec�ve against Gram-nega�ve pathogens with a wholly
different mode of ac�on mechanism from exis�ng an�bio�cs, making it a strong candidate for de-
velopment as a novel an�bio�c.

1 1 1 1 1,2,3*

mailto:hjmyung@hufs.ac.kr


524

Poster ID: BioH.396(PS3-R5.29)

phage therapy Acinetobacter zebrafish

Unraveling the efficiency of phage therapy in combating Acinetobacter baumannii
infection of zebrafish embryos
Mina Obradović , Milan Kojić , Nataša Radaković , Goran Vuko�ć , Aleksandar Pavić 

1. Ins�tute of Molecular Gene�cs and Gene�c Engineering, University Of Belgrade, Belgrade, Serbia
2. Faculty of Biology, University of Belgrade, Belgrade, Serbia

Correspondence:
minaobradovic@imgge.bg.ac.rs

Carbapenem-resistant Acinetobacter baumannii has been announced in 2017 by the World Health
Organiza�on as a cri�cal priority pathogen, with an urgent demand for the development of new
therapeu�c approaches. Bacteriophages have regained a�en�on as promising an�microbial agents,
aiming to achieve efficient eradica�on of life-threatening infec�ons. The zebrafish (Danio rerio)
model has emerged as a powerful preclinical animal model for studying various infec�ous diseases
and for discovery of novel safe and effec�ve an�microbial drugs.

In this study, we inves�gated therapeu�c poten�al of phage vB_AbaM_ISTD using the A.
baumannii-zebrafish model of systemic infec�on. We aimed to compare the effect of phage treat-
ment in rela�on to that of clinically used an�bio�c meropenem, and to address the efficacy of their
combined applica�on in rela�on to individual treatments.

The systemic infec�on with A. baumannii was established by microinjec�on of fluorescently labelled
cells of strain 6077/12 into the circula�on valley of 48 h-old zebrafish embryos, and exposed to dif-
ferent treatments including ISTD phage (at doses of 10 and 10 PFU/ml), sub-MIC dose of
meropenem (32 µg/ml), and various phage and meropenem combina�ons. Infected embryos were
assessed for survival, morphological malforma�ons and bacterial burden during a period of 3 days.

Data obtained in this assay revealed higher survival of A. baumanii-infected embryos upon treat-
ment with meropenem and phages than in the untreated (control) group (survival rate of 59%),
whereas solely applied phages appeared as more potent agents than an�bio�c (survival rate of 93%
at the dose of 10 PFU/ml vs. 67%, respec�vely). Assessment of viable cell count indicated that the
administered phages effec�vely eradicated A. baumanii infec�on in vivo, since no bacterial colonies
have been recorded a�er pla�ng crushed embryos at 24 h post treatment, contrary to 6x10
CFU/embryo in untreated group.
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The gut can serve as a reservoir for opportunis�c pathogens, such as mul�drug-resistant Escherichia
coli that are responsible for severe extraintes�nal infec�ons, including recurring urinary tract infec-
�ons and life-threatening sepsis in pa�ents at risk, while being innocuous in healthy hosts. Many of
these strains are protected by a polysaccharide capsule that promotes resistance to the host’s hu-
moral immune response by biological mimicry, and it is thus crucial to develop new strategies
specifically targe�ng the capsule to exclude these pathogens from the gut microbiota.

While the capsule is a major virulence factor in these pathogens, it can also be a weak point as it
makes them a target for bacteriophages that specifically use the capsule as a receptor to infect and
kill the encapsulated bacteria. In this study we aim to use a cocktail of capsule-dependent phages to
exclude encapsulated pathogenic bacteria from the gut. Our phage cocktail targets clinical isolates
of mul�drug-resistant E.coli from neonate sepsis pa�ents and has been shown to exert selec�ve
pressure on the encapsulated bacteria in the murine gut, rapidly excluding the target and driving
the emergence of capsule-less mutants. The remaining popula�on that has lost its protec�ve cap-
sule is now vulnerable to the host immune system and we are developing vaccine-based and probi-
o�c-based strategies to exclude the remaining pathogens, in combina�on with the phage therapy
approach targe�ng the capsule. We also address the efficiencies of the combined therapies and po-
ten�al applica�ons and targets.
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Bacteria of the genus Raoultella are known to inhabit natural environments but can be also found in
laboratory samples. Recently, the pathogenicity of Raoultella strains in human has become increas-
ingly important. Reports on isola�on of Raoultella bacteriophages are scarce mostly due to inconsis-
tent taxonomy within Enterobacteriaceae family. The genus Raoultella was separated from
Klebsiella in 2001, but difficul�es in its iden�fica�on caused an underes�ma�on of its incidence and
pathogenic role.

For more precise iden�fica�on our Raoultella strains have been iden�fied using MALDI-TOF mass
spectrometry system. This approach led us to iden�fy bacterial hosts for 7 Raoultella phages isolat-
ed from environmental samples (all of them were isolated from sewage samples, including one
phage from historical collec�on isolated in 1963). Based on transmission electron microscopy re-
sults, phages represent two families Myo- and Podoviridae. A ShortBRED profiling was used to
search the virulence factors and toxins in predicted ORFs against the Virulence Factor Database
(VFDB). The presence of an�bio�c resistance genes was verified with the Comprehensive An�bio�c
Resistance Database (CARD) and PHACTS web tool was employed to determine phage lifestyle prob-
ability. Among 6 tested phages, 5 turned out to be ly�c phages. Further, in 4 ly�c phages no ho-
mologs of known virulence factors and determinants of an�bio�c resistance were found.

The stability of phages with the broadest ly�c spectra was tested in different storage condi�ons.
Phages retained their ly�c ac�vity under broad range of environmental condi�ons. Interes�ngly, our
Raoultella phages reveal ly�c ac�vity towards a plethora of Klebsiella strains isolated from hospital-
ized pa�ents. Their stability and broad ly�c spectra make them promising candidates for further re-
search and poten�al therapeu�c applica�ons.
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Cu�bacterium acnes, formerly known as Propionibacterium acnes, is a Gram posi�ve, aerotolerant,
opportunis�c pathogen commonly associated with the skin condi�on Acne Vulgaris. This condi�on
is es�mated to effect approximately 9.4% of the world’s popula�on, making it the eighth most
prevalent disease worldwide. It is regularly treated with topical and oral broad-spectrum an�bio�cs
that can damage the natural skin microbiome, and over �me can result in the emergence of an�bi-
o�c resistant strains of C. acnes. Phage therapy has gained a lot of trac�on in recent years as an al-
terna�ve to an�bio�c treatment regimes. Phages and their endolysins allow us to specifically target
bacteria and precisely manipulate microbiome composi�on. A previous screening study in the lab
led to the isola�on of five phages targe�ng C. acnes. This study is inves�ga�ng the efficacy of these
phages to tackle C. ances in a complex microbial se�ng. A number of endolysins have also been
iden�fied in the genomes of these phages, and we are in the process of recombinantly expressing
these pep�doglycan-degrading proteins to assess their suitability as precision an�microbials.
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Inflammatory bowel disease (IBD) which includes Crohn's disease and ulcera�ve coli�s, is a chronic
and uncurable disorder characterised by inflamma�on of the gastrointes�nal tract. The overgrowth
of biofilms of a key pathobiont, Ruminococcus gnavus, is associated with the development of this
syndrome. However, is unclear if the overrepresenta�on of this bacteria is causal or associa�ve. The
use of an�bio�cs for the treatment of IBD is contraindicated due to their lack of specificity, which
can result in collateral damage to the gut microbiome. In this light, the use of highly specific bacte-
riophages and/or their an�microbial proteins, endolysins, represent a promising alterna�ve. In this
study, we evaluate the ability of R. gnavus JCM 6515  to form biofilms in different culture media
and inves�gate the capacity of endolysins Lys 84, Lys 210, Lys 507/2-1 and Lys 84/2-1 to eradicate
them. The four endolysins used for these studies were selected for their high specificity and effi-
cient ly�c ac�vity against planktonic cells of R. gnavus JCM 6515 . The ability of R. gnavus JCM
6515  to form biofilms in different culture media (ABB, BHI+, CIM, WC, YCFA, YCFA+ and LYHBHI)
was evaluated in a 96-well plate by crystal violet assay. Similarly, the biofilm eradica�on ability of
the endolysins was assessed in the same way. This strain demonstrated a strong ability to form a
biofilm when grown in YCFA+ culture media, with strong ly�c ac�vity observed for endolysins 210,
507/2-1 and 84/2-1. Significant biofilm disrup�on (p<0.001) was observed even at a low concentra-
�on (1 µM) following a single hour of exposure at 37 °C. The potency and selec�vity of these en-
dolysins cons�tute a promising alterna�ve treatment for IBD, avoiding the problems associated with
an�bio�c resistance and preserving beneficial commensal bacteria in the gut environment.
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Vibrio Bacteriophage phage suscep�bility

V. cholerae Eltor strains from early decades of the 7th pandemic are susceptible to
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The disease cholera con�nues to be a challenge for the global health. Recent outbreaks in different
parts of the world demonstrated growing variability of V. cholerae and its high capability to cause
massive epidemics. Bacteriophages play important role as natural controllers of V. cholerae in
aqua�c environments. At present phages gained again the interest of medical prac��oners as a po-
ten�al alterna�ve or complementary treatment of cholera pa�ents, and also as a biological mean
for sanita�on of drinking water reservoirs in endemic areas. We studied ly�c ac�vity of 2 sets of
characterized bacteriophages: i) set 1 (11 phages), isolated from marine and freshwater sources in
Georgia in 2007-2010 and ii) set 2 (7 phages), isolated in 2016 from Hai� water samples. Earlier
both phage sets showed mild to high ly�c ac�vity against V. cholerae strains of different origin
(Georgia, Asia, Central America, Hai�, Africa). The present study involved 47 strains of Eltor biotype
from the collec�on of Georgian NCDC, Georgian isolates from 70’s (beginning 7th pandemic), 80s
and 90s, from pa�ents and environment. The screening was done by phage spot test on bacterial
culture lawns and lines using standardized phage suspensions (107 PFU/ml), followed by verifica�on
of nega�ve plaque forma�on by agar overlay method. Eleven Georgian phages (set 1) lysed 93.6 %
of NCDC's strains with the best result for the phage Vch24K (80,1%). Considerably low ly�c ac�vity
(74.5%) was shown for the Hai� phages with the best result for the phage Vch20B (68.1%). These 2
sets of phages showed overlapping ly�c spectrum. The fact that considerably recently isolated
phages express high ly�c ac�vity towards the strains from early decades of 7th pandemic may
sound promising in terms of crea�on of therapeu�c phage mixture(s) for cholera control with stable
ly�c proper�es and broad coverage of poten�al subtypes of V. cholerae epidemic strains.
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Pseudomonas aeruginosa Tail fiber engineering mul�drug-resistant bacteria
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Pseudomonas aeruginosa is an opportunis�c human pathogen causing a wide range of acute and
chronic infec�ons, par�cularly in immunocompromised pa�ents. This makes P. aeruginosa one of
the most frequent and severe drivers of chronic respiratory infec�ons in pa�ents with cys�c fibrosis
or other chronic underlying diseases, and one of the top pathogens causing ven�lator-associated
pneumonia. Typically, an�bio�c suscep�ble isolates of P. aeruginosa show a high clone diversity
while, MDR/XDR strains are limited to a number of widespread clones, so-called high-risk clones
(HiRiCs). The prevalence of nosocomial infec�ons resul�ng from HiRiCs strains is at alarming rates
globally, highligh�ng the importance of novel an�-Pseudomonas strategies.

To address the need for novel drugs targe�ng these HiRiCs strains, we developed a fully synthe�c
phage pla�orm that can carry and deliver custom-made DNA cargo, by re-purposing an Escherichia
coli phage. This SNIPR pla�orm, allows the design of an�-Pseudomonas cargo in avirulent E. coli and
delivery to different P. aeruginosa strains through engineered chimeric fibers. These cargos include
genes of interest such as CRISPR-Cas circuits, ly�c phage casse�es, biofilm degrading enzymes, or
QS-quenchers.

Using compara�ve genomics on P. aeruginosa strains (n:59), we created an array of E. coli produc-
�on strains for non-replica�ng synthe�c phage constructs with different delivery profiles. We show
successful delivery of GFP marker with profiles dictated by the chimeric fibers.

Through this process not only a fully synthe�c pla�orm was established but also new tools for the
targe�ng and management of MDR/XDR strains of P. aeruginosa have been tested.
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Bacteriophage S. aureus Stability
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BACKGROUND

An�microbial resistance is an immense challenge in public health. Thus, there is a strong interest in
bacteriophages as a promising alterna�ve to widely used an�bio�cs. It is worth reviewing the reli-
able storage of phages while researching their bacterioly�c ac�vity. The objec�ve of this study was
to assess changes in the �ter of commercial bacteriophage cocktails when stored at 4 C over a 1-
year period.

METHODS

The study sample was composed of S. aureus ATCC 25923 served as a reference strain and 2 phage
stocks – Staphylococcal Bacteriophage and Pyo Bacteriophage (Eliava Bioprepara�ons Ltd). Phage
�ter was determined by plaque assay. To a�ain a higher �ter of each bacteriophage stock, propaga-
�on on S. aureus reference strain was performed. Phage lysates were stored in tryp�c soy broth
(TSB) at 4 C for 1 year. The plaque assay was repeated for each propagated bacteriophage cocktail
every 3 months from January to December 2020. All experiments were run in duplicate.

RESULTS

Staphylococcal Bacteriophage had an original �ter of 6,2x10  PFU/mL, whereas Pyo Bacteriophage -
1,0x10  PFU/mL. A�er propaga�on, both phage stocks reached a three-fold rise in �ter, namely
Staphylococcal Bacteriophage (9,0x10  PFU/mL), while Pyo Bacteriophage (4,0x10  PFU/mL). From
January to December 2020, �ters of both propagated commercial phage stocks were not reduced
by more than 1 log. In December, the �ter of ini�ally propagated Staphylococcal Bacteriophage was
1,2x10  PFU/mL, whereas Pyo Bacteriophage - 2,0x10  PFU/mL.

CONCLUSIONS

Preserved stability of refrigerated commercial phage stocks was observed over a 1-year period.
Thus, TSB at 4 C exhibits an op�mal environment for maintaining the stability of phages. Although
the findings of this study are assuring, further inves�ga�ons compared with other liquid environ-
ments should be devoted to exploring the best long-term storage of phages to apply them in pro-
phylac�c and therapeu�c interven�ons.
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The main outcome of efficient CRISPR-Cas9 cleavage in the chromosome of bacteria is cell death.
This can be conveniently used to eliminate specific genotypes from a mixed popula�on of bacteria,
which can be achieved both in vitro, e.g. to select mutants, or in vivo as an an�microbial strategy.
The efficiency with which Cas9 kills bacteria has been observed to be quite variable depending on
the specific target sequence, but li�le is known about the sequence determinants and mechanisms
involved. Here we setup plasmids and assays to evaluate the efficiency of Cas9 or Cas12 cleavage in
the chromosome of E. coli and K. pneumoniae. Genome-wide screens are used to determine the
efficiency with which each guide RNA kills the cell. These datasets will be used to iden�fy design
rules of guide RNAs for efficient killing of target bacterial species and strains.
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Mul�drug resistant bacterial infec�ons and biofilm infec�ons are challenging to treat with conven-
�onal an�bio�c therapy. Combina�on of an�bio�cs and/or bacteriophages, may prevent the devel-
opment of resistance and display increased ac�vity. Biodegradable bio-materials like hydrogels,
could then be employed for local delivery of the selected an�microbial combina�ons. In this study
we tested the ac�vity of meropenem in combina�on with two Pseudomonas specific ly�c bacterio-
phages (R9 and R3) embedded within alginate-chitosan microbeads and hydrogel. An�bio�c stabili-
ty and phage ac�vity were assessed in vitro over a period of 10 days. In vivo, the same material was
tested in treatment of a 5-day old P. aeruginosa infec�on of a �bial plate osteotomy in mice. Treat-
ment involved debridement and 5 days of systemic ciprofloxacn and meropenem (0.4 mg/kg) thera-
py in all groups, plus: i-saline, ii-phages and an�bio�cs loaded into hydrogel and microbeads (n=7
mice/groups). The infec�on load was monitored during revision surgery a�er 5 and 13 days (eu-
thanasia) by CFU and PFU quan�fica�on. In vitro tes�ng showed that bacteriophage R9 is ac�ve
against P. aeruginosa 09, but phage R3 is not. Isolates that developed resistance to phage R9 in vitro
were then found to become suscep�ble to phage R3. The ac�vity and stability of both bacterio-
phages and meropenem in hydrogel was not affected over 10 days at 37°C, indica�ng the suitability
of the carrier. A daily release of 10  phages par�cles from the hydrogel was observed over 9 days.
The in vivo study showed that all mice receiving bacteriophages and an�bio�cs loaded into a hydro-
gel presented a reduc�on of the bacterial load in the so� �ssue compared to untreated controls.
Ac�ve bacteriophages could be recovered from the infected site at euthanasia (10  PFU/g). Bacteri-
al cells that developed resistance towards the R9 bacteriophage but remained suscep�ble to phage
R3 were also iden�fied.
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A. baumannii is the major cause of nosocomial and drug-resistant infec�ons, its capsule represent-
ing a major virulence factor. This pathogen evolved to display a high variety of capsular types for
evading host defenses and protec�ng themselves from predators. Some bacteriophages also
evolved to produce capsular depolymerases, enzymes that specifically bind and degrade the bacter-
ial capsules, allowing these phages to overcome this barrier and proceed with the infec�on.

In this study, 94 carbapenem-resistant A. baumannii clinical isolates (Northern region of Portugal,
2005-2012), were screened for their resistance genes by PCR. Genes Oxa-23, Imp-like and Oxa-24
were present in 76%, 20% and 16% of the isolates, respec�vely. Based on their resistance gene pro-
file, the genomes of 23 strains were sequenced. Using in silico typing with Kap�ve, we found 4
prevalent capsular types, namely, KL2 (39%), KL7 (30%), KL9 (4%) and KL120 (26%).

Aiming at implemen�ng an effec�ve depolymerase-based an�-virulence strategy to control A. bau-
mannii infec�ons, we isolated novel capsular depolymerases from ly�c and prophages, ending with
an in-house collec�on of enzymes targe�ng 10 capsular types (KL1, KL2, KL9, KL19, KL30, KL32,
KL38, KL44, KL45, KL67). Experiments using a human serum model proved that all capsular depoly-
merases can effec�vely sensi�ze A. baumannii to the host complement killing ac�vity, that other-
wise were resistant. Therefore, capsular depolymerases have demonstrated to be a very powerful
an�-virulence weapon and an emerging solu�on to treat A.baumannii-related infec�ons.

As a result, the collec�on of capsular depolymerases available was expanded to 17 K-specific de-
polymerases, advancing the prospects of applica�on of these enzymes to control A. baumannii
infec�ons.

1,2* 3 3,4 5 5
6 1,2 1,2

mailto:hugooliveira@deb.uminho.pt


535

Poster ID: BioH.407(PS3-R5.40)

Virion-associated lysin Endolysin Enzybio�cs An�bio�c resistance

protein engineering

A VAL-based enzybiotic displaying strong bactericidal action against Staphylococcus
aureus in growth supporting media
Daniela Pinto , Raquel Gonçalo , Ana Gouveia , Carlos São-José 

1. Research Ins�tute for Medicines (iMed.ULisboa), Faculdade de Farmácia da Universidade de
Lisboa, Lisbon, Portugal

Correspondence:
raquelgoncalo@hotmail.com csaojose@ff.ulisboa.pt

An�bio�c resistance is a major threat to human health at a global scale [1]. Tackling this problem
involves the explora�on of alterna�ve an�microbial agents with mechanisms of ac�on that mini-
mize resistance development. Among promising alterna�ves are bacteriophage ly�c enzymes,
which cleave pep�doglycan (PG), the major component of the bacterial cell wall (CW) [2].

Phages employ two types of these PG-degrading enzymes. Virion-associated lysins (VALs) promote a
local diges�on of the PG to facilitate phage tail penetra�on for viral DNA injec�on. Endolysins pro-
mote massive PG degrada�on to cause host cell lysis for phage progeny release [2]. VALs have the
advantage of being naturally designed to act from the outside of live bacteria, but they are o�en
large proteins and usually lack a dedicated cell binding domain (CBD). Endolysins have this CBD that
confers high affinity and specificity to the CW. However, in their natural context endolysins act from
the cell inside and they rely on the membrane-depolariza�on ac�on of another phage protein, the
holin, for full ly�c ac�vity [2]. This has been proposed to explain some tolerance of ac�vely growing
bacteria to endolysins added extracellularly [3,4].

We have explored the best features of these phage ly�c proteins i.e., the superior ly�c performance
of VAL cataly�c domains, and the high cell affinity of endolysin CBDs, to generate chimeric enzybi-
o�cs (VALue fusions) displaying strong ly�c ac�vity in condi�ons that support bacterial growth. As
an example, we present the results with a VALue fusion that shows potent bactericidal ac�vity
against an�bio�c-resistant S. aureus strains, and which clearly outperforms the reference endolysin
LysK.

 

[1] An�microbial Resistance Collaborators, 2022. doi: 10.1016/S0140-6736(21)02724-0

[2] São-José, 2018. doi: 10.3390/an�bio�cs7020029

[3] Proença et al., 2015. doi: 10.1007/s00253-015-6483-7

[4] Gouveia et al., 2022. doi: 10.1038/s41598-022-05361-1
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Pseudomonas aeruginosa phage therapy Bacteriophage isola�on hospital wastewater
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The drug-resistant strains Pseudomonas aeruginosa are the cause of serious and even life-threaten-
ing infec�ons. In this case, the applica�on of bacteriophages is hopeful altera�on of an�bio�c ther-
apy. New phages for therapy could be obtained from environment, when the one of the suitable
sources for phage isola�on are wastewaters. In this study, we have focused on isola�on and charac-
terisa�on of new bacteriophages with therapeu�c poten�al from wastewater that has same origin
(i. e. hospital) as phage host strains of P. aeruginosa.

Firstly, we isolated five new pseudomonal bacteriophages from samples of wastewater acquired
from UHO (University Hospital Ostrava). We determined the ly�c pa�erns of these phages against
26 UHO isolates of P. aeruginosa together with nineteen pseudomonal phages from FAGOFARMA
company collec�on. Overall, the 80.8 % of strains were sensi�ve (i. e. at least one of the assessed
phages formed plaques with these strains). A�er that, we used sequencing, PCR, and transmission
electron microscopy for phage taxonomic classifica�on. The phages from hospital wastewaters were
characterised as members of Pbunavirus and Nankokuvirus genera. According to literature, similar
phages are commonly use in commercial therapeu�c cocktails.

In conclusion, we proved the possible isola�on of bacteriophages with therapeu�c poten�al from
Czech hospital wastewaters. In the future, these phages can be components of cocktail for treat-
ment of infec�ons caused by drug-resistant strains of P. aeruginosa.

We kindly acknowledge the financial support of the research projects:

FV40027, MIT of the Czech Republic (FAGOFARMA)

LX22NPO5103, MEYS of the Czech Republic (Masaryk University)
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Temperate bacterio(phages) play an important role on the evolu�on of pathogenic bacteria. Never-
theless, informa�on on their role in Helicobacter pylori (an important gastric pathogen bacterium) is
scarce.

The present study developed a workflow for the iden�fica�on of prophages in Portuguese H. pylori
clinical strains, proposing the use of a new PCR-based screening method. The genome of strains
with different PCR profiles were then sequenced.

In the fourteen genomes analysed, nine intact prophages were iden�fied by PHASTER. These
prophages were annotated by analogy with other iden�fied phages, where seven contained the in-
tegrase gene, corrobora�ng the results obtained in the PCR screening, with only one excep�on. S�ll,
in PCR screening, the holin gene was iden�fied in 75 % of the strains containing intact phages, but
BLASTp homologies only recognized this gene in one of the prophages. Fi�y-six percent are
podovirus, while in 44 % it was not possible to assign any family, according to the VirFam tool. Using
the Resistance Gene Iden�fier of CARD it was iden�fied the Acinetobacter mutant Lpx gene confer-
ring resistance to colis�n in two intact prophages. The BLASTp search iden�fied a puta�ve ABC bind-
ing casse�e transporter in one of the intact prophages. On the bacterial genomes, 71 % have the
CRISPR-Cas system classified as evidence level 1 by CRISPRCasFinder, which typically indicate poten-
�ally invalid CRISPR arrays.

The use of an ini�al PCR screening method increased the iden�fica�on of intact prophage-contain-
ing strains from 20 % to 57 %. Furthermore, the few virulence factors iden�fied in prophages, and
the possible inac�vity of CRISPR-Cas in the bacterial genomes, allow the choice of strains for the
isola�on of phages for future studies. Overall, our results represent a significant contribu�on to the
knowledge of prophages in H. pylori, and provide valuable insights into their poten�al use in phage
therapy.
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In 2016, a 68-year-old pa�ent with a disseminated mul�drug resistant Acinetobacter baumannii in-
fec�on was treated using ly�c bacteriophages in one of the first modern human clinical uses of
phage therapy in the United States. Due to the emergency nature of the treatment there was li�le
�me to thoroughly characterize the phages used in this interven�on, or the bacterial pathogen it-
self. Here we report the complete genomes of the nine phages used for treatment and three strains
of A. baumannii isolated prior to and during treatment. The eight myophages used for ini�al treat-
ment were found to be T4-like members of the Twarogvirinae subfamily. A ninth phage introduced
at the end of treatment, AbTP3Φ1, was a podophage of the genus Friunavirus. Analysis of 19 A.
baumannii isolates collected before and during phage treatment showed that resistance to the T4-
like phages appeared as early as two days following the start of treatment, and that these phages
could be categorized into two groups based on pa�erns of host resistance, which correlated with
sequence clustering of the predicted phage tail fibers. Three A. baumannii strains (TP1, TP2 and
TP3) collected before and during treatment were sequenced to closure, and all contained a 3.9 Mb
chromosome of sequence type 570 with a KL116 capsule locus and iden�cal 8.7 kb plasmids. Most
changes observed in the three strains could be a�ributed to gene�c dri� or the internal mobiliza-
�on of IS elements, except for a 6.7 kb inser�on sequence acquired by TP2 and TP3 which carried
an aminoglycoside O-phosphotransferase and an NDM-1-like metallo-beta-lactamase. Phage-insen-
si�ve mutants of A. baumannii strain TP1 were generated in vitro using five phages from the phage
cocktails. The presence of the same muta�ons in both the in vitro mutants and in phage-insensi�ve
in vivo isolates (TP2 and TP3) indicate that in vitro inves�ga�ons can produce results that are rele-
vant and predic�ve for the in vivo environment.
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As the increase in bacterial resistance to an�bio�cs has become a major public health problem, al-
terna�ve strategies must be evaluated to combat mul�ple drug resistant bacterial infec�ons. In Cys-
�c Fibrosis (CF) pa�ents, end-stage pulmonary disease o�en requires lung transplanta�on. Howev-
er, pre-transplant coloniza�on with an�bio�c-resistant strains of Burkholderia is predic�ve of poor
post-transplant outcomes. Unlike many pathogenic bacteria, Burkholderia has a limited virosphere
dominated by temperate phages that are unsuitable for phage therapeu�cs. Moreover, the few vir-
ulent phages that have been isolated have limited host ranges. This situa�on points to the need for
engineering approaches to render temperate phages virulent and to expand their host ranges. Here
we report the isola�on of B. cenocepacia phage Milagro, a temperate phage related to the previ-
ously described phage KL3 and distantly related to the P2-like phages of E. coli. Lysogens of phage
Milagro were found to produce an auto-plaquing phenotype, in which phage plaques appear on
lawns inoculated with the lysogen alone. Genomic analysis of these Milagro vir mutants showed
that all muta�ons are located in or near the predicted phage promoter P , which we hypothesize
drives expression of the phage ly�c program. As previously noted, most Burkholderia phages have
narrow host ranges. Using gene exchange, we have replaced the recogni�on components (tail fiber
and tail fiber assembly) of the narrow host range phage Milagro vir with those from the related P2-
like broad host-range tailocin BceTMilo. The chimeric phage exhibits the broad host range of the tai-
locin, indica�ng that this is a viable strategy for phage host range expansion in Burkholderia phages.
This work represents ini�al steps for the use of phage Milagro as a pla�orm for engineering thera-
peu�c phages ac�ve against Burkholderia found in the CF lung.

1,2 2 2 2 1,2 2,3*

R

mailto:jason.gill@tamu.edu


540

Poster ID: BioH.412(PS3-R5.45)

bacteriophages endolysins enzybio�cs an�bacterial proteins
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MB Pharma and FAGOFARMA are trying to build up a collec�on of microbes that could be a source
of new an�microbials. Not just phages from this collec�on, killing strains of Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa, Aeromonas
salmonicida, Cu�bacterium acnes etc., but also their specific enzymes such as pep�doglycan hydro-
lases could be used. Moreover, genes encoding bacteriocins, bacterial cell wall-degrading enzymes
and prophage endolysins were found in the genomes of clinical bacterial isolates and propaga�on
strains from the collec�on. All these enzymes could be used as enzybio�cs – a tool to fight microbial
infec�ons.

More than 40 microbial genomes from the company's collec�on were automa�cally annotated us-
ing RAST and analysed. Hypothe�cal pep�doglycan hydrolases were found and compared with al-
ready iden�fied endolysins. Tools such as HHpred, InterProScan and SMART were used to character-
ize their func�onal domains in more detail. Rela�vely low diversity of endolysins was observed in S.
aureus, C. acnes or P. aeruginosa phages, whereas higher diversity was in K. pneumoniae phages.
Some endolysins have been well described previously, such as LysK of S. aureus phage K, but others
are novel. In addi�on, prophage endolysins were found in the bacterial genomes. In Paenibacillus
larvae, where only one endolysin was already described, a different hypothe�cal endolysin was
iden�fied in this work.

Bacterial and phage genomes represent a great source of new an�bacterial proteins whose ac�vity
needs to be proven experimentally. Several proteins, which could be used as enzybio�cs, were iden-
�fied in this research. Their modifica�ons, such as addi�on of tags for destabiliza�on and trans-
membrane transfer, could improve their ac�vity, especially against Gram-nega�ve bacteria.

Acknowledgement: CZ.01.1.02/0.0/0.0/17_176/0015580, Ministry of Industry and Trade of the
Czech Republic (MB Pharma)
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Staphylococcus lugdunensis is a coagulase nega�ve staphylococci (CoNS) and an emergent path-
ogenic biofilm-forming agent, responsible for causing a severe form of na�ve valve endocardi�s and
infec�ons of prosthe�c heart valves, intravascular catheters, prosthe�c joints, and ventriculoperi-
toneal shunts, among other hospital-acquired infec�ons.

Biofilm forma�on is a virulence factor of S. lugdunensis. Inside biofilms, dormant cells can survive
an�bio�c therapy, due to their low metabolic ac�vity. The survival of these bacterial cells to an�bi-
o�c treatments, results in biofilm relapse and consequent infec�ous illness recalcitrance.

Bacteriophages (phages) are an an�microbial poten�al that can be used as alterna�ve or in a com-
plement of tradi�onal methods. However, to data, there are no reports of S. lugdunensis phages.

The main goal of this study was the isola�on and characteriza�on of new S. lugdunensis phages and
the evalua�on of their ac�vity against biofilms and dormant cells to select promising candidates for
therapy.

The two isolated S. lugdunensis phages (Lud1 and Lud2) exhibited good an�microbial proper�es
against S. lugdunensis I439 and U867 biofilms. Phage Lud2 showed the rare ability to infect dormant
bacteria. In addi�on, both phages characteriza�on demonstrated that both exhibited a broad ly�c
spectrum, high stability at different pH and temperature condi�ons and poten�al safety, as genome
analysis did not iden�fy any virulence-associated nor an�bio�c resistance genes.

As far as we know, these are the first well-characterized S. lugdunensis phages. Overall, both phages
demonstrated that they can be promising agents to combat infec�ons caused by this important
novel pathogen.
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Bacteriophages (phages) are used in a broad range of biotechnological applica�ons. With the arising
problem of mul�drug resistance leading to untreatable bacterial infec�ons, they are becoming in-
triguing target for use as an�microbial agents in human and veterinary medicine, food industry,
agriculture, etc. Due to the demanding purity of bacteriophages for human use, need for high-quali-
ty purifica�on protocols emerges.

We present comparison of three single step purifica�on methods for one Pseudomonas aeruginosa
and two Staphylococcus aureus phages. These bacteriophages are commonly used as an�microbial
organisms against P. aeruginosa and S. aureus in our laboratory. Altogether, three different proce-
dures were tested – chromatographic method using a CIM® QA-1 ml tube monolithic column and
tangen�al flow filtra�on with or without detergent addi�on.

Cleared and filtered lysates were loaded on previously men�oned purifica�on systems. Purifica�on
efficiency was determined by bacterial proteins and endotoxins removal and total phage recovery.
Infec�ous viral par�cles were determined by plaque assay. Host cell proteins were determined by
Bradford NanoQuant (Roth). Endotoxins were quan�fied by Pierce™ Chromogenic Endotoxin Quant
Kit.

Based on the results of the compared methods, it is not possible to accurately determine which of
the tested methods is best for a specific phage. It depends mainly on the purpose for which the
phage is being purified, so the method or combina�on of methods must be chosen accordingly. In
most cases, a suitable compromise between phage recovery and phage purity must be made.

We kindly acknowledge the financial support of the research projects:

FX01030019 and FW03010472, Ministry of Industry and Trade of the Czech Republic (MB PHARMA)
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A lot of novel bacteriophages were isolated, characterised and added to the microbial collec�on of
Fagofarma (and MB Pharma) recently. Some of these phages are unique and their genomes encode
poten�ally novel pep�doglycan hydrolases. Such as the phage S. sciuri S10, which was isolated from
wastewater and its genome showed low similarity to sequences found in public databases. In its
genome, two genes encoding hypothe�cal endolysin (LysS10) or tail pep�doglycan hydrolase (TPH)
were iden�fied. In this study, we focused on examina�on of poten�al ac�vity of these two enzymes.

Both genes were cloned, the proteins were expressed in E. coli and purified using chromatography.
Zymogram was used as the first method for determina�on of ac�vity on bacterial cell walls isolated
from S. sciuri and S. aureus. This test proved ac�vity of endolysin LysS10 on both types of cell walls.
Ac�vity of TPH was not proven, therefore, we focused mainly on LysS10 which ac�vity was verified
using spot assay and turbidity reduc�on assay. Moreover, LysS10 ac�vity was compared with the
LysK and the LysF1 on different strains and species of Staphylococcus, including MRSA. LysS10 had
an�microbial effect on every tested bacterium, but it was less ac�ve compared to LysK and LysF1.

An�microbial effect of novel endolysin LysS10 was proven by different methods on several S. aureus
strains and other staphylococcal species. Although the enzyme is not as efficient as LysK, there is
poten�al for improving its proper�es by changing domains, protein design of the cataly�c domain
or increasing the solubility of the protein.

We kindly acknowledge the financial support of the research projects:
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Klebsiella pneumoniae and Acinetobacter baumannii are known as emerging opportunis�c
pathogens associated with hospital facili�es. Clinical isolates are a threat due to mul�drug resis-
tance, virulence factors, and toxins. These bacteria can be fatal for immunocompromised pa�ents,
as well as they play key role in secondary infec�ons of severely ill COVID-19 pa�ents. Bacterio-
phages (also known as phages) are natural predators of bacteria. Nowadays, because of increasing
cases of MDR infec�ons, phage therapy has the poten�al to be used as an alterna�ve or supple-
ment to an�bio�cs.

In coopera�on with the University hospital Ostrava bacteriophages against clinical strains of
Klebsiella pneumoniae and Acinetobacter baumannii were isolated. Fagofarma company thus ex-
panded its collec�on by more than 40 Klebsiella and 9 Acinetobacter phages. Phages were isolated
from wastewater and sludge, including wastewater from University hospital Ostrava. Host ranges of
isolated phages were determined using more than 60 clinical isolates of K. pneumoniae and 30 of
A. baumannii. Combina�on of phages covers more than 90% of tested Klebsiella and Acinetobacter
strains. Isolates with a broad host range or with specific features were characterized by whole
genome sequencing and TEM. Some of them are unique, others have other have very similar
genomes to previously described phages. Large scale produc�on was op�mized for each character-
ized phage, and long-term stability tes�ng is under way. At present, downstream processes are op�-
mized. The final liquid form of bacteriophage cocktail will have the poten�al of therapeu�c usage in
the future and could be used for various dosage forms.

We kindly acknowledge the financial support of the research project: FV40027, Ministry of Industry
and Trade of the Czech Republic
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When the world is facing an an�bio�c crisis, it is necessary to inves�gate the development of alter-
na�ve strategies. Phage therapy enables the specific treatment of bacterial infec�ons. It is also pos-
sible to create highly efficient phage mutants to combat pathogenic bacterial strains that were ini-
�ally resistant. The great diversity of bacterial strains, even at the species level, requires a variety of
phages in collec�ons that would be easily and quickly accessible in case of emergency. We aim to
establish a collec�on of well-characterized phages applicable in human and veterinary medicine and
to develop a quick phage isola�on protocol, to be able to react to the actual needs of pa�ents. Cur-
rently, our collec�on comprises phages against S. aureus, S. sciuri, P. aeruginosa, E. coli, A. salmoni-
cida, A. hydrophila, K. pneumoniae, A. baumanii, and C. acnes. The phages were isolated using bac-
terial strains from the hospital environments, animal farms, and Masaryk University collec�on. The
an�microbial efficiency of phages was examined by spot test. The growth condi�ons of phages were
op�mized, and the stability of selected phages was tested. Selected phages were characterized in
detail, and their genomes were sequenced. Chosen phages were purified, and their virions were de-
pictured using transmission electron microscopy.

We kindly acknowledge the financial support of the research projects:  
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Background

Bacteriophages can be used to treat mul�drug resistant bacterial infec�ons, caused by for example
Staphylococcus aureus (SA), Pseudomonas aeruginosa (PA) or Acinetobacter baumannii (AB). It is
important to have a good es�mate of the number of infec�ve phage par�cles for successful treat-
ment. Tradi�onally, the double-agar overlay method (DAO) is used for quan�fica�on but this is labor
intensive and takes mul�ple days to obtain results. Therefore, we developed a qPCR pla�orm to
quan�fy five phages against SA, PA and AB. We showed before that quan�fica�on of ISP and Aci-
bel007 with qPCR resulted in a respec�vely 7.27 ± 0.21 and 67.41 ± 20.40 �mes higher concentra-
�on, compared to DAO.

Methods

To inves�gate this difference, transmission electron microscopy was used. ISP and Acibel007 phage
stocks were blo�ed on maze Ni-grids with formvar/Ca-coa�ng and glow discharge treatment and
stained with 1% (w/v) uranyl acetate. Addi�onally, ISP was visualized with its host SA (ΑΤCC6538) at
varying incuba�on �mes between 0 to 45 min. Immunogold labeling was used to detect the pres-
ence of DNA outside the phage.

Results

The infec�on cycle of ISP could be visualized from the ini�al absorp�on un�l the release of new
phage par�cles. The visualiza�on of the individual ISP phage par�cles showed that ISP forms clus-
ters and that these phages o�en have a contracted tail. This indicates that DNA is released in the
phage stock where it can be detected with qPCR and not with DAO. Immunogold labeling showed
indeed posi�ve staining for DNA fibers outside the phages.

The visualiza�on of Acibel007 showed that there are vesicles present in the phage stock, most likely
formed by the bacterial host during phage propaga�on. These vesicles can act as a decoy to inac�-
vate the phages.

Conclusion

The visualiza�on of ISP and Acibel007 indicates that there can be mul�ple causes for the discrepan-
cy between quan�fica�on of phages with qPCR and DAO.
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Pseudomonas aeruginosa is the leading cause of chronic lung infec�on in pa�ents with Cys�c Fibro-
sis (CF). The main reason for the persistence of P. aeruginosa in CF lung environment is its biofilm
mode of growth, associated with increased tolerance to an�bio�cs and host immune defenses.
Phage therapy is a promising approach to treat biofilm-related infec�ons such as CF. However, the
complete eradica�on of biofilms is almost impossible. Given the natural ability of (bacterio)phages
to evolve and countera�ack the bacterial defense mechanisms, the aim here was to improve the
an�-biofilm ac�vity of phages through adap�ve evolu�on.

The phage evolu�on was s�mulated for 8 days in 24h-old biofilms formed by a P. aeruginosa clinical
isolate recovered from a CF pa�ent. The biofilms were treated with phage PE1, a Pseudomonas
PB1-like phage. A�er 24h of infec�on, the phages were recovered from the wells and added to a
fresh 24h-biofilm. This procedure was repeated daily in 24-well plates and the final biofilm-adapted
phages were recovered for phage produc�on and characteriza�on.

The evolu�on process resulted in an increased an�-biofilm ac�vity of the adapted phages compared
to the wildtype phage, leading to a greater biofilm reduc�on. The two adapted-phages with the
best an�-biofilm ac�vity revealed an increased efficiency-of-pla�ng against several P. aeruginosa
clinical strains and P. aeruginosa colonies isolated from the biofilm. When comparing the phage
genomes, it was possible to iden�fy two SNPs in genes encoding a tail-fiber and a baseplate.

The emergence of muta�ons in genes involved in bacterial recogni�on and binding, together with
the increased efficiency-of-pla�ng, indicate that the biofilm evolu�on process improves phage host
range and infec�vity efficiency. Given the common heterogenicity of biofilms, the enhancement of
bacterial recogni�on may be the key for the increased an�-biofilm ac�vity of the evolved phages.
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Amyloid-beta (Aβ) is a prime suspect to cause Alzheimer’s disease (AD).Aβ pep�des can aggregate
into soluble oligomers and fibrils, to finally deposit in insoluble plaques. Even though the plaques
are main hallmarks of Alzheimer’s, before plaque forma�on, the s�ll-soluble Aβ oligomers and fib-
rils are the culprits that trigger a loss in synapses and memory dysfunc�on. However, whereas we
are well-able to iden�fy Aβ in plaques, we lack the tools to selec�vely target oligomeric/fibrillar Aβ
in the brain.

Pep�des with high affinity for Aβ may be the answer to this problem, since they are already known
to selec�vely bind oligomeric and fibrillar Aβ, and even can inhibit Aβ aggrega�on. However, pep-
�des are very unstable and do not cross the blood-brain barrier (BBB). To overcome these limita-
�ons, we have used a M13 filamentous phage as vector to display Aβ-specific pep�des. Our results
show that these engineered phages efficiently recognized Aβ aggregates in brain samples of AD-
model mice and of AD pa�ents.

This work demonstrates the unique ability of engineered M13 phages to selec�vely detect
oligomeric/fibrillar Aβ in brain samples, thus having a great poten�al for applica�on in the diagnos-
�cs of early Alzheimer’s disease.
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Pseudomonas aeruginosa is an opportunis�c Gram-nega�ve bacterium. Due to its high an�bio�c
resistance and capacity to adapt and survive in hos�le condi�ons, P. aeruginosa is responsible for a
wide range of human infec�ons, such as surgical site infec�ons, bacteremia, urinary tract infec�ons,
and mostly, pneumonia. In COVID-19 pa�ents, P. aeruginosa is a common co-infec�ng pathogen, as-
sociated with increased disease severity and worse clinical outcomes. Considering the slow
turnover of conven�onal diagnos�c methods and the problems associated with the molecular and
immunogenic methods, this study aimed at assembling a bioluminescence-based reporter phage
for the fast and sensi�ve detec�on of P. aeruginosa in clinical care.

Phage vB_PaeP_PE3 was gene�cally engineered using the yeast-based phage engineering pla�orm.
The genome of this phage was previously reduced by dele�ng genes with unknown func�on, and
here, this phage genome was used as a scaffold for the inser�on of the NanoLuc® luciferase. The
gene encoding NanoLuc was swapped with gene gp55, encoding a hypothe�cal protein with un-
known func�on. The sensi�vity of this phage-based detec�on system was evaluated through the in-
fec�on of serial dilu�ons of P. aeruginosa suspensions with the synthe�c phage, and subsequent
quan�fica�on of luminescence (in rela�ve light units, RLU). Our data showed that the reporter
phage was able to reliably detect 10^2 CFU in 1 mL of contaminated sample in less than 8 h.

Overall, the NanoLuc-based reporter phage allows for the rapid and sensi�ve detec�on and differ-
en�a�on of viable P. aeruginosa cells using a simple protocol, 45 h faster than culture-dependent
approaches. Therefore, this phage-based detec�on system is a promising alterna�ve to the com-
mon methods for the accurate detec�on of P. aeruginosa in clinical se�ngs.
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Bacteriophages are a promising therapeu�c approach to combat rapidly increasing numbers of in-
fec�ons with mul�drug-resistant bacteria. However, the broad implementa�on of bacteriophage
therapy is currently impeded by a lack of safe produc�on standards and insufficient phage charac-
teriza�on. We u�lized a cell-free expression system to produce high �ters of bacteriophage, fully
omi�ng the use of living bacteria.

This synthe�c system is able to perform all steps of phage replica�on, which we show by use of dif-
ferent technologies: phage DNA is replicated (shown by qPCR), phage proteins are expressed from
the DNA template, which we show using mass spectrometry, and finally expressed phage proteins
self-assemble into fully func�onal phages as verified by plaque assay.

We further developed this system into a host-independent pla�orm for the produc�on of phages
against both gram-posi�ve and gram-nega�ve bacteria. At a microliter-scale, our E. coli derived cell-
free expression system produces effec�ve doses of phages against E. coli, including enteroaggrega-
�ve E. coli (EAEC), K. pneumonieae, Pseudomonas sp. and Y. pes�s. By co-expressing suitable host
factors, we were furthermore able to extend the range of our pla�orm to include phages of gram-
posi�ve bacteria like B. sub�lis. The use of our cell-free system for phage produc�on in a clinical
se�ng offers the advantage of significant reduc�on of impuri�es such as endotoxin and prophage
contamina�ons, compared to a bacteria-based approach.

Finally, we showcase a pipeline for personalized phage therapy of a mul�drug-resistant ESKAPE
pathogen from isola�on to in vitro produc�on of a phage against a clinical isolate of K. pneumoniae.
We expect our cell-free methodology to enable and accelerate safe and tailor-made phage thera-
pies against the growing number of pathogenic MDR bacteria.
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Addressing antibiotic resistance via CRISPR-mediated decolonization or in situ gene
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Krawczyck, Antonina , Charpenay, Loïc , Arraou, Marion , Fuche, Fabien , Prevot, Gau�er , Po-
quet, Chloé , Terrasse, Rémi , Spadoni, Dalila , Malerba, Mariangela , Brödel, Andreas , Pig-
no�, Simone , Lieberman, Erica , Heinrich, Benjamin , Havránek, Jan , Guichard, Hadrien ,
Cañadas-Blasco, Ines , Stzepourginski, Igor , Rouque�e, Marie , Bikard, David , Duportet, Xavier

, Hessel, Edith , Gal�er, Ma�hieu , Fernandez-Rodriguez, Jesus* 
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We are witnessing a worrying increase of 3rd genera�on cephalosporin (ESBL+) and Carbapenem-
resistant (CR) Enterobacteriaceae, par�cularly E. coli (Ec) and K. pneumoniae (Kp). An average of
20% of solid organ transplant recipients are carriers of ESBL+/CR+ Ec and/or Kp. As a consequence,
these pa�ents do not respond to classic an�bio�c treatment and have an increased risk of develop-
ing difficult-to-treat bacteremia or surgical site infec�ons that increase the length and cost of hospi-
taliza�ons as well as mortality rates. We developed an an�microbial strategy where CRISPR nucleas-
es are used to either mediate sequence specific elimina�on of target strains or to inac�vate their
an�bio�c resistance genes by gene edi�ng. Engineered phage-derived par�cles, Eligobio�cs®, are
used to efficiently deliver a DNA payload programmed to target and kill ESBL Ec ST131 and Kp ST258
strains or to edit and inac�vate a beta-lactamase (bla) AbR gene. We demonstrate the efficacy of
this approach in vitro with epidemiologically relevant ESBL+/CR+ strains as well as in animal models:
Eligobio�cs® are able to significantly reduce coloniza�on of ST131 and ST258 strains in a mouse gut
coloniza�on model, as well as to achieve >90% base edi�ng and re-sensi�za�on of AbR-carrying
strains to an�bio�cs in situ. We also demonstrate that Eligobio�c® treatment of cecal contents from
Ec ST131-colonized axenic mice completely abrogates sepsis and completely restores survival upon
i.p. injec�on into BALB/c mice. Altogether, these results highlight the poten�al of CRISPR-Cas decol-
oniza�on and base-edi�ng strategies against ESBL+/CR+ and other pathogens.
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