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Abstract 

The F renc h Phage Netw ork organizes a scientific meeting ev er y y ear in whic h the community of resear c hers from academia and in- 
dustry, as well as clinicians participate due to the growing interest in phage therapy. Although centered on giving exposure to future 
generations of scientists from the F renc h community with senior investigators invited as main speakers, the meeting has also wel- 
comed participants from other countries. Covering almost every aspect of bacteriophage biology, the meeting is an opportunity not 
only to expose the youngest to a broad range of topics, but also to share their most recent “work in pr ogr ess” without undergoing a 
stringent selection process to obtain an oral presentation slot. This r e port r eflects the dynamism of the resear c h field on bacterio- 
pha ges acr oss m ultiple disciplines, including molecular and structural biology, ecology, evolution, therapy, and biotechnology. 

Ke yw ords: bacteriophage; phage-host interactions; ecology; evolution; structural biology; phage applications 

c  

s
e
c
c  

e
 

f  

o  

p  

i  

c  

i  

t  

t  

r  

f  

i
 

t
i  
Introduction 

From 27 to 29 November 2023, the network of teams studying 
bacteriopha ges in Fr ance or ganized its eight annual meeting in 

the Domaine de la Croix Saint Joseph near Lyon. This all-inclusive 
venue selected by the local organizers provided a highly favorable 
environment for intense scientific exchanges. As usual, the meet- 
ing was organized around four sessions of talks, eac h intr oduced 

by a guest speaker. Two poster sessions stimulated vivid discus- 
sions . T his meeting report, written b y y oung members of the net- 
work (PhDs and Postdoctorate Fellows), provides a snapshot of the 
data presented during each session: ecology and evolution, struc- 
ture and assembly, phage and host interactions, and therapy and 

biotechnology. 

Summary of the scientific sessions 

Ecology and evolution 

The conference opened with a k e ynote presentation by Jakob Træ- 
land Rostøl (P ostdoctoral F ellow, Centre for Bacterial Resistance 
Biology, Imperial College London, United Kingdom), who explored 

how pr opha ges can pr otect bacteria fr om pha ge infection and 
Recei v ed 11 November 2024; revised 2 J an uar y 2025; accepted 16 J an uar y 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution-NonCommercial License ( https://cr eati v ecommons.org/licen
r e pr oduction in any medium, provided the original work is properly cited. For com
ould then be considered as being part of the bacterial immune
ystem. In particular, he highlighted the Tha [tail-activated, higher 
ukaryotes and prokaryotes nucleotide-binding (HEPN) domain- 
ontaining antiphage system] defense system used by Staphylo- 
occus aureus pr opha ges suc h as the 80 α temperate phage (Rostøl
t al. 2024 ). 

During the pr opha ge sta ge, when a ne w S. aureus phage in-
ects, the ne wl y pr oduced minor tail pr oteins trigger the activ ation
f the nonspecific RNase activity of T ha. T his activation inhibits
ha ge r eplication, ther eby pr otecting the host cell. Ho w e v er , dur -

ng pr opha ge induction, Tha expr ession decr eases due to r educed
1 promoter activity, and at the same time there is an increase
n production of the Ith protein, which inhibits T ha. T his regula-
ion allows 80a to complete its lytic cycle and produce the minor
ail protein without causing autoimmunity. As a result, the car-
ied Tha protein protects both the prophage and its bacterial host
r om pha ge pr edation and is under tight r egulation to allow the
nduced pr opha ge to e v ade this imm une system. 

This original mechanism of action of the Tha protein illus-
rates the complexity of antiphage systems ruling phage–bacteria 
nteractions. Hugo Vaysset (PhD student, Institut Pasteur, Paris,
 is an Open Access article distributed under the terms of the Cr eati v e 
ses/by-nc/4.0/ ), which permits non-commercial re-use, distribution, and 
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rance) aims to unravel and predict these phage–bacteria inter-
ctions using genome analysis and algorithmic methods. Using
03 phylogeneticall y div erse Esc heric hia coli str ains and 96 bacte-
iopha ges fr om 19 vir al gener a, he studied their inter actions at
hr ee pha ges: bacteria r atios and in triplicates, whic h r epr esents
 matrix of 38 688 tests . T he genomic features involved in the
ha ge host r ange wer e c har acterized and r eceptor binding pr o-
eins (RBPs) were identified as a hotspot of genomic variability (Ga-
orieau et al. 2024 ). Findings indicated that the adsorption factors
r e str ongl y associated with the str ain fr om whic h a giv en pha ge
as isolated. Notably, no correlation was found between the num-
er of bacterial defense systems and infection rates, although an

ncrease in defense systems was associated with reduced viru-
ence of infecting phages. In addition, he presented an algorithm
or designing tailor ed pha ge coc ktails to tar get pathogenic E. coli
rom pulmonary infections. Among 18 promising predicted cock-
ails tested on a collection of 100 str ains, thr ee generic cocktails
ave lo w er performance compared to specified tailor ed pha ge
oc ktails. Ov er all, this study pr ovides ne w quantitativ e insights
nto phage–bacteria interactions and demonstrates the potential
tility of integrating predictive algorithms into phage therapy. 

Marion Saunier (PhD student, I2BC, Gif-sur-Yv ette, Fr ance,
nd University of Sherbrooke, Canada) investigated a potential
bortive infection (Abi) system in Clostridioides difficile , a major
uman pathogen linked to antibiotic-associated diarrhea. They

dentified a noncoding RN A (ncRN A) associated with the putative
bi system, located in a pr opha ge conserv ed in epidemic ribotype
27 strain of C. difficile . T hey unra veled the regulation mechanism
f the Abi-like system by the ncRNA, suggesting a mechanism
imilar to type III to xin–antito xin systems . T he Abi-like system
a y pla y a r ole in pha ge defense and str ess r esponse, as well as

r opha ge stabilization in C. difficile (Saunier et al. 2024 ). 
Chloé Feltin (PhD student, INRAE, Montfavet, France) investi-

ated the impact of phages in agricultural en vironments , specifi-
ally on Pseudomonas syringae communities on apricot trees. Pseu-
omonas syringae is a phytopathogenic bacterium that causes sig-
ificant cr op losses. Str ains fr om differ ent phylogr oups ar e in-
olved in bacterial canker disease on a pricot tr ees, with r ecent
 esearc h suggesting a closer relation with environmental strains.
hey isolated and c har acterized 25 ne w P. syringae pha ges fr om
 pricot tr ee soils, showing widespr ead pr esence and div ersity, with
4 genera and 18 new species discovered. Phage infectivity on P. sy-
ingae str ains fr om differ ent ecological nic hes (a pricot and nona-
ricultur al envir onments) was tested, identifying two generalist
hages belonging to different genera. Moreover, phage infection
as found in around 26% of all strains tested. Study of this inter-
ction network r e v ealed a nested structur e, with no geogr a phical
solation of P. syringae phages, suggesting a continuum of interac-
ions . T hese results are consistent with the ubiquitous ecology of
. syringae (Feltin et al. 2024 ). 

The identification of signals inducing pr opha ges within the gut
icrobiota is limited. Caroline Henrot (PhD student, Institut Pas-

eur, Paris, and MICALIS, Jouy-en-Josas, Fr ance) inv estigated the
otential of bacteriocins produced by E. coli as pr opha ge induc-
rs. In the gut, it is estimated that more than half of bacteria
arry pr opha ges, and a ppr oximatel y 50% of intestinal E. coli hav e
t least one bacteriocin-encoding gene . Moreo ver, some of these
oxins trigger the SOS response in targeted bacteria by activat-
ng the regulator RecA, which is also involved in the canonical
r opha ge-induction pathway. A first screening of four strains en-
oding various bacteriocins and selected among over 900 E. coli
tr ains isolated fr om fecal samples constituting the COPSAC col-
ection led to the identification of two bacteriocin-positive strains
apable of inducing prophages. Prophage induction was also ob-
erved for various lysogens of the COPSAC collection carrying
ambda pr opha ges, but not for others carrying P2 pha ges. Eac h
f the two positive strains contains one plasmid—carrying, re-
pectiv el y, a colicin with a DNAse domain and a r ecentl y iden-
ified microcin—that induces a pr opha ge-inducing activity, upon
loning into a laboratory strain. Furthermore, deleting the bacte-
iocin genes suppressed the induction. Overall, these results sug-
est that bacterial competition via colicins may shape the gut vi-
ome. 

As Stephen Jay Gould wrote in The Flamingo’s Smile : “Variation is
he raw material of evolutionary change.” Indeed, the generation
f random genetic variability occurs via mutations . Hence , esti-
ating the mutation rate in bacteriophages with precision would

ive fundamental insights into their evolution. Julien Lopez (PhD
tudent at the MIC ALIS Institute , J ouy-en-J osas , Fr ance) pr esented
is work on the investigation of the m utation r ate in bacterio-
hage lambda. In fact, in 1968, only one study estimated that the
 utation r ate of pha ge lambda is at least 100-fold higher than

he one of its host, E. coli , based on a m uta genesis study in a single
ocus (Dove 1968 ). As phage lambda and its host are both repli-
ated by DNA Pol III, this difference was peculiar. Using precise
uplex sequencing technology, having an error rate 10 000-fold

o w er than classical sequencing methods , J ulien Lopez success-
ully obtained a genome-wide rate of substitution per nucleotide
er replication of phage lambda that is six-fold lo w er than the pre-
ious estimation in a single locus. Using a mismatch repair (MMR)
ystem, deficient str ain onl y incr eased the lambda pha ge m uta-
ion rate by three-fold compared to the wild-type strain, whereas
t increased E. coli mutational rate by 138-fold; hence, the MMR
ystem is inefficient in terms of determining the m utation r ate of
he lambda genome . J ulien Lopez also explained that the distri-
ution of the mutations was random and uniform across lambda
hage genome, suggesting the absence of selection during the se-
uencing. In the future, he will confirm his DupSeq results and in-
estigate the MMR inefficiency mechanisms on the phage lambda
enome. 

Different forces will shape the frequencies of the new variants
uch as genetic drift, gene flow, and natural selection. Wakinyan
enhamou (PhD student at the University of Montpellier/Centre
’Ecologie Fonctionnelle et Ev olutive, Montpellier, F rance) pre-
ented his work on the statistical inference of life-history traits
 har acterizing ne w pathogen v ariants. Berngruber et al. ( 2013 )
roposed a mathematical model for the competition between two
trains of the temperate phage lambda: a wild-type virus versus
 m utant virus, mor e virulent, with par ameters to sim ulate the
emporal dynamics of prevalence (epidemiology) and strain fre-
uencies (evolution). This study notably sho w ed that selection
n virulence was time-varying: virulence is selected in an emerg-
ng epidemic—when the density of susceptible hosts is high—and
hen counter-selected at the end of the epidemic—when the pool
f susceptible hosts is depleted. Ho w e v er, this theory was not com-
letely fitting the experimental evolution data; especially, simula-
ions failed to pr operl y ca ptur e the peak in the dynamics of the
irulent phage frequency among infected cells. Wakinyan Ben-
amou exposed his novel model (Benhamou et al. 2024 ) to better
t experimental data. He added an additional compartment in the
hage life cycle to take into account the lysis time (instantaneous

n the pr e vious study). Thanks to this extra step, he impr ov ed the
oodness of fit with experimental time series. A theoretical anal-
sis of this new model yielded useful insights for the gradient of
election at different stages of the epidemic and the differentia-
ion between host compartments. Finally, he estimated model pa-
ameters, and in particular the phenotypic traits of both strains
f phage lambda used in this evolution experiment. 
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The selective pressure can vary across time but can also be 
of various types . Coline Me ynard-Doumenc (PhD student at the 
Centre de Recherche Saint-Antoine , Paris , France) hypothesized 

that o xidati v e str ess, and mor e pr ecisel y r eactiv e oxygen species 
(ROS), can modulate the diversity of interactions between bacte- 
ria and their phages. To test for that hypothesis, she designed an 

e volutionary experiment wher e thr ee E. coli str ains e volv ed with 

one virulent phage in the presence/absence of o xidati v e str ess 
conditions (hydrogen peroxide) during 10 days in chemostats. In 

both conditions, phages and bacterial communities co-existed, 
but the phage-to-bacteria ratios differed, and the diversity of 
pha ge host r anges decr eased under o xidati v e str ess. Mor eov er,
potential phage–bacteria arm race signatures were assessed 

through time using genomic analysis . T he selective pressure in a 
controlled synthetic en vironment, i.e . a proto-ecosystem, allows 
fundamental understanding of how environmental variations 
may affect bacteria–phage interactions. Precisely, ROS are critical 
in the pathogenesis of inflammatory bo w el diseases (IBD), char- 
acterized by an altered intestinal microbiota. This IBD mimicking 
synthetic ecosystem could give clues about the undergoing 
processes in this disease. 

In contrast to synthetic ecosystems customized to study inde- 
pendent selective pressures, natural ones are the places for many 
selectiv e pr essur es. In eac h ecosystem, selectiv e pr essur es act at 
intraspecific and interspecific scales. Christina Hazard presented 

the work of Sungeun Lee (P ostdoctoral F ellow at Ecole Centrale 
de Lyon, Ecully, France) exploring a poorly understood ecosystem: 
the interactions between phages and their hosts in soil. Under- 
standing of the diversity and impact of viral infection on soil au- 
totrophic bacteria and archaea is lacking, yet potentially critical 
for such communities regulating k e y processes such as the global 
nitrogen cycle and fertilizer losses in soil. To better character- 
ize these interactions, DNA stable isotope probing and metage- 
nomics w ere used, allo wing to tr ac k assimilated carbon tr ansfer 
fr om pr okaryotes to viruses . T hese methods enabled the iden- 
tification of novel virus families, notably in ammonia oxidizing 
archaea (Lee et al. 2023 ). To detect weaker interactions, virus- 
like particles from nitrifying soil microcosms were filtered and 

known c har acterized inter actions wer e inhibited. This allo w ed 

an increase in the abundance of viruses infecting noninhibited 

groups and the identification of 69 novel virus families in ammo- 
nia and nitrite oxidizing bacteria. These results would give insight 
into host–virus interactions during nitrification. Despite all this, 
on an understudied ecosystem, Eric Dugna t-Bon y (Research Sci- 
entist at INRAE in the SayFood unit, P alaiseau, Fr ance) pr esented 

the advances of his team on the interactions between phages and 

their hosts in c heese rind. Vir al comm unities hav e been observ ed 

coexisting with various microorganisms involved in k e y ste ps of 
the c heese pr oduction pr ocess suc h as milk acidification, coa gula- 
tion, and ripening (Dugat-Bony et al. 2020 ). To study the unknown 

ecological r ele v ance of these pha ges, they isolated fiv e ne w vir- 
ulent phages infecting ripening bacteria and characterized them 

thr ough genome sequencing, electr on micr oscopy, and plaque as- 
sa ys . T hen, P ol ymer ase Chain Reaction (PCR) detection was used 

to c hec k their pr esence/absence in the c heese factory, r e v eal- 
ing equipment and processing surfaces as being the main phage 
r eservoirs. Finall y, meta genomics studies indicate that matura- 
tion steps were associated with the succession of specific phage 
comm unities and corr elate with the bacterial dynamics observ ed 

on the cheese surface. Some viral genomes were also systemati- 
cally detected in matured cheese, independent of the production 

year (Paillet et al. 2024 ). The characterization of this interactome 
is promising to optimize cheese production and to understand 

phage ecology in cheese. 
Studying the interactions between phages (bacterial parasites) 
nd their hosts is k e y to w ar d understanding their co-evolution.
ut one can also study the interactions between phages and their
yper-par asites. J orge Moura De Sousa (Research Scientist at In-
titut Pasteur in the Microbial Evolutionary Genomics Team, Paris,
r ance) pr esented his work on the c har acterization of pha ges hi-
ack ers: P4-lik e elements (de Sousa et al. 2023 ). Phage mobilization
s exploited by mobile genetic elements (MGEs) as “phage satel-
ites .” T hese MGEs are not autonomous in transfer as they lack
iral particle components, but hijack other “helper phages” parti- 
les to be mobilized. P4 satellites are typically described to hijack
2 elements. It has been shown that P4 can be mobilized by other
2-like phages . T his is not known for P4-like elements, raising the
ollowing question: Can similar satellites hijack the same helpers? 
or ge Mour a de Sousa sho w ed that P4-like elements are abundant
nd diverse, as other satellites. Investigating sequences shared by 
4 and P2 mec hanisticall y needed for hijacking, he sho w ed that
hese sequences were also similar between P4- and P2-like phages,
ith clues also supported experimentally. Altogether, these co- 
 volutions of hijac ker/helper might also help to predict mobiliza-
ion potential across hosts. 

tructure and assembly 

tructural biologists, despite representing a rather limited num- 
er of teams in the netw ork, sho wcased recent major methodolog-

cal de v elopments in the field. Cryo-electr on micr oscop y (Cry o-
M), whether single particle analysis (SPA), as in Paulo Tavares
ork on SPP1, or tomogr a phy, as in Alessio d’Acapito project on
5, no w allo ws us to solv e structur es at atomic or near-atomic
esolution for very large protein complexes . Moreo ver, AlphaFold2
AF2) has become an invaluable tool, allowing us to expand past
nd pr esent structur al knowledge to r elated sequences . T his was
llustrated by Adeline Goulet in her talk analyzing mycophages 
Cambillau and Goulet 2023 ). 

Ke ynote speak er of the session was Ma tthe w Dunne (Research
cientist, ETH Zurich, Switzerland, and Micreos Pharmaceuticals,
witzerland), who shared insights from his research career at ETH
uric h, wher e he demonstrated how structural data can provide
 mechanistic understanding of phage assemblies but also in- 
orm the design of phage-based diagnostic and therapeutic appli- 
ations . T he structure of the long tail fiber (LTF) tip of Salmonella
hage S16 was resolved by X-ray crystallography, revealing a rare
ol ygl ycine fold. This fold forms highly variable loops that con-
titute the binding site to the phage receptor, outer membrane 
rotein C (Dunne et al. 2018 ). This intriguing architecture closely
esembles the complementary determining regions found in anti- 
odies and has been found in the fibers of other phages, including
 yobacteriophages. Ad ditionally, he presented another mode of 

eceptor binding used by phages, such as the different fiber tips of
hages T5 and T4. The S16 LTF was engineered into an enzyme-

inked LTF assay, a technology of interest for the food industry due
o its ability to provide fast (2 h) results with a low detection limit
10 2 CFU/ml) and high specificity for Salmonella (Dunne and Loess-
er 2019 ). Furthermore, this expertise in LTF engineering was ex-
loited to de v elop an agglutination assay for the rapid detection of
ur kholderia pseudomallei , the causativ e a gent of melioidosis . T his
ssay used an engineer ed v ariant of the tail fiber of Burkholderia
hage E094 (Muangsombut et al. 2021 ). 

Cryo-EM has undergone significant technical development and 

as allo w ed man y viruses and pha ge structur es to be solv ed
hrough SPA. Alessio d’Acapito (PhD student, Institut de Biolo- 
ie Structur ale, Gr enoble, Fr ance) pr esented cryo-electr on tomog-
 a phy (Cryo-ET), to observ e e v en lar ger objects than SPA, in het-
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r ogeneous envir onments. High-r esolution SPA structur al studies
n E. coli siphophage T5 were carried out on the capsid, the tail
ube, and the tail tip and receptor complex (Linares et al. 2023 ),
roviding a wealth of information on mechanisms of viral par-
icle assembl y, doc king to the host surface and DNA deliv ery to
he host c ytoplasm. Ho w e v er, the structur e and pr ecise natur e of
he channel forming through the host membranes and periplasm
av e r emained elusiv e. Using cryo-ET, one can dir ectl y observ e
he infection of phages on E. coli minicells, and higher resolution
tructural information can be obtained by sub-tomogram averag-
ng. Alessio’s PhD project is to adapt such a method to visualize
n vivo the remodeling of T5 and its host cell wall occurring upon
nfection initiation. 

The DNA of tailed phages is translocated into a preassem-
led pr oca psid in a r eaction ener gized by ATP ase hydr ol ysis . T his
ranslocation is carried out by a motor assembled at the dode-
americ portal found at a single vertex of the procapsid. Paulo
avares (Research Scientist, Institute for Integrative Biology of the
ell, Gif-sur-Yv ette, Fr ance) pr esented a 2.7 Å Cryo-EM structur e
f the Bacillus phage SPP1 portal protein (Gp6) in complex with
ead completion proteins Gp15 and Gp16. The gp16 12 gp15 12 gp16 6 
omplex, called connector, forms after disassembly of the DNA
otor to pr e v ent leaka ge of the pac ka ged DNA and allows bind-

ng of the tail to form mature phage particles (Orlov et al. 2022 ).
his structure was compared with previously acquired structural
ata and biochemical studies of different mutants to propose a
olecular mechanism for sequential polymerization of gp15 and

p16 at the portal v ertex. Furthermor e, secondary structur e ele-
ents involved in “gatek ee ping” wer e identified: most notabl y gp6

unnel loop α5 ′ - α6, acting as a r atc het pr e v enting DNA sliding out
uring pac ka ging, and gp16 loops β2 ′ - β3 folding as helices block-

ng the tunnel’s lumen and insuring DNA r etention. Mor eov er , ar -
 hitectur es of portal and head-to-tail connectors can be used to
ap the evolution of the lineage of tailed-prokaryotic and herpes

iruses. 
Although ther e ar e ov er 12 000 identified mycobacteriophages

nfecting different mycobacteria, the way in which these my-
obacteriophages bind to their host envelope remains poorly
nderstood. Adeline Goulet (Researc h Scientist, Labor atoir e
’ingénierie des systèmes macr omoléculair es , Marseille , France)
ses AF2 to predict the structure of the proteins assembling the
ycobacteriopha ge host-binding mac hineries and get insights

nto their host-binding mechanisms . T hese predictions highlight
nique structural features for these modular machineries . T hey
ontain a receptor-binding protein that, for most of the stud-
ed mycobacteriophages, comes along with two additional pro-
eins also likely involved in host binding. These proteins include
arbohydrate-binding modules and lectin-like domains, likely in-
olved in the binding of polysaccharides, as well as unusual
ol ygl ycine-ric h domains (PGDs). In the Salmonella phage S16, the
GD located at its tail fiber adhesin is involved in the specific
ecognition and binding of its host. This AF2-based a ppr oac h of-
ers the possibility to explore structure–function relationships of
ha ge host-binding mac hineries and thus pr ovides v aluable infor-
ation to design tools for the detection and treatment of bacterial

nfections. 

hage and host interaction 

n order to initiate an infectious cycle, a viral particle must make
ts way to the surface of a target where one or se v er al featur es
ill be specifically recognized. Stefanie Barbirz (Research Scien-

ist, Medical School Berlin, Berlin, Germany) presented studies
 n  
nd methods de v eloped in her lab focused on Salmonella infect-
ng phages, their behavior at the host surface, and surroundings
hat condition infectivity. Pol ysacc harides ar e a major constituent
f biofilms, extracellular matrices, and condition access to the cell
urface. A method was de v eloped to measur e the effect of increas-
ng concentrations of exopolysaccharides, purified from Pantoea
tewartii , on nanoparticles and phage particle diffusion. Another
arrier defence mechanism phages have to overcome to reach
heir host cells is the shedding of outer membr ane v esicles. When
nder str ess, notabl y during pha ge infection, these v esicles car-
ying lipids , proteins , and glycan of the outer membrane are sus-
eptible to reducing amounts of infective particles by triggering
ha ge DNA r elease in solution. This phenomenon was c har acter-

zed in vitro with phage P22 (Stephan et al. 2020 ). To study phage
ehavior at the cell surface, in vitro systems are worked on, such
s giant unilamellar vesicles (Stephan et al. 2023 ) and supported
ipid bilayer. Finally, the phage DNA release of lipopolysaccharide
inding phages can also be studied in vitro , with kinetic param-
ters measured and great variation between different phages es-
ablished. 

Vir al comm unities, called vir ome , ha ve potential as disease
iomarkers within a microbiota context, but still remain poorly
tudied. Quentin Lam y-Besnier (P ostdoctorate , MIC ALIS, J ouy-en-
osas and Centre de Rec herc he Saint-Antoine, P aris, Fr ance) stud-
ed the virome of patients with Crohn’s disease (CD) in blood and
eces samples. He de v eloped methods to overcome the specific
imitations of those environments (low quantity of viruses, con-
aminants), and reported in their first results the identification
f hundreds of phages in the human blood. They demonstrated
hat the contigs present in the blood vir ome ar e r ar el y found
n the intestinal virome . T hey revealed significant differences in
he blood virome composition between CD and healthy patients
Lamy-Besnier et al. 2024 ). Ho w e v er, no significant difference was
bserved in the fecal virome between the two groups. 

CD is associated with alterations in gut barrier function, no-
ably a hyperpermeability, and in the microbiota, largely com-
osed of bacteria and phages . Clar a Douadi (P ostdoctorate , Cen-
r e de Rec herc he Saint-Antoine, P aris, Fr ance) showed that the
hage contigs found in both blood and stools are in a significantly
igher amount in CD patients compared to healthy individuals,
uggesting that the increased gut intestinal permeability in CD
atients could facilitate pha ge tr anslocation. Ther efor e, she stud-

ed in depth the translocation of phages from the intestinal lu-
en to the blood with in vitro and ex vivo a ppr oac hes . T he phages

4, M13, and φX174 are able to internalize and cross the intesti-
al epithelial cells without inducing inflammation, cytotoxicity,
r hyperpermeability, with an increase of φX174 phage translo-
ation when intercellular junctions are destabilized. They also
ho w ed using fluorescent phages that these viruses can internal-
ze endothelial cells, suggesting that they would be able to r eac h
he bloodstream. They also confirmed that phages translocated
cross mouse intestinal tissues . T hese results strengthen the hy-
othesis that phages can cross the intestinal barrier to r eac h the
loodstream in a phage-dependent manner when the intestinal
arrier is altered, and allow a better understanding of phage dy-
amics in IBD. 

Pol ymor phic toxins (PTs) are a lar ge famil y of toxins involved in
nterbacterial competition and pathogenesis . T hese modular pro-
eins are composed of a conserved N-terminal domain responsi-
le for transport and a variable C-terminal domain carrying toxic
ctivity. Bioinformatics analyses have identified a new family of
utative PTs containing an MuF N-terminal domain in the ge-
etic elements of the pr opha ge r esembling the F pr otein of col-



Armal et al. | 5 

 

t  

v
w

 

c  

b  

e  

e  

t
i  

m
b  

a  

t  

c
o

 

l  

h  

c
e  

r  

t  

s
w  

p  

R  

S  

h  

e  

E  

r  

v  

u  

b  

s
 

P  

i  

i  

1
t  

t  

d  

p  

a
g
i
o  

s  

f  

p  

c  

t
 

i  

d  

o  

l  

A  

C
s  

s  
iphage Mu. Julie Viala (Research Scientist, Laboratoire d’Ingénierie 
des Systèmes Macr omoléculair es , Marseille , Fr ance) has c har ac- 
terized the MuF-RelA_SpoT toxin associated with the temperate 
Streptococcus pneumoniae SPNA45 phage. Her work shows that the 
RelA_SpoT domain (C-ter) possesses (p)ppApp synthetase activ- 
ity, which is bactericidal under their experimental conditions. She 
also highlighted the tw o do wnstream genes encoding two im- 
m une pr oteins, one binding and inactiv ating the toxin and the 
other detoxifying the cell via (p)ppApp hydrolase activity. She pro- 
poses a signature to more easily distinguish (p)ppApp synthetases 
from (p)ppGpp synthetases on the basis of protein sequence align- 
ments (Bartoli et al. 2023 ). 

Neisseria meningitidis , a human nasopharyngeal bacterium, can 

cause serious illness . T he MDA filamentous phage (meningococ- 
cal disease associated) has been identified as linked to inva- 
siv e meningococcal disease, incr easing bacterial colonization and 

promoting infection. Clémence Mouville (PhD student, Institut 
Nec ker Enfants-Malades, P aris, Fr ance) shows with deletion mu- 
tants that MDA phage entry requires a functional and retractable 
type IV pili (TFP). The main pilin (PilE) forms the TFP fiber and 

the MDA bundle together. PilE variants expressing more positive 
c har ges wer e associated with MDA entry, suggesting a direct inter- 
action. Amino acid analysis confirms this hypothesis . T he study 
also points out that T4P variants whose electrostatic potential fa- 
vors phage infection allow stronger adhesion of bacteria to en- 
dothelial cells than variants less infected by phages . T hese re- 
sults support a model of interaction between filamentous phages 
and type IV pili favoring colonization of the endothelium by in- 
fected bacteria, and thus indir ectl y participating in the selection 

of pathogenic strains. 
Filamentous pha ges ar e nonl ytic viruses that form persistent 

associations with their host. They can have a significant impact on 

the physiology of the bacterial host or intr oduce ne w pathogenic 
factors. Although studies on coliphages M13, fd, and f1 have shed 

light on certain aspects of the E. coli infection process, the mech- 
anisms underlying periplasmic translocation and insertion into 
the inner membrane remain poorly understood. Callypso Pelle- 
gri (PhD student, Labor atoir e d’Ingénierie des Systèmes Macr o- 
moléculaires , Marseille , France) recently identified new host part- 
ners involved in phage translocation. In vivo studies using bio- 
c hemical tec hniques r e v ealed an inter action between the pha ge 
spike adhesion protein pIII and T olQ and T olR, two inner mem- 
br ane pr oteins forming the pr oton-dependent molecular motor of 
the Tol–Pal system. These interactions occur between the trans- 
membrane helical domains of pIII, TolQ, and TolR, potentially re- 
sponding to the proton motive force in the cell. A new model for 
the late phase of filamentous pha ge tr anslocation is pr oposed, in- 
volving multiple interactions with each component of the TolQRA 

host complex (Pellegri et al. 2023 ). 
Amel Chaïb (P ostdoctoral F ello w, ISVV, Bor deaux, F rance) pre- 

sented observations made during a protocol aimed at isolating 
bacterial insensitiv e m utants (BIMs) to pha ges in Oenococcus oeni ,
which performs malolactic fermentation of wines. BIM character- 
ization sho w ed phenotypic modifications affecting gro wth, phage 
sensitivity, or colon y mor phology. Ho w e v er, se v er al subculturing 
phages persisted, indicating the presence of still-sensitive bacte- 
ria in cultur es, independentl y of the virulent pha ge c hallenge. Fur- 
ther analyses sho w ed the presence of sensitive bacteria, carrying 
phage or not, alongside BIMs . Moreo ver, phage-carrying sensitive 
individuals were able to generate BIMs, and uninfected and in- 
fected bacteria again. These results suggest a carrier state life cy- 
cle wher e sensitiv e and r esistant bacteria, along with phages, per- 
sist at the population le v el. Suc h cohabitation may pr omote bac- 
erial fitness as described in other models, in addition to enabling
irulent phages to remain protected from harsh wine conditions 
ithin their better-adapted bacterial host. 
In fact, the evolution of bacteria to become resistant to phages

an lead to a decrease in bacterial fitness, as demonstrated also
y Anaelle BAUD (PhD student, Labor atoir e d’Ecologie Micr obi-
nne, Lyon, France). Indeed, following the c har acterization of se v-
r al l ytic pha ges tar geting the lettuce pathogen Xanthomonas hor-
orum pv. vitians (Xhv), analyses identified the O-antigen, present 
n the bacterial cell wall of Gr am-negativ e bacteria, as the pri-

ary receptor for phage Xhv1. Intriguingly, mutant bacteria that 
ecame resistant to this phage exhibited reduced fitness in plants
nd impaired mobility in soft agar assa ys , creating a significant
rade-off in plants . T hese findings support the design of a phage
ocktail to prevent resistance, thereby ensuring the sustainability 
f the plant. 

Fr om pr edation with cell l ysis to m utualistic benefits thr ough
 ysogenic conv ersion, the r elationships between pha ges and their
osts are complex. Coevolution has led to the emergence of spe-
ialized antiphage systems in bacteria, and phages evolved to 
 v ade bacterial defenses. Bacteria de v eloped the gener al str ess
 esponse system, r egulated by the sigma factor RpoS. To pr e v ent
he general stress response from interfering with their viral cycle,
ome phage species have evolved proteins that interact directly 
ith RpoS, such as the T7 Gp5.7 pr otein (pr e v enting host RNA
ol ymer ase fr om functioning) or T4 AsiA protein (redirecting host
N AP to w ar d viral gene transcription). Nicolas Ginet (Research
cientist, Labor atoir e de Chimie Bactérienne , Marseille , France)
as discov er ed the T5 Gp00X protein, a 31 amino acid vir al pr e-
arl y pr otein tr anscribed and tr anslated during host takeov er. In
. coli , he shows that Gp00X induces RpoS pr oteol ysis by the bacte-
ial ClpXP pr otease, independentl y of the ada ptor RssB. This pr e-
ents the establishment of a general stress response , fa voring the
se of sigma70 rather than RpoS for transcription of viral genes
y the host RNA pol ymer ase . T his disco v ery r e v eals a ne w pha ge
trategy for the regulation of RpoS in E. coli . 

Clarisse Plantady (PhD student, Institut Coc hin, P aris and
haxiam Ther a peutics, Lyon, Fr ance) explor ed the main causes of
nher ent pha ge r esistance in clinical str ains of Pseudomonas aerug-
nosa . She used nine anti- P. aeruginosa phages against a panel of
25 clinical strains associated with antibiotic treatment failure. In 

his interaction matrix, 73% of the strains exhibited susceptibility
o at least one phage. For the resistant strains, the first step was to
etermine whether the resistance simply resulted from a lack of
ha ge r eceptor and the pr eliminary r esults indicated that phage
dsorption is not always impaired. Subsequently, the bacterial 
enomes were analyzed to determine the possible involvement of 
ntracellular defense systems. Using DefenseFinder 83 subtypes 
f antiphage systems were identified. This study will provide in-
ights into whether bacteria gener all y need to carry multiple de-
ense systems or specific combinations to r esist differ ent types of
ha ges. Suc h an understanding is crucial for the design of phage
ocktails to mitigate the impact of phage resistance on therapeu-
ic outcomes. 

Clostridium difficile is an attr activ e tar get for pha ge ther a py as
t is a common nosocomial pathogen taking adv anta ge of the
ysbiosis of the gut flora upon use of broad-spectrum antibi-
tics. Clostridium difficile cells are coated with a surface layer (S-
ayer), a proteinaceous two-dimensional para -crystalline array.
lexia Royer (PhD student, Institute for Integr ativ e Biology of the
ell, France, and University of Sherbrooke, Canada) presented her 
tudy in which S-Layer Protein A ( slpA ), a major component of the
urface lay er, w as identified as a r eceptor for man y sipho- and
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y o-phages (Ro y er et al. 2023a ). Indeed, C. difficile strain FM2.5,
acking slpA , exhibits resistance to eight phages. Adsorption was
lso shown to be impaired on the FM2.5 strain. Complementa-
ion strains using 12 different isoforms of slpA were tested against
ight phages (three siphophages and five my ophages), sho wing
 estor ed sensitivity to phage infection depending on the isoform
ype as well as phage tail arc hitectur e. A domain, called D2, on the
onconserved low molecular fragment of slpA , was determined to
e important for infection by some phages. 

Hemol ytic ur emic syndr ome is caused by shiga toxin-
roducing E. coli ; ho w ever nonpathogenic E. coli strains infected
ith 933W temper ate pha ge (whic h carries genes of the two shiga

oxin subunits) can also cause this syndrome (Del Cogliano et
l. 2018 ). Marie-Agnès Petit (Research Scientist, Micalis Institute,
 ouy-en-J osas , Fr ance), r eported data of mice colonized by non-
athogenic E. coli lysogenized with phage 933W. Damages caused
o different organs as well as presence of phage particles were as-
essed. Sur prisingl y, despite cells being inoculated intr a gastricall y,
hage particles were found in the central nervous system (corpus
allosum and hypothalam us). Mor eov er, although inv asion le v els
emained the same throughout the mouse bodies, upon deletion
f pr1, a eukaryotic promoter upstream of the toxin gene stxA2 in
he pr opha ge sequence, the amount of pha ge particles observ ed
nd tissue damages in the brain were substantially reduced. 

 her apy and biotechnology 

he fourth session of this congress included the potential appli-
ations of phages, not only in the medical domain but also in the
ndustrial sector. Ran Nir -P az (Clinician, Hadassah Medical Cen-
er in Isr ael) intr oduced this session by presenting advancements
n the field of phage therapy in Israel. The collaboration between
adassah Medical Center and the Hebr e w Univ ersity has led to

he establishment of the Isr aeli Pha ge Ther a py Center (IPTC). This
enter has created a bank of over 500 phages along with accompa-
 ying structur es and services. It has cr eated an extensiv e pipeline

or clinical pha ge micr obiology, facilitating a mor e extensiv e use
f phages as a treatment in Israel and globally, with a success rate
 anging fr om 70% to 86%. Furthermor e, the center systematicall y
ollects and normalizes data from treated patients to optimize
he use of phages in therapeutic interventions (Yerushalmy et al.
020 , Yerushalmy et al. 2023 , Onallah et al. 2023 ). 

The r esearc h aimed at adv ancing pha ge ther a py is intensifying,
articularly in exploring various means of administering these
ha ges to tar get infection sites. A concr ete example is the oral
dministration of phages for decolonizing the gut of pathogenic
trains that can cause extraintestinal infections, as presented by
loriane Laumay (MCU, Centre International de Recherche en In-
ectiologie, Lyon, France). In her work carried out in collaboration
ith the national centers for antibiotic resistance of Clermont-

errand and Bicêtre university hospitals, a single oral dose of
 combination of a Tequatrovirus phage and a Vectrevirus phage
howing complementary host spectr a trigger ed a complete decol-
nization of the mice intestine of a carba penem-r esistant E. coli
train belonging to the sequence type 131, a major lineage of E. coli
 esponsible for fr equent urinary infections in humans. In-depth
nv estigations r e v ealed an incr eased adsor ption of the Tequatro-
irus phage on strains becoming resistant to the Vectrevirus phage
oth in vitro and in vivo , suggesting a potential synergistic effect
etween these two phages. 

Cindy Fevre (Chief Scientific Officer of Phaxiam Ther a peutics,
y on, F r ance) pr esented the pr eclinical de v elopment of phage
her a py a gainst P. aeruginosa , whic h is the main cause of nosoco-
ial lung infections. A combination of four phages has been de-
eloped for specific administration by nebulization. This presen-
ation focused on the difficulty to define the dose, which is fun-
amental to ensure therapeutic success, and which is one of the
ost important rationales review ed b y health authorities such as

he European Medicine Agency (EMA) and the Food and Drug Ad-
inistration (FDA). The difficulty relies on the fact that the phage

ctiv e dose v aries fr om one str ain to another, and that the replica-
iv e natur e of the pha ge complicates the pharmacokinetic study
esign. The host range of the four phages was presented (88%)
ith an emphasis on the necessity to add an assay to determine

he minim um activ e dose (Le Guellec et al. 2023 ). They focused on
he deliv er able dose of this pha ge combination using in vitro mod-
ls mimicking the mechanical ventilation system, and perform-
ng exposure studies on nonhuman primates. Results show that
%–10% of the phages loaded in the nebulizer reached the lungs
n in vitro and in vivo models. Although low, this survival rate of
he phage is enough to reach the minimal active dose determined
n vitro . The four-phage combination was also shown to be active
t the defined dose in vivo models of lung infections (Guillon et
l. 2021 ). Toxicology studies were also conducted to ensure the
afety of ther a peutic use of pha ges. Administr ation of 1 × 10 10

FU/kg/day for dogs and 1.43 × 10 9 PFU/kg/day for rats for 14
ays was well tolerated locally. Altogether, these results consti-
ute the backbone of the preclinical data included in the regu-
atory dossier to obtain the authorization to conduct randomized
ouble-blinded clinical trials that are necessary to get phage ther-
 py a ppr ov ed and widel y integr ated into the antimicr obial ther a-
eutic arsenal. 

For now, pha ges hav e an undefined r egulatory network in West-
rn Europe, and phage therapy applications are relatively scat-
ered. For now, Belgium is pioneering the use of personalized
ha ge ther a p y b y featuring the most established and innov ativ e
 egulation, with a ne w, pr a gmatic r egulatory fr ame work, guided
y a monogr a ph since 2018. Pha ges ar e consider ed in Belgium “ac-
ive pharmaceutical ingredients” and can be prepared and com-
ined according to this monogr a ph. The latter states that the
ha ges m ust be pr epar ed at the Queen Astrid Military Hospital
nd their quality contr ol ensur ed by Sciensano. Mathieu De Jode
P ostdoctorate , Sciensano, Ixells, Belgium) presented the quality
ontr ol pr ocess of clinical pha ge pr oducts: the quality contr ol
tarts with the construction of a genomic passport to ensure that
he phage is strictly lytic and does not contain any AMR or viru-
ence gene . T hen, eac h clinical pha ge lot is titr ated and c hec ked
or identity, and microbial and prophage contaminants. To date,
he quality control process has ensured the safety of more than
0 distinct phage batches used in the treatment of over 100 pa-
ients (Pirnay et al. 2024 ). 

Despite promising results, phage therapy faces multiple chal-
enges . For instance , Camille Kolenda (Research Scientist, Hos-
ices Civils de Lyon, Université de Ly on, F rance) stated that the
her a peutic potential of anti- S. aureus is insufficiently character-
zed, and bacterial determinants of phage activity, such as phage
 eceptors and antipha ge systems, ar e not explor ed enough as well.
he presented her work on the c har acterization of the ther a peutic
otential of anti- S. aureus pha ges. She e v aluated the activity of a
anel of anti- S. aureus pha ges, wher e findings suggest a host com-
lementarity. She presented her in silico approach to identify puta-
ive bacterial determinants of phage activity and determined that
her e is onl y a little impact of the wall teichoic acid on phage activ-
ty. She could also identify a diversity of putative antiphages sys-
ems . T his in-depth in vitro c har acterization of pha ges exhibiting
igh ther a peutic potential and complementarity against Staphy-
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Figure 1. Picture of the participants of the eighth annual meeting of the Réseau Bactériophage France. 

Figure 2. Picture of the contest “Build your Phage” with Lego blocks. 
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lococcus species, as well as the in-silico study, pro vides no vel per- 
spectiv es for pha ge susceptibility e v aluation and identification of 
phage activity determinants. 

To further c har acterize pha ges and their ther a peutic poten- 
tial, m ultiple biotec hnologies ar e being de v eloped to ov ercome 
the limitations of culture-based methods . T he aim of SUPPLY (su- 
perfast photonic detection of phage lysis) is to develop a device 
based on biophotonic microsystems to compr ehensiv el y study 
pha ge–bacteria inter actions, whic h curr entl y r el y solel y on dir ect 
visual detection of plaques. Pierre R. Marcoux (Research Engineer,
Univ ersité Gr enoble Alpes, CEA, Gr enoble, Fr ance) pr esented ad- 
vancements in optical trapping and nondestructive characteriza- 
tion at the single-cell scale of bacteria being tr a pped inside lineic 
microcavities or bidimensional photonic crystals (Villa et al. 2024 ).
The study explored the optical characterization of the membrane 
modifications of the tr a pped cell in various stresses such as ther- 
mal, osmotic, antibiotic, and lytic phage stresses. Findings suggest 
that on-chip devices for optical trapping may allow a significant 
nhancement in bacteria c har acterization at the single-cell scale,
acilitating r a pid antimicr obial susceptibility testing. 

Furthermore, a k e y aspect of pha ge ther a py lies in the r esearc h
f strictly lytic phages with a broad host spectrum. Ho w ever, this
ursuit can pose a challenge for certain pathogens, such as C.
ifficile , whose pha ges ar e inher entl y nonstrictl y l ytic and exhibit
 narrow host spectrum. Fortunately, promising solutions exist,
s exemplified by phage engineering presented by Louis-Charles 
ortier (Researc h Scientist, Univ ersité de Sherbr ooke, Sherbr ooke,
anada). Indeed, the mutation of RBPs (Ro y er et al. 2023b ) and the
eletion of genes corresponding to global repressors and integrase 
f temper ate pha ges enable the gener ation of strictl y l ytic pha ges,
ailored to the desired host spectrum through DNA modification 

sing CRISPR-Cas . T his a ppr oac h thus facilitates the personalized
esign of phages for optimal patient treatment. 

Furthermore, the study of phages is gaining momentum, not 
nly in the field of phage therapy but also in other contexts such as
r e v ention. Indeed, Pascale Boulanger (Researc h Scientist, Insti-
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ute of Integr ativ e Biology of the Cell, Gif-sur-Yv ette, Fr ance) pr e-
ented the use of nanoparticles derived from phages as novel vac-
ine vectors by attaching antigens to the capsid of phage T5. This
apsid-like particle is nonre plicati ve as it lacks phage DNA and
an affix the antigen by genetic fusion with a decoration protein,
b10, possessing a strong affinity for the T5 ca psid. Suc h v accines
av e notabl y trigger ed a r obust and dur able imm une r esponse
gainst the model antigen ovalbumin in mice, thus holding po-
ential medical interest for the de v elopment of a v ersatile v accine
latform that is easy to pr oduce, cost-effectiv e, and highl y stable

Vernhes et al. 2024 ). 

onclusions 

ith a total of 163 participants (Fig. 1 ), 92 women and 71 men,
mong which about 5% came from outside France, the meeting
as confirmed its str ong v alue for the Fr enc h comm unity while
lso drawing the attention of scientific communities from abroad.
uring the gala dinner, a contest was organized between different

ables to build their own phage using Lego (Fig. 2 ). The partici-
ants, who lar gel y a ppr eciated this entertainment, ar e no w w ait-

ng for the next one that will be proposed by the organizers of
he ninth meeting, which will take place near Sète in Novem-
er 2024. Mor eov er, the network of pha ge teams has decided to
aunch a webinar series to be held monthly every last Wednes-
ay for Early Career researchers who will present their ongoing
r ojects ( www.pha ges.fr). Last but not least, a ne w working gr oup,
Appr entiPha ges.fr,” was initiated to share know-how and materi-
ls to foster teaching courses using phages. 
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